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Directional charge transfer and highly reducing and
oxidizing excited states of new dirhodium(II,II)
complexes: potential applications in solar energy
conversion†

Zhanyong Li,a Nicholas A. Leed,b Nicole M. Dickson-Karn,c Kim R. Dunbar*a

and Claudia Turro*b

Twonew series of dirhodium(II,II) complexes cis-[Rh2(m-DTolF)2(L)2][BF4]2 and cis-[Rh2(m-F-form)2(L)2][BF4]2were

synthesized and fully characterized (DTolF¼ p-ditolylformamidinate, F-form¼ p-difluorobenzylformamidinate;

L¼ the chelating diimine ligands dpq (dipyrido[3,2-f:20,30-h]quinoxaline), dppz (dipyrido[3,2-a:20,30-c]phenazine)
and dppn (benzo[i]dipyrido[3,2-a:20,30-h]quinoxaline). The complexes undergo facile oxidation and exhibit

directed ligand-to-ligand charge transfer (LLCT) excited states upon excitation from the corresponding

formamidinate to the diimine ligand. Time-resolved studies reveal that the LLCT states decay with lifetimes

that range from 16 to 100 ps and generate a longer-lived excited state. For complexes with dpq and dppz

ligands, the longer-lived excited state, with lifetimes that range from 40 to 100 ns, has been assigned as 3MC

(MC ¼ metal-centered) arising from the Rh2(p*) / Rh2(s*) transition. In the case of cis-[Rh2(m-

DTolF)2(dppn)2]
2+ and cis-[Rh2(m-F-form)2(dppn)2]

2+, the dppn-centered 3pp* excited state is observed from

�10 ps to �2 ns, but following its decay, the 3MC state of each complex is observed with lifetimes of 2.4 and

3.0 ms, respectively. The long lifetimes observed for the dppn complexes is explained by a pre-equilibrium of

the low-lying 3pp* and 3MC states. The excited state oxidation potentials, E*ox(
1LLCT), for the complexes are

calculated to lie between �2.5 and �2.8 V vs. SCE and E*ox(
3MC) � �1.8 V vs. SCE. The 1LLCT excited states

of the complexes are also good oxidizing agents, with E*red(
1LLCT) � +1.3 V vs. SCE, making them significantly

better oxidizing and reducing agents than commonly used Ru(II) complexes.
Introduction

The excited state redox processes of transition-metal complexes
have been explored extensively for solar energy conversion.1–11

Harnessing the energy of the sun includes the direct generation
of electrical current and the production of fuels from abundant
sources such as H2O and acids. The photoactivation of transi-
tion-metal complexes to render them reactive with substances
that are harmful to the environment are also important and
include the reduction of the greenhouse gas CO2,9 the photo-
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Fenton reaction to degrade various pollutants,12 and other
photocatalysts for environmental remediation.13

The photocatalytic production of H2 from acidic aqueous
media has been reported for numerous transition-metal
compounds.2,3,6,10,14,15 In general, the catalytic center is coupled
to a photosensitizer to act as the light absorber which then
participates in excited state charge transfer reactions to activate
the catalyst with regeneration of the sensitizer with a sacricial
donor. The sensitizer and catalyst typically rely on bimolecular
electron transfer,16 but strategies have been developed to cova-
lently tether them in order to improve reactivity.17–19 Alterna-
tively, the light absorber may rst oxidize the sacricial donor,
such that the reduced sensitizer then transfers an electron to
the catalyst.20 An example that is relevant to the present
work involves the dirhodium(II,II) complexes, cis-[Rh2-
(m-O2CCH3)2(L)2][O2CCH3]2 (L ¼ bpy, phen; bpy ¼ 2,20-bipyr-
idine, phen¼ 1,10-phenanthroline), which were recently shown
to act as catalysts for H2 evolution from H+; the excited state of
the photosensitizer, [Ir(ppy)2(dtbbpy)]

+ (ppy ¼ 2-phenyl-
pyridine, dtbbpy ¼ 4,40-di-tert-burtyl-2,20-bipyridine), oxidizes a
sacricial donor, followed by electron transfer from the reduced
sensitizer to the dirhodium catalyst.21 In this work the identity
Chem. Sci., 2014, 5, 727–737 | 727
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of the active forms of the reduced catalysts are unknown. Other
excellent examples of important studies in this vein are the
work of Nocera and co-workers, who were able to circumvent the
excited state electron transfer steps involving the sensitizer and
the catalyst by designing complexes for which both the light
absorber and the catalytic unit are installed in the same
chromophore.3,22

In addition to the conversion of the energy of photons into
chemical energy, photoexcited molecules (dyes) are able to
inject electrons into the conduction band (CB) of wide band gap
semiconductors resulting in the generation of current.1,4,5,7,23,24

This strategy has been used extensively in dye-sensitized solar
cells (DSSC) where typical dyes are Ru(II) complexes and the
anode is TiO2. Similarly, photoexcited dyes that are good excited
state oxidizing agents may inject holes into the valence band
(VB) of p-type semiconductors, such as NiO.25–28 Recently there
has been increased interest in the development of tandem cells
wherein both the anode and cathode are involved in charge
transfer with a sensitizer within the same DSSC,29,30 as well as in
solar cells coupled to chemical transformations.4 The use of
new electrodes to improve the efficiency of DSSCs is desir-
able,31,32 but the use of materials with higher energy conduction
bands is limited owing to the relatively low excited state
oxidation potentials of the dyes currently in use.33,34

The present work focuses on the synthesis and character-
ization of cis-[Rh2(m-DTolF)2(L)2][BF4]2 and cis-[Rh2(m-F-
form)2(L)2][BF4]2 (DTolF ¼ p-ditolylformamidinate, F-form ¼
p-diuorobenzylformamidinate; L ¼ chelating diimine ligand,
dpq ¼ dipyrido[3,2-f:20,30-h]quinoxaline, dppz ¼ dipyrido[3,2-
a:20,30-c]phenazine, dppn ¼ benzo[i]dipyrido[3,2-a:20,30-h]qui-
noxaline) and the investigation of their excited state properties.
These complexes, the structures of which are depicted in Fig. 1,
Fig. 1 Schematic representation of the molecular structures of
selected complexes.
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were chosen based on our prior nding that Rh2(form)4 (form¼
formamidinate ligands with various substituents) exhibit highly
reducing excited states capable of transferring electrons to alkyl
halides via an outer-sphere mechanism.35 The photophysical
and redox properties of the new complexes were investigated,
and the data reveal highly reducing and oxidizing ligand-to-
ligand charge transfer (LLCT) excited states; the hole and elec-
tron are positioned across the dimetal core and are localized on
the formamidinate and diimine ligands, respectively. This
charge disposition may aid in accomplishing both electron
injection into TiO2 or another electrode material with a higher
energy CB, while the same complex may undergo hole injection
into the VB of NiO or another p-type semiconductor aer light
absorption. In this manner, complexes with appropriate
substituents for electrode binding, such as –COOH,1,4,5,7 may be
used to sensitize charge injection into both electrodes.

Results and discussion
X-Ray crystallography

cis-[Rh2(DTolF)2(dppz)2(CH3CN)][BF4]2 (2). The molecular
structure of 2 consists of a cationic dirhodium unit bridged by
two [DTolF]� ligands in a cisoid disposition (Fig. 2a). Two outer-
sphere [BF4]

� anions are present as well. Each Rh(II) center is
further chelated by a dppz ligand that occupies two equatorial
positions (Fig. 2a). One of the two axial positions is occupied by
a solvent acetonitrile molecule with a bond distance of Rh–
N(CH3CNax) of 2.158(6) Å. The occupation of only one axial site
is not uncommon for dirhodium(II,II) compounds with [DTolF]�

ligands and is attributed to its strong electron donating ability
and the steric hindrance afforded by the bulky tolyl groups.36

The Rh–Rh bond distance is 2.597(1) Å which is comparable to
that found in the related compounds cis-[Rh2(DTolF)2(CH3CN)6]-
[BF4]2,36a cis-[Rh2(DTolF)2(bpy)(CH3CN)3][BF4]2, and cis-
[Rh2(DTolF)2(bpy)2(CH3CN)][BF4]2.36b The Rh–N bond distances
Fig. 2 Crystal structure of 2 showing (a) thermal ellipsoid plot of the
cation drawn at 50% probability level; important bond distances in (Å)
and dihedral angles in (�): Rh1–Rh2 2.597(1), Rh1–N4 2.041(5), Rh1–N9
2.015(5), Rh2–N1 2.158(6), Rh2–N6 2.045(6), N4–Rh1–Rh2–N2
�15.6(2), N7–Rh1–Rh2–N6 �15.7(2); and (b) the crystal packing of the
cations showing intermolecular p-stacking; the [BF4]

� anions and
hydrogen atoms are omitted for the sake of clarity. Colors for thermal
ellipsoids: C: gray, N: blue, Rh: orange.

This journal is © The Royal Society of Chemistry 2014
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to the dppz ligands range from 2.040(5) to 2.060(2) Å, which
are slightly longer than those reported for cis-[Rh2-
(m-O2CCH3)2(dppz)2][O2CCH3]2.37 The longer Rh–diimine N
bond in 2 is explained on the basis of a stronger trans inuence
induced by the more electron-rich [DTolF]� ligand as compared
to [CH3CO2]

�.
The presence of the Rh–Rh bond brings the two dppz ligands

into close proximity, which leads to splaying from a parallel
alignment to decrease steric repulsion. The twist angle of the
two dppz ligands away from the eclipsed geometry is 15.6�,
similar to the angle of 13� found in cis-[Rh2(m-O2CCH3)2(dppz)2]-
[O2CCH3]2.37 The view along the b axis of the crystal packing
diagram of 2 (Fig. 2b), reveals p-stacking interactions of the
dppz ligands between two adjacent dirhodium cations along the
c axis. Since these ligands are not parallel to each other, no
denitive distances can be measured between the two planes
dened by them, but we note that the distances between C43
and C46 and the plane dened by C43–C44–C45–C46–C47–C48
in the adjacent dppz ligands are 3.47 and 3.42 Å, respectively, as
depicted in Fig. 2b. Such short intermolecular distances are
indicative of p-stacking interactions between the two adjacent
molecules. The crystal packing diagrams of 2 viewed along the b
and c axes are provided in Fig. S4 (ESI†).

cis-[Rh2(DTolF)2(dppn)2Cl][BF4]$Et2O$3CH3CN
(3$Et2O$3CH3CN). The cation in complex 3 crystallizes in the
space group P�1 along with a tetrauoroborate anion as well as
three acetonitrile and one diethyl ether interstitial solvent
molecules. The coordination sphere of the Rh(II) centers is
similar to that found in 2 except that one axial position is
Fig. 3 Thermal ellipsoid plot of 3 drawn at 50% probability level.
Hydrogen atoms, [BF4]

� anion, and interstitial solvent molecules are
omitted for the sake of clarity. Important bond distances (Å) and
dihedral angles (�): Rh1–Rh2 2.5818(3), Rh1–Cl1 2.4562(7), Rh1–N7
2.048(3), Rh2–N4 2.041(3); N8–Rh1–Rh2–N6 28.29(9), N1–Rh1–
Rh2–N2 25.8(1). Colors for thermal ellipsoids: C: gray, N: blue, Cl:
green, Rh: orange.

This journal is © The Royal Society of Chemistry 2014
occupied by a Cl� ligand (Fig. 3). The Rh–Cl distance of
2.4562(7) Å is comparable to that reported for [Rh2(1,3-diiso-
cyanopropane)4Cl2]Cl2, in which Rh–Cl (ax) is 2.4472(8) Å,38 but
is signicantly longer than the Rh–N (CH3CNax) bond length in
2, which is not surprising given the larger size of the Cl� ion.
The Rh–Rh bond distance is 2.5818(3) Å and the Rh–N (dppn)
bond distances are in the range of 2.032(2)–2.053(3) Å, compa-
rable the corresponding metrical parameters found in 2. The
two dppn ligands are twisted away from the eclipsed congu-
ration with a dihedral angle of �28�. This value is signicantly
larger than was found for the dppz ligands in 2, indicating
stronger repulsion between the two adjacent dppn ligands in 3.

cis-[Rh2(F-form)2(dpq)2(CH3CN)2][BF4]2 (5). The molecular
structure of the cationic unit in 5 depicted in Fig. 4 is similar to
that of 2, but with both axial positions being occupied by
CH3CN ligands as a result of the smaller size and less electron-
rich nature of the [F-form]� vs. the [DTolF]� ligands. The Rh–Rh
distance is 2.5991(9) Å in 5, the Rh–N distances in the [F-form]�

ligand range from 2.034(5) to 2.052(5) Å, and the Rh–N (dpq)
distances are in the range of 2.035(3)–2.053(3) Å, similar to the
Rh–N (dppz) lengths in 2. The internal twist angles away from
the eclipsed geometry of the two dpq ligands dened by N5–
Rh1–Rh2–N7 and N6–Rh1–Rh2–N8 are �18.6(1) and �18.9(1)�.

cis-[Rh2(F-form)2(dppz)2(CH3CN)2][BF4]2 (6). Compound 6
crystallizes in the same space group as 5, namely P�1. The
thermal ellipsoid plot of the cationic unit is shown in Fig. 5a.
Both axial positions of 6 are occupied by solvent CH3CN
molecules with Rh–N distances of 2.210(6) and 2.256(6) Å. The
Rh–Rh bond distance, 2.6190(9) Å, is slightly longer than the
corresponding distance in 5. The Rh–N ([F-form]�) bond
distances are in the range 2.043(5)–2.065(5) Å, similar to those
found in 5. The Rh–N (dppz) bond distances are �2.06 Å,
similar to those in 2. The two dppz ligands in one molecule of
6 are twisted away from the eclipsed conguration with dihe-
dral angles dened by N8–Rh2–Rh1–N6 and N7–Rh2–Rh1–N5
of 17.4(2) and 16.8(2)�.
Fig. 4 Thermal ellipsoid plot of 5 at the 50% probability level; the
anions, hydrogen atoms are omitted for the sake of clarity. Important
bond distances (Å) and dihedral angles (�): Rh1–Rh2 2.5991(9), Rh1–
N13 2.233(3), Rh1–N4 2.042(3), Rh2–N8 2.045(3), N6–Rh1–Rh2–N8
�18.9(1), N2–Rh1–Rh2–N1 �14.4(1). Colors for thermal ellipsoids: C:
gray, N: blue, F: yellow, Rh: orange.

Chem. Sci., 2014, 5, 727–737 | 729



Fig. 5 Thermal ellipsoid plots at 50% probability level. The anions,
hydrogen atoms and interstitial solvent molecules are omitted for the
sake of clarity (a) 6, representative bond distances (Å) and dihedral
angles (�): Rh1–Rh2 2.6190(9), Rh1–N13 2.210(6), Rh1–N3 2.043(5),
Rh1–N1 2.059(4), N1–Rh1–Rh2–N2 14.0(2), N5–Rh1–Rh2–N7 17.4(2);
and (b) 7, representative bond distances (Å) and dihedral angles (�):
Rh1–Rh2 2.615(1), Rh1–N2 2.056(5), Rh1–N14 2.202(7), Rh2–N7
2.055(4), N2–Rh1–Rh2–N1 �17.4(2), N5–Rh1–Rh2–N7 �21.7(2).
Colors for thermal ellipsoids: C: grey, N: dark blue, F: yellow, Rh:
orange.
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cis-[Rh2(F-form)2(dppn)2(CH3CN)2][BF4]2$2CH3CN
(7$2CH3CN). As in the case of the dirhodium cations in 5 and 6,
both axial positions are occupied by CH3CN ligands in 7 with
bond distances of 2.202(7) and 2.245(9) Å (Fig. 5b). The Rh–Rh
bond distance is 2.615(1) Å, slightly longer than those found in
5 but comparable to that in 6. The Rh–N ([F-form]�) bond
distances are in the range 2.047(5)–2.069(4) Å similar to that for
5 and 6. The Rh–N (dppn) bond distances range from 2.042(8) to
2.064(6) Å, comparable to those in 5. Much larger distortions
between the two diimine ligands is evident in 7 as compared to
that of 5 and 6, with the angles dened by N5–Rh1–Rh2–N7 and
N6–Rh1–Rh2–N8 being �21.7(2) and �21.8(2)�, respectively,
due to considerable repulsion between the two dppn ligands.
Fig. 6 Electronic absorption spectra of 1 and 5 (a), 2 and 6 (b), and 3
and 7 (c) in CH3CN.
Electronic absorption and electrochemistry

The absorption maxima and intensities of 1–3 and 5–7 in
CH3CN are listed in Table 1. The relatively strong transitions
observed for all complexes between 290 and 420 nm are similar
to those for the free diimine ligand. The dpq ligand absorbs at
Table 1 Electronic absorption maxima, labs, molar absorptivities, 3, and

Complex labs/nm (3/103 M�1 cm�1)

1 256 (98), 289 (54), 525 (1.3)
2 276 (143), 368 (25), 541 (1.3)
3 261 (100), 314 (110), 418 (17), �553 (3.
5 256 (116), 291 (50), 520 (0.80)
6 275 (107), 371 (17), 537 (1.0)
7 260 (92), 315 (101), 419 (14), �525 (1.8

a vs. Ag/AgCl; 0.1 M[n-Bu4N][PF6]; 0.2 V s�1. b Quasi-reversible. c Irreversib

730 | Chem. Sci., 2014, 5, 727–737
254 nm (3 ¼ 53 000 M�1 cm�1) in CHCl3, which compares well
to the maxima of 1 and 5 at 289 nm (3 ¼ 54 000 M�1 cm�1) and
291 nm (3¼ 50 000 M�1 cm�1), respectively. Similarly, dppz and
dppn exhibit maxima at 370 nm (3 ¼ 17 200 M�1 cm�1) and 414
nm (3 ¼ 12 500 M�1 cm�1), respectively, in CHCl3,39 similar to
those measured for 2 and 6 (�370 nm) and 3 and 7 (�418 nm),
respectively (Table 1). Owing to these similarities, the lowest
energy peaks are assigned as ligand-centered diimine 1pp*

transitions. It is noted that these 1pp* transitions are also
present in the related complexes cis-[Rh2(m-O2CCH3)2(L)-
(h1-O2CCH3)(CH3OH)]+ (L ¼ dpq, dppz, dppn), cis-[Rh2-
(m-O2CCH3)2(dppz)2]

2+, cis-[Rh2(m-O2CCH3)2(dppn)2]
2+,37,40 as

well as in Ru(II) and Os(II) complexes containing dpq, dppz and
dppn ligands.39,41–46 Intense peaks are observed at higher ener-
gies in the 250–280 nm rage, namely at 256 nm for 1 and 5,
275 nm for 2 and 6, and 261 nm for 3 and 7. Although a small
dependence is apparent as a function of the diimine ligand, it is
likely that these are metal-centered transitions involving
orbitals participating in bonding interactions with the diimine
ligands. Similar transitions are observed in Rh2(F-form)4 at 230
nm (3 ¼ 42 000 M�1 cm�1) and 275 nm (3 ¼ 23 900 M�1 cm�1)
and in Rh2(DTolF)4 at 265 nm (3¼ 61 800 M�1 cm�1) in CH3CN.
reduction potentials for 1–3 and 5–7 in CH3CN

E1/2/V
a

�1.55, �1.36, �1.03,b �0.40, +1.05, +1.59c

�1.49, �1.16, �0.94,b �0.42, +1.06,b +1.64c

0) �1.50, �0.92, �0.67,b �0.40, +1.06,b +1.55c

�1.55, �1.29, �0.98,b �0.45, +1.17,b +1.68c

�1.40, �1.13, �0.91,b �0.39, +1.18,b +1.74c

) �1.39, �0.88, �0.61,b �0.38, +1.16,b +1.73c

le.

This journal is © The Royal Society of Chemistry 2014



Fig. 7 Calculated MO diagrams for 1–3 and 5–7; the HOMO of 1 was
arbitrarily set to 0.0 eV.
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In addition to the higher energy transitions there is a tail in
the absorption prole for each complex that extends to lower
energies; the data are compiled in Table 1 and illustrated in
Fig. 6. The dependence of the absorption maxima on the
identity of the diimine ligands for each series taken together
with the intensities being in the �1 to 3 � 103 M�1 cm�1, point
to the assignment of these lower energy peaks as being charge-
transfer transitions from the metal or formamidinate to the
diimine ligands. Such charge transfer features are also observed
in the related [Rh2(m-O2CCH3)2(L)2]

2+ complexes where L is dpq,
dppz and dppn with maxima in the range 609–620 nm with
similar intensities (3 ¼ 1100–3800 M�1 cm�1).40 The increased
electron donation from the formamidinate ligands to the
bimetallic core as compared to acetate is consistent with the
lower energies of these charge-transfer transitions in 1–3 and
5–7. Furthermore, this transition is observed at lower energies
for the DTolF complexes as compared to the corresponding
F-form compounds, which supports the fact that the for-
mamidinate ligands participate in the transition.

The observed redox couples measured for 1–3 and 5–7 are
listed in Table 1. A redox couple is apparent at approximately
�0.4 V vs. Ag/AgCl in 1–3 and 5–7 (Table 1, Fig. S5 for complex 6,
ESI†). This process represents an oxidation of the complexes
which has been conrmed by a color change observed in the
presence of oxidizing agents such as TCNQ, 7,7,8,8-tetracyano-
quinonedimethane, (E0 ¼ �0.14 vs. SCE in CH3CN, DG ¼ �0.30
V), AgBF4 in CH3CN (E0 ¼ +0.44 V vs. SCE, DG ¼ �0.88 V) and
NOBF4 (E0 ¼ +1.03 V vs. SCE, DG ¼ �1.47 V).47 Following the
oxidation of 1 and 2 with TCNQ, the IR stretch at�2186 cm�1 is
observed which is known to correspond to the TCNQ radical
anion, TCNQ_�.48 The products of the reactions of 1 and 2 with
NOBF4 were isolated and their absorption spectra are shown in
Fig. S6 (ESI†). The facile oxidation of these dirhodium(II,II)
complexes is not unexpected given the presence of the electron-
rich formamidinate ligands.

The second oxidation process is observed at +1.06 V vs. Ag/
AgCl for the DTolF complexes 1–3 and at +1.17 V vs. Ag/AgCl for
the F-form series 5–7 (Table 1). This couple is reversible in the
case of 1 and quasi-reversible for 2, 3 and 5–7 and is indepen-
dent of the nature of the diimine ligand in each series but
dependent on the substituents of the formamidinate ligand. As
expected, the complexes equipped with DTolF ligands are more
easily oxidized than those containing the electron-withdrawing
uoride substituents, F-form (Table 1). The difference of �0.1 V
for the DTolF and F-form complexes is in agreement with the
difference in the second oxidation potentials of Rh2(DTolF)4
and Rh2(F-form)4 compounds of 0.14 V; the E1/2 values are +0.85
and +0.99 V vs. SCE, respectively.49 The third oxidation process
is irreversible for all of the complexes with Epa � +1.6 V vs. Ag/
AgCl for 1–3 and� +1.7 V vs. Ag/AgCl for 5–7 (Table 1). The 0.1 V
difference between the two series is also consistent with
removal of the electron from an orbital with signicant for-
mamidinate character.

The rst reduction event occurs at�1.03,�0.94 and�0.67 V
vs. Ag/AgCl for 1, 2 and 3 (Table 1), respectively, and is clearly
dependent on the nature of the diimine ligand. These values
are similar to those found for the corresponding F-form
This journal is © The Royal Society of Chemistry 2014
complexes 5, 6 and 7, at �0.98, �0.91 and �0.61 vs. Ag/AgCl
(Table 1). The trends for each series of complexes, considering
the fact that the diimine ligand L is easier to reduce in the order
dppn > dppz > dpq, is consistent with the rst reduction being
centered on this ligand. These values are also comparable to
those reported for Ru(II) complexes with dpq, dppz and dppn
ligands.39,44,50 The potential of the second reduction process is
also dependent on the diimine ligand L (Table 1), which is also
the case for Ru(II) complexes, it may be assigned to the place-
ment of an electron on the remaining neutral diimine
ligand.44,50 A third reduction process is observed in the range of
�1.39 to �1.55 V vs. Ag/AgCl for 1–3 and 5–7, in accord with a
metal-centered reduction. On the basis of the typical electronic
structure of d7–d7 paddlewheel complexes, it is reasonable to
expect that the third reduction corresponds to the population
of the Rh2(s*) orbital.49 These values are similar to the corre-
sponding data for Rh2(DTolF)4 at �1.23 V vs. Ag/AgCl that do
not possess diimine ligands.49

Electronic structure calculations

Computational studies of the DTolF and F-form series of
compounds were performed in order to gain a deeper under-
standing of their electronic structures. Geometric parameters
for the gas-phase optimizations were obtained from the crystal
structures of 2 and 5–7. For the calculations of 1–3, CH3CN
ligands were placed in both axial positions because only one set
of dpq, dppz and dppn resonances was observed in the solution
1H NMR spectra, indicating a symmetrical coordination envi-
ronment. The calculated structures of 5–7 are depicted in Fig. S7
(ESI†). Comparisons of the important bond distances between
X-ray data and the computational modeling for these complexes
are summarized in Table S2 (ESI†).

The calculated MO diagrams of 1–3 and 5–7 are shown in
Fig. 7, and the contributions to the orbitals from the metal and
the ligands are listed in Tables S3 and S4 (ESI†). The HOMO and
HOMO�1 are of all the complexes are calculated to contain
signicant contributions from the formamidinate ligands. In
Chem. Sci., 2014, 5, 727–737 | 731
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general, the HOMO of each complex exhibits �63% contribu-
tion from the DTolF or F-form ligand and �33% from Rh,
whereas the HOMO�1 typically contains �84% formamidinate
and �10% Rh character (Tables S3 and S4, ESI†). Consistent
with the ligand contributions to these orbitals, the relative
energy of the HOMO and HOMO�1 vary with the nature of the
formamidinate ligand by�0.1 eV. It should be noted that in the
dppn complexes 3 and 7 the HOMO�2 is localized on the dppn
ligand.

As depicted in Fig. 7, the electron densities of the LUMO to
LUMO+5 in 1–3 and 5–7 are centered on the corresponding
diimine ligand. The relative energies of the LUMOs are
consistent with the ease of reduction of the complexes, i.e., 1
and 5 are more difficult to reduce than 2 and 6, and 3 and 7 are
easier to reduce (Table 1). In each complex, the LUMO+6 is
calculated to possess 66% Rh2(s*) character with 15% contri-
bution from CH3CNax ligands. The electron density contribu-
tions to the HOMO and LUMO levels of 1 are depicted in Fig. 8
and are representative of those calculated for 2, 3, and 5–7.

The vertical energies and orbital contributions for the lowest
eight singlet excited states of 1–3 and 5–7 are listed in Tables S5
and S6 (ESI†), respectively. In all complexes, the major contri-
bution to the lowest energy singlet excited state ($82% in 1–3
and $78% in 5–7) corresponds to the transfer of electron
density from the HOMO to the LUMO of each complex. Because
the HOMO exhibits a high degree of formamidinate character
(�66%) and the LUMO is localized on the corresponding dii-
mine ligands, this state may be assigned as a ligand-to-ligand
charge transfer (1LLCT), however, the oscillator strength asso-
ciated with this transition must arise from a MLCT transition
stemming from the partial metal character of the HOMO. The
calculated oscillator strengths, f, of the vertical transitions from
the ground state, 1GS, to the lowest energy state, 1LLCT state are
listed in Tables S5 and S6 (ESI†), and the calculated transition
energies are in good agreement with the experimental maxima
in these complexes (Table 1). For example, the calculated energy
of the 1GS / 1LLCT transitions in 1 and 5 are at 536 and
518 nm, which compare well with the experimental maxima of
525 and 520 nm, respectively (Table 1 and Fig. 6a). The calcu-
lated maxima for the lowest energy 1GS / 1LLCT transitions at
562 and 537 nm for 2 and 6, respectively, are red shied from
those of 1 and 5 (Tables S5 and S6, ESI†), consistent with ease of
Fig. 8 Electron density maps of the HOMO and LUMO of 1 drawnwith
isovalue ¼ 0.04.
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reduction for the diimine ligands in the former as compared to
the latter compounds (Table 1). The low energy transitions of 1,
2 and 3 are red-shied relative to those of the corresponding
F-form complexes, 5, 6 and 7, respectively, a trend that is
rationalized by the fact that DTolF is a better electron donor
than is F-form which inuences the transitions which involve
removal of electron density from orbitals with signicant for-
mamidinate character, such as the HOMO.
Transient absorption spectroscopy

The identity and kinetics of the excited states of 1–3 and 5–7
were investigated using transient absorption (TA) spectroscopy.
The TA spectra of 1 collected at various delay times following
excitation with a 310 nm, 300 fs pulse in CH3CN are shown in
Fig. 9a and b. It should be noted that the spectral proles and
kinetics are similar to those collected with 375 and 385 nm
(Fig. S10, ESI†). A strong feature that absorbs in the 360–520 nm
range is evident at early times in the TA spectrum of 1 from 0.3
to 20 ps (Fig. 9a and S8, ESI†). The apparent peak at�460 nm in
the spectrum of 1 is created by the superposition of the ground-
state bleach, such that the positive spectrum arising from the
transient species is expected to be relatively featureless, with
intensity increasing from 600 to 360 nm. A similar absorption
prole is also observed for Rh2(DTolF)4 at early times, believed
to arise from DTolF / Rh2 LMCT. Because of the ease of
oxidation of the complexes, the TA spectrum of 1 was collected
in the region further into the red (640–730 nm) in order to
establish that the spectral features are not due to photooxida-
tion of the complex (Fig. 9b). Photooxidation is accompanied by
the generation of a solvated electron in polar solvents which is
expected to recombine with [1]+ within the solvent cage. The
spectrum in Fig. 9b does not exhibit the strong absorption with
increasing intensity from 600 to 800 nm, that is well established
Fig. 9 Transient absorption spectra of 1 in CH3CN collected at 1 ps to
2 ns following a 310 nm, 300 fs excitation pulse between (a) 360 and
600 nm and (b) 440 and 720 nm, (c) electron density of the HOMO�3,
HOMO�5 and LUMO+6 (isovalue ¼ 0.04).
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Fig. 10 Transient absorption spectra of (a) 2 and (b) 7 in CH3CN (lexc¼
310 nm, fwhm ¼ 300 fs).
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for the solvated electron,51 such that photoionization can be
ruled out. The spectrum in Fig. 9b, however, is consistent with
the observed broad absorption from 600 to 750 nm observed for
the cation of 1, [1]+, shown in Fig. S6 (ESI†) which is expected to
correspond to removal of an electron from a HOMO with
signicant DTolF character. Therefore, the spectral prole of
the excited state of 1 observed between 0.3 and 20 ps exhibits
features of reduced dpq (l # 400 nm) and oxidized DTolF
(�460 nm), consistent with a DTolF / dpq LLCT excited state.

The decays following the excitation of 1 at both 370 and 460
nm can be tted to biexponential functions with s1 ¼ 4 ps and
s2 ¼ 20 ps; no spectral changes were observed between 0.3 and
1.0 ps (Fig. S8, ESI†). Since the spectral features before 4 ps are
similar to those between 5 and 20 ps, the 4 ps component can
be attributed to vibrational cooling. Following the decay of the
LLCT state of 1, a broad but weaker absorption is apparent,
with little change between 50 ps and 2 ns (Fig. 9a and b). The
TA spectrum of this species collected using 355 nm (fwhm � 8
ns) excitation decays monoexponentially with s � 40 ns. The
signal of this transient is rather featureless, with an apparent
maximum in the 480–520 nm range. Since the strong absorp-
tion of the dpq radical anion in the 360–400 nm range is absent
(Fig. 9a), this long-lived species must be due to a different
electronic state that does not involve charge transfer to the dpq
ligand. It should also be noted that excitation of 1 with 385 nm
(fwhm ¼ 300 fs) results in similar spectral features and
kinetics, indicating that the high energy of the pump pulse in
Fig. 9a and b does not play a role in transient species observed
and their decays.

The long-lived state of 1, with s � 40 ns is assigned to the
lowest energy triplet excited state of the complex. DFT calcula-
tions reveal that the lowest energy state in the triplet manifold
has contributions from the HOMO�3 to the LUMO+6 (57.0%)
and from the HOMO�5 to the LUMO+6 (35.6%), with a vertical
energy of 12 240 cm�1 from the minimized singlet ground state
(Table S7, ESI†). Inspection of the electron density plots of the
HOMO�3 and HOMO�5 MOs reveals that they are Rh2(p*) in
nature with 78 and 77% Rh character, respectively (Fig. 9c). The
LUMO+6 is mostly Rh2(s*), with contribution from Rh (66%),
CH3CNax ligands (15%), and DTolF (11%), also shown in Fig. 9c.
Therefore, the lowest energy triplet state is calculated as metal-
centered (3MC) Rh2(p*) / Rh2(s*). The dynamics and assign-
ments for the related complex 5 parallel those of 1, with vibra-
tional cooling that decays with s ¼ 7 ps, and lifetimes of the
LLCT and 3MC states of 100 ps and 100 ns, respectively (Fig. S8
and S9, ESI†), with the 3MC state as the lowest energy triplet
11 990 cm�1 above the ground state.

It is tempting to assign the short-lived states of 1 and 5, with
lifetimes of 20 and 100 ps, respectively, to singlet LLCT states
which then undergo intersystem crossing to generate the 3MC
excited state of each complex. This scenario is typical for
organic molecules, but it is imperative to bear in mind that the
intersystem crossing (ISC) rates in transition-metal complexes
are typically in the sub-picosecond range.52 For example, ISC
takes place in �15–40 fs in [Ru(bpy)3]

2+,53,54 is complete in <1 ps
in other Ru(II) complexes investigated by us and others,55–57 and
ranges from 15 to 85 fs in [ReX(CO)3(bpy)]

+ (X ¼ Cl, Br, I)
This journal is © The Royal Society of Chemistry 2014
complexes.58 Sub-picosecond ISC rates were also reported for
rst-row transition-metal complexes, including Cr(acac)3
(acac ¼ acetylacetonate),59 [Fe(bpy)3]

2+,60 and [Fe(phen)3]
2+.61

Therefore, it is also possible that ISC is faster than internal
conversion and vibration cooling in 1, the result of which is the
simultaneous population of the 3LLCT and 3MC states. Notable
exceptions, however, appear in the literature for bimetallic
complexes, including quadruply-bonded d4–d4 Mo2(II,II) and
W2(II,II) complexes,62 d8–d8 [Pt2(P2O5H2)4]

4�,63,64 and d8–d8

Rh2(I,I) isocyanide systems.65 In addition, an increase in the ISC
rate by an order of magnitude was reported for Cr(t-Bu-acac)3
(t-Bu-acac ¼ monoanionic form of 2,2,6,6-tetramethyl-3,5-hep-
tanedione) as compared to Cr(acac)3, ascribed to the role of a low-
frequency excited state vibration in the latter that is not present
in the former in the evolution of Franck–Condon excited state
aer excitation.59b Additional experiments are currently underway
to investigate the multiplicity of the short-lived LLCT state in 1
and 5, as well as in 2, 3, 6 and 7 discussed below.

A similar interpretation can be applied to the positive tran-
sient absorption features of 2 and 6 in Fig. 10a and S9b (ESI†)
respectively (early times shown in Fig. S8, ESI†). The transient
spectra of both complexes exhibit strong absorptions with two
maxima in the 380–530 nm range at early times (<50 ps); the
peak at�400 nm is likely to be associated with the reduced dppz
ligand,66 whereas the broader absorption at �460 nm can be
ascribed to the oxidized formamidinate ligand also observed in
the spectra of Rh2(DTolF)4 and Rh2(F-form)4. Given these
observations we assign the transient to the LLCT excited state for
each complex (Fig. 10a, S9b, and S8, ESI†). The time-resolved
spectra recorded for 2 in Fig. 10a decay biexponentially with s1¼
4 ps and s2¼ 17 ps tted at 405 and 460 nm to generate a longer-
lived triplet state with 2 ns < s < 10 ns (Fig. 10a). The spectral
features of this long-lived transient (see trace collected at 2 ns in
Fig. 10a) are similar to those of 1 assigned as the corresponding
3MC state (Fig. 10a). Moreover, the calculated lowest energy
triplet state corresponds to Rh2(p*) / Rh2(s*) (Table S7, ESI†).
The assignment of the 17 ps component as the LLCT state is
consistent with the spectral features of the cation of 2, [2]+,
isolated from the reaction of 2 with NOBF4 (Fig. S6, ESI†), as well
as the absorption of reduced dppz and related ligands. The
spectral features of the related dppz-containing complex 6 are
similar to those of 2 (Fig. S9b, ESI†), but with vibrational cooling
that decays with a time constant of 8 ps, LLCT state with s ¼ 40
Chem. Sci., 2014, 5, 727–737 | 733
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ps (at 445 nm) and 3MC state with s � 80 ns; the latter data were
acquired on the nanosecond transient absorption system (lexc ¼
355 nm, fwhm � 8 ns) and calculations reveal that, as in the
cases of 1, 2 and 5, the lowest energy triplet state can be ascribed
to Rh2(p*) / Rh2(s*) (Table S7, ESI†).

The transient absorption spectrum of 7 shown in Fig. 10b is
markedly different than those of 1, 2, 5 and 6 and features a
strong absorption with a maximum at 540 nm that becomes
prominent at t > 10 ps. This feature is known to correspond to
the long-lived 3pp* excited state of the dppn ligand, but, at
shorter times (<10 ps), the spectrum is similar to those of 5 and
6 and the intensity at 450 nm can be tted to a biexponential
decay with s1 ¼ 5 ps and s2 ¼ 36 ps. These two components are
assigned to vibrational cooling and to the decay of the F-form
/ dppn LLCT excited state, respectively. The 3pp* excited
state of the dppn ligand with a maximum at 540 nm exhibits
s ¼ 33 ms in [Ru(bpy)2(dppn)]

2+,67 s ¼ 2.4 to 4.1 ms in cis-[Rh2-
(m-O2CCH3)2(dppn)(L)]

2+ (L ¼ diimine ligand),68 and s ¼ 20–24
ms in the related complexes possessing the pydppn ligand
(pydppn ¼ 3-(pyrid-20-yl)-4,5,9,16-tetraazadibnzo[a,c]naph-
thacene).69 In the case of 7, however, the signal at 540 nm
exhibits a decay lifetime of 460 ps tted from 20 ps to 2 ns, with
a shorter component of 4 ps at earlier delay times.

Nanosecond transient absorption experiments reveal a long-
lived excited state in 7 with s ¼ 2.4 ms (Fig. 11a), but this species
does not exhibit the strong positive feature at 540 nm associated
with the 3pp* state of dppn. Instead, the strong feature at
440 nm resembles that observed for Rh2(F-form)4 in CH3CN
(lexc ¼ 385 nm) shown in Fig. 11b; the decay of the latter can be
tted to a biexponential function with s1 ¼ 14 ps and s2 ¼ 1 ns.
Since no spectral changes are observed between the two time
regimes, the short component is assigned to vibrational cooling
and the long component to a triplet excited state. Calculations
reveal that in Rh2(F-form)4, the lowest energy triplet state is
3MC/3LMCT (LMCT ¼ ligand-to-metal charge transfer) with
95% contribution from the HOMO to the LUMO. The HOMO is
composed of 57% F-form and 43% Rh2(d*) character and the
LUMO has 90% contribution from Rh2(s*). Therefore the triplet
state in Rh2(F-form)4 may be ascribed as a Rh2(d*)/F-form /

Rh2(s*). A comparison of the data presented in Fig. 11a and b
suggests that electron density in the Rh2(s*) orbital results in
the sharp feature at �440 nm in the two complexes. Similar
results are observed for Rh2(DTolF)4 (Fig. S11 ESI†). Moreover,
Fig. 11 Transient absorption spectra of (a) 7 collected 1 ms after 355
nm (fwhm ¼ 8 ns) excitation and (b) Rh2(F-form)4 at various time
delays after 385 nm excitation (fwhm ¼ 300 fs) in CH3CN.
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the broad absorption in the 500–700 nm range in Rh2(F-form)4
may be associated with the oxidized F-form ligand, a feature
that is also observed in the spectra of the LLCT state of 5 and 6
(Fig. S9, ESI†).

Similar spectral features and kinetics to those of 7 are
observed for 3, with s1 ¼ 1 ps and s2 ¼ 21 ps tted at 435 nm,
assigned to vibrational cooling and the DTolF / dppn LLCT
excited state, respectively (Fig. S9c, ESI†). The formation and
decay (s ¼ 490 ps) of the dppn 3pp* state with a maximum at
540 nm is also observed, but the signal of this species is not as
pronounced as that observed for 7. A long-lived component with
s ¼ 3.0 ms associated with an equilibrium between the dppn
3pp* and the 3MC states is also apparent following 355 nm
(fwhm¼ 8 ns) excitation, as described in more detail in the next
section. The lower intensity of the 3pp* state observed for 3 as
compared to 7may be due to a difference in the relative energies
of the 3pp* and the 3MC states in the two complexes.
Excited state manifolds and oxidation potentials

A generalized Jablonski diagram for 1, 2, 5 and 6 is depicted in
Fig. 12a, where it is assumed that the LLCT state with s � 17–
100 ps in these complexes is a singlet, and the 3–8 ps compo-
nent is assigned to vibrational cooling. Decay of the 1LLCT state
results in the formation of the 3MC state in each complex with
lifetimes that range from 40 to 100 ns (Fig. 12a).

In the two dppn-containing complexes, 3 and 7, the 3pp*

states are calculated to lie below the 3MC state in each complex,
but experimental data indicate that this is not the case. The
results support a model wherein the 3pp* and 3MC states are
close in energy, and are in fast pre-equilibrium such that the
decay from the 3MC state to the 1GS is the rate limiting step.
Similar results were reported previously for Ru(II) complexes
where the 3MC state lies at an energy close the 3MLCT state.57

Unfortunately, calculation of the pre-equilibrium rate constants
is not possible in this case because of spectral overlap of the
1LLCT, 3pp* and 3MC states. The Jablonski diagram for 3 and 7
is depicted in Fig. 12b. The difference in energy of the states
between the calculations and the experiments is likely due to the
fact that the lowest energy triplet state was calculated vertically
from the minimized geometry of the 1GS. The calculations,
however, do indicate that both the 3pp* states of 3 and 7 lie at
energies close to the calculated 3MC states of 1, 2, 5 and 6 which
is consistent with the experimental observations. Moreover, the
energy of the 3MC state of 3 is expected to be nearly the same as
those of 1 and 2, and that for 7 similar to those of 5 and 6.
Fig. 12 Generalized Jablonski diagrams for (a) 1, 2, 5 and 6, and (b) 3
and 7.

This journal is © The Royal Society of Chemistry 2014
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Because electron injection to n-type semiconductors in
dye-sensitized solar cell assemblies has been shown to be fast
and to proceed from the 1MLCT state of Ru(II) complexes,70 it
is expected that the 1LLCT excited states of 1–3 and 5–7 with
lifetimes ranging from 17 to 100 ps should also be able to
inject electrons into the conduction bands of semiconductor
electrodes. The energy of the 1LLCT states, E00(

1LLCT), are
calculated to be between 2.3 and 2.4 eV in 1, 2, 5 and 6, at 2.0
eV in 3, and at 2.1 eV in 7 (Tables S5 and S6, ESI†). These
energies are consistent with the observed lowest energy
absorption bands in these complexes (Table 1). Given that
the rst oxidation in 1–3 and 5–7 occurs at ��0.4 V vs. SCE
(Table 1), their 1LLCT excited state oxidation potentials,
E*ox(

1LLCT), can be calculated to lie between �2.7 and �2.8 V
vs. SCE for 1, 2, 5 and 6, at �2.5 V vs. SCE for 3 and �2.6 V vs.
SCE for 7. The lowest energy triplet states of 1, 2, 5 and 6, with
calculated E00(

3MC) � 1.5 eV, are expected to be less
reducing, with E*ox(

3MC) of approximately �1.8 V vs. SCE.
These reduction and oxidation processes are illustrated in
Fig. 13. Both the singlet and triplet states of the dirhodiu-
m(II,II) complexes, however, are signicantly better reduc-
tants than commonly used Ru(II) complexes. For example, for
[Ru(bpy)3]

2+, E*ox(
1MLCT) � �1.2 vs. SCE and E*ox(

3MLCT) �
�0.8 V vs. SCE, using E00(

1MLCT)� 2.5 eV,54 E00(
3MLCT)� 2.1

eV and E1/2([Ru]
3+/2+ ¼ +1.3 V vs. SCE).71

The 1LLCT excited states of 1–3 are also good oxidizing
agents, with E*red(

1LLCT) � +1.3 V vs. SCE, and E*red(
1LLCT)

� +1.4 V vs. SCE for 5–7. These values are similar to those of
the 1MLCT excited state of [Ru(bpy)3]

2+, with E*red(
1MLCT)

� +1.2 V vs. SCE. An additional important point is that hole
injection from the MLCT states of Ru(II) complexes requires
transfer of the hole from the p-type semiconductor to the
oxidized metal, which is not in direct contact with the elec-
trode. In contrast, in the dirhodium(II,II) complexes
described herein, the hole in the formamidinate ligand in the
1LLCT excited state can be placed on the electrode surface
through judicious choice of substituents. In addition,
binding of the diimine ligand to an n-type semiconductor is
also expected to result in electron injection into its conduc-
tion band.
Fig. 13 Latimer diagram showing the ground and excited state
oxidation and reduction potentials of 1–3 and 5–7.
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Conclusions

Two new series of dirhodium(II,II) complexes with electron-rich
bridging formamidinate ligands, cis-[Rh2(m-DTolF)2(L)2][BF4]2
(1–3) and cis-[Rh2(m-F-form)2(L)2][BF4]2 (5–7), where L ¼ dpq,
dppz, dppn, were synthesized and fully characterized by X-ray
crystallography and 1H NMR spectroscopy. Their electronic and
redox properties were investigated in detail as well with the
experimental data being augmented by Density Functional
Theory results. All of the complexes display one redox event at
��0.4 V assigned as an oxidation process which is fully sup-
ported by chemical oxidation experiments. Both experiment
and theory led to the assignment of the low energy electronic
absorption bands exhibited by 1–3 and 5–7 to electronic tran-
sitions from the HOMO to the LUMO, which corresponds to a
ligand-to-ligand charge transfer (LLCT) from the for-
mamidinate to the diimine ligand. Ultrafast transient absorp-
tion spectroscopy was used to gain more insight into the excited
state processes in these compounds. The LLCT excited states of
1–3 and 5–7 decay with lifetimes that range from 16 to 100 ps,
followed by the formation of a longer-lived excited state. For
complexes 1, 2, 5 and 6, the latter states exhibit lifetimes
ranging from 40 to 100 ns and are assigned as 3MC states
arising from the Rh2(p*) / Rh2(s*) transitions. For 3 and 7,
however, the spectral signature of the dppn-centered 3pp*

excited state is observed from �10 ps to �2 ns; this state decays
to form the 3MC state of each complex which return to the
ground state with lifetimes of 2.4 and 3.0 ms, respectively. The
relatively long lifetimes for 3 and 7 are ascribed to a fast pre-
equilibrium between the two low-lying 3pp* and 3MC states.
The excited state oxidation potential of the 1LLCT state,
E*ox(

1LLCT), for the two series of complexes were calculated to lie
between �2.5 and �2.8 V vs. SCE and from the 3MC state,
E*ox(

3MC) � �1.8 V vs. SCE. In addition, the excited state
reduction potential of the 1LLCT excited state, E*red(

1LLCT), is
estimated to be �+1.3 V vs. SCE, such that the complexes are
signicantly superior oxidizing and reducing agents than
commonly used Ru(II) complexes. The excited state redox
properties of the two new series of complexes make them
excellent candidates for further investigation as the sensitizers
in dye-sensitized solar cells due to their potential to inject
electrons in the conduction bands and holes in the valence
bands of n-type an p-type wide band gap semiconductors,
respectively. These investigations are in progress.

Acknowledgements

K. R. D. and C. T. thank the National Science Foundation for
partial support of this work (CHE-1213646), the Ohio Super-
computer Center, and the Center for Chemical and Biochemical
Dynamics (CCBD) at OSU. The authors gratefully acknowledge
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G. Stochel and W. Macyk, Coord. Chem. Rev., 2013, 257,
767–775.

26 F. Odobel, L. L. Pleux, Y. Pellegrin and E. Blart, Acc. Chem.
Res., 2010, 43, 1063–1071.

27 A. M. McDaniel, H. W. Tseng, N. H. Damrauer and
M. P. Shores, Inorg. Chem., 2010, 49, 7981–7991.

28 P. Qin, H. Zhu, T. Edvinsson, G. Boschloo, A. Hagfeldt and
L. Sun, J. Am. Chem. Soc., 2008, 130, 8570–8572.

29 J. He, H. Lindström, A. Hagfeldt and S. Lidnquist, Sol. Energy
Mater. Sol. Cells, 2000, 62, 265–273.

30 A. Nattestad, A. J. Mozer, M. K. R. Fischer, Y.-B. Cheng,
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