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Azobenzene-conjugated mononuclear and dinuclear terpyridyl complexes of CoII, CoIII, and FeII were synthesized,
and their photoisomerization behavior was investigated. CoII and CoIII complexes, [tpyCo(tpy-AB)]Xn and [(Cotpy)2-
(tpy-AB-tpy)]Xn (tpy-AB ) C15N3H10sC6H4sNdNC6H5, tpy-AB-tpy ) C15N3H10sC6H4sNdNC6H4sC15N3H10, X
) PF6 or BPh4), exhibit trans-to-cis photoisomerization by irradiation at 366 nm, and this behavior is dependent on
solvents and counterions. For the CoII complexes, BPh4 salts undergo cis-to-trans isomerization in propylene carbonate
by both photoirradiation with visible light (435 nm) and heat, indicating that reversible trans−cis isomerization has
occurred. [Co(tpy-AB)2](BPh4)2 shows a two-step trans-to-cis isomerization process. The trans−cis isomerization
behavior of CoIII complexes was observed only in the solvents with a low donor number such as 1,2-dichloroethane.
FeII complexes, [tpyFe(tpy-AB)]Xn (X ) PF6 or BPh4), exhibit slight trans-to-cis photoisomerization due to the
energy transfer from the azobenzene moiety to Fe(tpy)2 moieties.

Introduction

Azobenzene1 and its derivatives undergo reversible trans-
cis isomerization in response to photo and thermal input,
and much effort has been devoted to clarifying the isomer-
ization mechanism.2 Moreover, such isomerization of azoben-
zenes is the current subject of research interest in the area
of photon-mode high-density information storage and pho-
toswitching devices.3 Recently, metal complexes including
azobenzene and related compounds as building blocks have
been synthesized,4 and a number of studies concerned with
the photoisomerization of azo-conjugated metal complexes

have been reported.5,6 This recent activity is due to the
potential for azo-conjugated transition metal complexes to
provide new advanced molecular functions based on com-
binations of photoisomerization of the azo group and changes
in the intrinsic properties, i.e., in the optical, redox, and
magnetic properties originating from the d-electrons. Some
of the reported complexes have actually shown novel
behavior not generally observed for organic azobenzenes,
including reversible isomerization by the combination of the
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reversible redox reaction of the metal center and single light
irradiation5g,i and MLCT photoisomerization,5e,i indicating
that the type of attached metal complex controls such
functionalities.

We have constructed an azobenzene-conjugated terpyridine
transition metal complex system6 and carried out a systematic
study of its trans-cis isomerization and other photochemical
and electrochemical behavior, as dependent on metal centers,
composed of Ru(II),6a,c Rh(III),6b,c and Pt(II)6d complexes.
Ru(II) complexes showed only a 20% trans-to-cis photoi-
somerization because of the energy transfer from the azoben-
zene unit to the Ru(tpy)2 units. In contrast, Rh(III) complexes
showed complete trans-to-cis photoisomerization, with the
behavior being dependent on solvents and counterions, and
the generated cis form appears to have a very long lifetime.
Pt(II) complexes showed reversible trans-cis isomerization,
and photoluminescence switching linked to the trans-cis
configuration change was observed. These results indicate
that the photoisomerization properties of the azobenzene
moiety in the complexes are significantly dependent on the
central metals and are perturbed by the complex units with
intense MLCT bands in the visible region due to the energy
transfer.

In this study, we employed azobenzene-bound terpyridine
complexes of the 3d metals, cobalt and iron, and compared
them with previously created complexes of 4d metals,
rhodium and ruthenium, belonging to the same group,
respectively. It is well-known that Co-polypyridine com-
plexes show reversible electrochemical behavior7 and have
no intense MLCT or d-d bands, but very weak bands in
the visible region.7f-h,8 Under the normal synthetic conditions,
we can obtain the complexes in which the cobalt center is
divalent, but we can easily generate trivalent cobalt com-
plexes by adding an appropriate oxidizing agent or even by
air-oxidization9 because the redox potential of Co(II)/
Co(III) is near 0 V versus NHE. It should be mentioned that

we have found redox-combined single light reversible
isomerization for tris(azobenzene-bound bipyridine)cobalt.5g

There have been many reports of Fe-terpyridine com-
plexes,10 with recent studies having been focused on the
reversible redox properties and spin-crossover behavior.
Herein, we present syntheses of new azobenzene-bound
Co(II), Co(III), and Fe(II) complexes (Chart 1), and we
describe their photochemical and electrochemical properties.

Experimental Section
Materials. 2,2′:6′,2′′-Terpyridine (tpy),11 CoCl2tpy,12 FeCl2tpy,13

tpy-AB,6c and tpy-AB-tpy6a were prepared according to the
literature. Ammonium hexafluorophosphate (NH4PF6), sodium
tetraphenylborate (NaBPh4), CoCl2‚6H2O, and FeCl2‚4H2O were
purchased from Kanto Chemicals and used as received. For UV-
vis spectroscopy, dimethyl sulfoxide, propylene carbonate (Kanto
Chemicals, guaranteed grade), andN,N-dimethylformamide (Dojin,
spectroscopic grade) were used as received. Propylene carbonate
used for the electrochemical measurements was of HPLC grade.
Tetrabutylammonium tetrafluoroborate (lithium-battery grade) for
the electrochemical measurements was obtained from Tomiyama
Chemicals.
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Azobenzene-Conjugated Metal Complexes
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Apparatus. UV-vis, IR, 1H NMR, and ESI mass spectra were
recorded with Jasco V-570 and Hewlett-Packard 8453 UV-vis
spectrometers, a Jasco FT/IR-62-v spectrometer, JEOL EX270 and
Brucker AM 500 spectrometers, and a Micromass LCT (time-of-
flight mass spectrometer), respectively. Photoisomerization mea-
surements were carried out under a nitrogen atmosphere using a
500 W super high-pressure mercury lamp USH-500D (USHIO) as
an irradiation source. The 366-nm light was isolated with a UV-
D35 Toshiba glass filter. The 435-nm light was isolated with a
combination of a Y-43 Toshiba glass filter and KL-44 Toshiba
interference filter.

Crystal Structure Determination. [Co(tpy-AB)2](BPh4)2‚2CH3-
CN was crystallized as red-brown blocks by slow diffusion from
diethyl ether into an acetonitrile solution. Selected crystallographic
data and experimental details are listed in Table 1 (see Supporting
Information).

Measurements of Trans-Cis Isomerization and Quantum
Yields. A 1-cm light path-length quartz cell was used for the
photoisomerization measurements. The sample concentration was
approximately 1× 10-5 M. Sample solution was degassed by N2

bubbling before photoirradiation and stirred during trans-to-cis and
cis-to-trans isomerization. The cis-to-trans thermal isomerization
rate was measured by the “kinetic” mode of Hewlett-Packard 8453
UV-vis spectrometers, where the UV-vis spectra were measured
continuously with determined intervals at a given constant tem-
perature. Quantum yields of trans-to-cis photoisomerization were
measured for each complex using K3[Fe(C2O4)3] as a chemical
actinometer from the absorbance changes within a 10% trans-to-
cis structural conversion.

Electrochemical Measurements.A glassy carbon rod (diameter
5 mm; Tokai Carbon GC-20) was embedded in Pyrex glass, and
the cross-section was used as a working electrode. Cyclic volta-
mmetry measurements were carried out in a standard one-
compartment cell equipped with a platinum-wire counter electrode
and a Ag/Ag+ reference electrode under Ar with a BAS CV-50W
voltammetric analyzer.

Femtosecond Transient Absorption Spectra.The arrangement
for the femtosecond pump-probe experiment was essentially the
same as that reported elsewhere.14 Briefly, the laser system consisted
of a hybridly mode-locked, dispersion-compensated femtosecond
dye laser (Coherent, Satori 774) and a dye amplifier (Continuum,
RGA 60-10 and PTA 60). The dye laser (gain dye Pyridine 2 and
saturable absorber DDI) was pumped with a cw mode-locked Nd:
YAG laser (Coherent, Antares 76S). The sample was excited by
the second harmonic (360 nm) of the fundamental (center wave-
length 720 nm, pulse width∼200 fs fwhm) at a repetition rate of

10 Hz. The residual portion of the fundamental output was focused
on a 1-cm H2O cell to generate a femtosecond supercontinuum
probe pulse. The planes of polarization of the pump and probe
beams were set to the magic angle (54.7°) to avoid any anisotropic
contribution to the transient signal. Both beams were focused on
the sample in a 2-mm cuvette at an angle of less than 5°. Transient
spectra were obtained by averaging over 200 pulses and analyzed
by an intensified multichannel detector (Princeton Instruments,
ICCD-576) as a function of the probe-delay time. The spectra were
corrected for the intensity variations and time dispersions of the
supercontinuum. Rise and decay curves at a fixed wavelength were
measured with a photodiode-monochromator (Japan Spectroscopic,
CT-10) combination. The sample concentration for transient absorp-
tion spectra was kept within a range 1-1.5× 10-4 M. The solution
was allowed to flow through a 2-mm flow cell using a magnetically
coupled gear pump (Micropump, 040-332) to avoid any possibility
of sample damage during the transient absorption measurement.

Syntheses. A General Synthetic Procedure for [(Cotpy)2(tpy-
AB-tpy)]X 4 and [tpyCoII (tpy-AB)]X 2 (X- ) PF6

- or BPh4
-). A

mixture of CoCl2tpy (0.069 g, 0.15 mmol) and tpy-AB-tpy (0.050
g, 0.077 mmol) in ethylene glycol (5 mL) was heated at reflux for
1 h. After the mixture was cooled to room temperature and filtered
off, excess NH4PF6 or NaBPh4 in water (30 mL) was added to the
filtrate. The precipitate formed was centrifuged and filtered, and
then recrystallized from acetonitrile-ether to yield red powders.
The mononuclear complexes, [tpyCoII(tpy-AB)]X2’s, were prepared
by the similar method of (Cotpy)2(tpy-AB-tpy)‚4PF6 except for
using tpy-AB instead of tpy-AB-tpy.

[(Cotpy)2(tpy-AB-tpy)](PF 6)4. Yield 80%. Anal. Calcd for
C72H50N14Co2F24P4: C, 47.78; H, 2.79; N, 10.84. Found: C, 47.91;
H, 3.00; N, 10.56. ESI MSm/z 759.13 ([(Cotpy)2(tpy-AB-tpy)‚
2PF6]2+ requires 759.11), 457.76 ([(Cotpy)2(tpy-AB-tpy)‚1PF6]3+

requires 457.75), 307.08 ([(Cotpy)2(tpy-AB-tpy)]4+ requires 307.07).
[(Cotpy)2(tpy-AB-tpy)](BPh 4)4. Yield 40%. The sample for

elemental analysis was purified from DMF-ether. Anal. Calcd for
C168H130N14B4Co2‚3DMF‚2H2O: C, 76.99; H, 5.66; N, 8.62.
Found: C, 76.70; H, 5.36; N, 8.51. ESI MSm/z933.84 ([(Cotpy)2-
(tpy-AB-tpy)‚2BPh4]2+ requires 933.82), 516.15 ([(Cotpy)2(tpy-AB-
tpy)‚1BPh4]3+ requires 516.16), 307.08 ([(Cotpy)2(tpy-AB-tpy)]4+

requires 307.07).
[tpyCoII (tpy-AB)](PF6)2. Yield 64%. Anal. Calcd for C42H30N8-

CoF24P2: C, 50.67; H, 3.04; N, 11.25. Found: C, 50.75; H, 3.15;
N, 11.10. ESI MSm/z 850.13 ([tpyCoII(tpy-AB)‚1PF6]+ requires
850.16), 352.60 [tpyCoII(tpy-AB)]2+ requires 352.60).

[tpyCoII (tpy-AB)](BPh4)2. Yield 59%. Anal. Calcd for C90H70-
N8B2Co‚H2O: C, 79.36; H, 5.33; N, 8.23. Found: C, 79.12; H,
5.29; N, 8.19. ESI MSm/z 352.61 ([tpyCoII(tpy-AB)]2+ requires
352.60).

[tpyCoIII (tpy-AB)](PF6)3. tpyCoII(tpy-AB)‚2PF6 (0.051 g, 0.051
mmol) was dissolved in hot methanol (150 mL), and the solution
was added dropwise into the methanolic solution (5 mL) of AgCF3-
SO3 (0.080 g, 0.31 mmol). The mixture was heated at reflux
overnight and filtered through a Celite layer. After excess NH4PF6

was added, the red solution was evaporated until a red precipitate
appeared. The red precipitate was filtered and recrystallized from
acetonitrile-ether. Yield 0.041 g (70%).

Anal. Calcd for C42H30N8CoF18P3: C, 44.23; H, 2.65; N, 9.82.
Found: C, 44.17; H, 2.83; N, 9.77.1H NMR (CD3CN): δ 9.35 (d,
2H, J ) 5.5 Hz), 9.12 (t, 2H,J ) 7.5 Hz), 9.03 (d, 2H,J ) 5.5
Hz), 8.75 (t, 2H,J ) 8.4 Hz), 8.60 (t, 2H,J ) 8.4 Hz), 8.53 (t,
2H, J ) 7.6 Hz), 8.37 (m, 2H), 8.31-8.23 (m, 4H), 8.08-8.06
(m, 2H), 7.70-7.67 (m, 3H), 7.50-7.39 (m, 6H), 7.27 (d, 2H,J )
5.0 Hz). ESI MSm/z 995.10 ([tpyCoIII (tpy-AB)‚2PF6]+ requires

(14) (a) Tamai, N.; Masuhara, H.Chem. Phys. Lett.1992, 191, 189-194.
(b) Mitra, S.; Tamai, N.Chem. Phys. Lett.1998, 282, 391-397.

Table 1. Crystal Data and Structure Refinement Details for
[Co(tpy-AB)2](BPh4)2

empirical formula C106H84N12B2Co
fw 1606.46
cryst dimens 0.40× 0.30× 0.20 mm3

cryst syst monoclinic
a (Å) 22.895(5)
b (Å) 21.1422(11)
c (Å) 18.7864(5)
â (deg) 106.8040(7)
V (Å3) 8705.1(14)
space group C2/c
Z value 4
Dcalcd 1.226 g/cm3

F000 3364.00
residuals,R; Rw 0.097; 0.116
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995.12), 425.08 ([tpyCoIII (tpy-AB)‚1PF6]2+ requires 425.08), 235.04
([tpyCoIII (tpy-AB)]3+ requires 235.07).

[Co(tpy-AB)2](BPh4)2. A mixture of CoCl2‚6H2O (0.028 g, 0.12
mmol) and tpy-AB (0.099 g, 0.24 mmol) in MeOH (7 mL) was
heated at reflux for 30 min. After the solution was cooled to room
temperature and filtered, excess NaBPh4 in water (30 mL) was
added. The precipitate was filtered and recrystallized from aceto-
nitrile-ether to yield red powders. Yield 0.097 g (53%).

Anal. Calcd for C102H78N10B2Co: C, 80.37; H, 5.16; N, 9.19.
Found: C, 80.10; H, 5.16; N, 9.19. ESI MSm/z 442.63 ([Co(tpy-
AB)2]2+ requires 442.63).

CoIII (tpy)2‚3PF6. This complex was prepared from CoII(tpy)2‚
2PF6 by a method similar to that for tpyCoIII (tpy-AB)‚3PF6. Yield
60%. Anal. Calcd for C30H22N6CoF18P3: C, 37.52; H, 2.31; N, 8.75.
Found: C, 37.52; H, 2.43; N, 8.48.1H NMR (CD3CN): δ 9.10
(dd, 1H,J ) 9.1, 6.4 Hz), 9.00 (dd, 2H,J ) 8.1, 2.4 Hz), 8.61 (dd,
2H, J ) 8.0, 1.4 Hz), 8.23 (td, 2H,J ) 7.8, 1.4 Hz), 7.44 (ddd,
2H, J ) 7.7, 6.2, 1.6 Hz), 7.24 (dd, 2H,J ) 6.2, 1.1 Hz).

A General Synthetic Procedure for [tpyFe(tpy-AB)]X2

(X- ) PF6
- or BPh4

-). A mixture of FeCl2tpy (0.087 g, 0.24
mmol) and tpy-AB (0.099 g, 0.24 mmol) in ethylene glycol (5 mL)
was heated at reflux for 1 h. After the solution was cooled to room
temperature and filtered, excess NH4PF6 or NaBPh4 in water (30
mL) was added. The precipitate was filtered and recrystallized from
acetonitrile-ether to yield violet powders.

[tpyFe(tpy-AB)](PF6)2. Yield 75%. Anal. Calcd for C42H30N8-
FeF12P2: C, 50.83; H, 3.05; N, 11.29. Found: C, 50.54; H, 3.25;
N, 11.27.1H NMR (CD3CN): δ 9.24 (d, 2H,J ) 7.0 Hz), 8.93 (t,
1H, J ) 7.0 Hz), 8.71-8.61 (m, 4H), 8.53-8.43 (m, 4H), 8.32
(dd, 2H,J ) 8.6, 2.1 Hz), 8.05 (m, 2H), 7.96-7.85 (m, 4H), 7.68-
7.62 (m, 3H), 7.21 (t, 2H,J ) 5.6 Hz), 7.13-7.04 (m, 6H). ESI
MS m/z 351.10 ([tpyFe(tpy-AB)]2+ requires 351.10).

[tpyFe(tpy-AB)](BPh4)2. Yield 89%. Anal. Calcd for C90H70-
N8FeB2‚H2O: C, 79.54; H, 5.34; N, 8.25. Found: C, 79.71; H,
5.46; N, 8.16.1H NMR (CD3CN): δ 9.03 (d, 2H,J ) 7.0 Hz),
8.66 (t, 4H,J ) 7.6 Hz), 8.49-8.38 (m, 3H), 8.30 (d, 2H,J ) 8.6
Hz), 8.23 (t, 4H,J ) 7.0 Hz), 8.12 (d, 2H,J ) 8.2 Hz), 7.86 (d,
2H, J ) 8.2 Hz), 7.67 (td, 2H,J ) 7.4, 1.0 Hz), 7.46 (d, 2H,J )
7.0 Hz), 7.09-7.03 (m, 16H), 6.98 (d, 2H,J ) 6.0 Hz), 6.90-
6.82 (m, 5H), 6.78 (t, 16H,J ) 7.3 Hz), 6.62 (t, 8H,J ) 7.3 Hz).
ESI MSm/z 1021.39 ([tpyFe(tpy-AB)‚1BPh4]+ requires 1021.39),
351.10 ([tpyFe(tpy-AB)]2+ requires 351.10).

Results and Discussion

Syntheses and Characterization.Azobenzene-conjugated
mono- and dinuclear Co complexes were obtained by the
reaction of CoCl2tpy with the corresponding azobenzene-
containing terpyridine ligand. Anions PF6

- and BPh4- were
selected as counterions because the photoisomerization
behavior was much affected by the counterions in a previous
study on Rh complexes,6c and the most remarkable difference
was observed in the complexes using these two counterions.
The Co complex salts of both counterions were soluble in
acetonitrile (MeCN),N,N-dimethylformamide (DMF), dim-
ethyl sulfoxide (DMSO), propylene carbonate (PC), etc., but
the solubility was quite lower than that of the corresponding
Rh and Ru complexes.6 The CoIII complexes were easily
prepared by the oxidation with Ag+.5g The solubility of the
PF6

- salt of the CoIII complex was much less than that of
the CoII complex. [Co(tpy-AB)2](BPh4)2‚2CH3CN was ob-
tained in the recrystallization process of [tpyCoII(tpy-AB)]-

(BPh4)2 by the vapor diffusion of diethyl ether to the highly
concentrated acetonitrile solution because the ligand-
exchange from tpy to tpy-AB easily occurred. This complex
was also obtained according to the general synthetic method
of CoL2 (L ) tridentate ligands), and its molecular structure
was determined by a single-crystal X-ray diffraction analysis.
An ORTEP diagram with representative bond lengths and
angles is shown in Figure 1, indicating the involvement of
two normal trans-azobenzene structures in the molecule.

The Fe mononuclear complexes were prepared from FeCl2-
tpy by a two-step reaction similar to that of the Co
complexes. All the Co and Fe complexes were characterized
by UV-vis, 1H NMR (except for CoII complexes), ESI MS
spectra, and elemental analysis.

UV-vis absorption spectra of tpyCoII(tpy-AB)‚2PF6, tpy-
AB, and CoII(tpy)2‚2PF6 are shown in Figure 2A, inset. The
spectrum of tpyCoII(tpy-AB)‚2PF6 can be interpreted by the
superposition of tpy-AB and CoII(tpy)2‚2PF6, exhibiting an
intense peak at 320 nm ascribable to a ligand-centered (LC)
band,7 and three weak peaks at 446, 504, and 545 nm
assignable to d-d transition or MLCT of the cobalt complex
moiety.8 A similar tendency is observed for (Cotpy)2(tpy-
AB-tpy)‚4PF6, as shown in Figure 2B, inset. UV-vis
absorption spectra of CoIII complexes in 1,2-dichloroethane
are shown in Figure 3, inset. In the spectrum of CoIII (tpy)2‚
3PF6, except for a LC band at 320 nm, there were no intense
bands observed in the visible region. It can be seen that the
azoπ-π* band of tpyCoIII (tpy-AB)‚3PF6 is more broadened
and red-shifted than that of tpyCoII(tpy-AB)‚2PF6. The broad
band at 400-500 nm is smaller than the spectrum of
tpyCoII(tpy-AB)‚2PF6; this broad band decreases in size, and
the overlapped band of azoπ-π* and LC is red-shifted by
70 nm.

A UV-vis absorption spectrum of tpyFe(tpy-AB)‚2PF6

is shown in Figure 4 inset. An intense MLCT band appears
at 580 nm, which is more intense and red-shifted than that
of Fe(tpy)2‚2PF6, suggesting the presence of significant
π-conjugation between the azobenzene unit and the Fe(tpy)2

unit.
Photochemical and Thermal Isomerization Behavior of

the CoII Complexes.UV-vis spectral changes of tpyCoII-
(tpy-AB)‚2PF6 and (Cotpy)2(tpy-AB-tpy)‚4PF6 in propylene
carbonate (PC) upon irradiation with 366-nm light are shown
in Figure 2A,B, respectively. Mono- and dinuclear BPh4

-

Figure 1. ORTEP view of [Co(tpy-AB)2](BPh4)2‚2CH3CN with 50%
probability. H atoms, BPh4- ions, and acetonitrile are omitted for clarity.
Selected bond lengths (Å), bond angles (deg), and torsion angles (deg) are
as follows: Co(1)-N(1) 1.878(4), Co(1)-N(2) 2.071(5), N(4)-N(5)
1.284(11), N(1)-Co(1)-N(2) 80.2(2), N(2)-Co(1)-N(3) 160.3, N(5)-
N(4)-C(19) 113.3(10), N(5)-N(4)-C(19)-C(20) 7.2(20), N(4)-N(5)-
C(22)-C(27) 163.8(13), C(4)-C(3)-C(16)-C(17) 134.2.
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salts exhibited similar spectral changes with PF6
- salts upon

photoirradiation. The absorbance of the azoπ-π* transition
band decreases, and that of the azo n-π* transition band
increases with three isosbestic points. These results indicate
that trans-to-cis photoisomerization behavior of the mono-
nuclear and dinuclear Co complexes is observed. In the cis
form, an intense band appears in the visible region as with
Rh complexes,6 assignable to the azo n-π* band. But this

band is much more intense than that of organic azobenzenes.
Rau has reported that a low-lying azo n-π* state can interact
with other molecular states such as the neighboring azo
π-π* state.15 In the complexes in this study, the terpyridine
π-π* band is superposed with the broad azoπ-π* band.
Accordingly, the appearance of these intense bands indicates
that the azo n-π* band overlaps the intensity of the low-
lying, neighboring state, azoπ-π*, and terpyridineπ-π*
states.

Significant spectral changes due to trans-to-cis photo-
isomerization were observed in DMSO and PC, although the
photostationary state was found to be more lopsided to the
trans form in MeCN than in other solvents. On the other
hand, spectral changes by photoirradiation in DMF were
extremely fast and complicated, probably because the dis-
sociation of tpy-AB or tpy-AB-tpy ligand occurred and the
free ligand exhibited trans-to-cis isomerization. This is
supported by the fact that recrystallization of tpyCoII-
(tpy-AB) in DMF afforded Co(tpy-AB)22+ by the facile
ligand exchange reaction as described. Co(II) complexes are
known to be labile to ligand exchange, but we selected the
solvents to afford simple spectral change without dissociation
and ligand exchange, for the photoreaction of the complexes.
The photoproducts could be isolated by precipitation from
PC solution by adding 1,4-dioxane and characterized by IR
spectroscopy for (Cotpy)2(tpy-AB-tpy)‚4PF6. The peak as-
cribed to NdN stretching of the cis form appeared at 1534
cm-1. Trans-to-cis photoisomerization process was also
monitored by the transient absorption spectroscopy (vide
infra). The quantum yields (Φtfc) of Co complexes for trans-
to-cis photoisomerization are listed in Table 2. There are
three characteristic features, different from those of Rh
complexes:6c (1) Φtfc of Co complexes is much smaller, (2)
solvent effect is observed andΦtfc increases in the order of
PC> DMSO, which is reverse, compared with those of the
Rh complexes, and (3) counterion effect is less evident. All
the Φtfc values in DMSO and PC are within a small range
from 3 × 10-4 to 8 × 10-4, and accordingly, solvent and
counterion have less influence on the trans-to-cis photo-

(15) Rau, H.Angew. Chem., Int. Ed. Engl. 1973, 12, 224-235.

Figure 2. (A) UV-vis spectral change of tpyCoII(tpy-AB)‚2BPh4 (2.2× 10-5 M) in PC upon irradiation at 366 nm for 40 min. Inset: Spectra of tpyCoII-
(tpy-AB)‚2PF6 (a), tpy-AB (b), and CoII(tpy)2‚2PF6 (c). (B) UV-vis spectral change of (Cotpy)2(tpy-AB-tpy)‚4BPh4 (1.8× 10-5 M) in PC upon irradiation
at 366 nm for 1 h. Inset: Spectra of (Cotpy)2(tpy-AB-tpy)‚4PF6 (a), tpy-AB-tpy (b), and CoII(tpy)2‚2PF6 (c).

Figure 3. UV-vis spectral change of tpyCoIII (tpy-AB)‚3PF6 (2.7× 10-5

M) in 1,2-dichloroethane upon irradiation at 366 nm for 25 min. Inset:
Spectra of tpyCoIII (tpy-AB)‚3PF6 (a), tpy-AB (b), and CoIII (tpy)2‚3PF6 (c).

Figure 4. UV-vis spectral change of tpyFe(tpy-AB)‚2PF6 (2.0 × 10-5

M) in acetonitrile upon irradiation at 366 nm for 20 min. Inset: Spectra of
tpyFe(tpy-AB)‚2PF6 (a), tpy-AB (b), and Fe(tpy)2‚2PF6 (c).
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isomerization behavior for the Co complexes than for the
Rh complexes. This should be because the Rh complex cation
is trivalent, having more charge, and more counterions.

UV-vis spectral change of tpyCoII(tpy-AB)‚2BPh4 in PC
by heating at 90°C is shown in Figure 5. The trans form
was recovered in an approximately 60% yield. (Cotpy)2-
(tpy-AB-tpy)‚4BPh4 showed the same behavior as tpyCoII-
(tpy-AB)‚2BPh4 under similar conditions. Thermal isomer-
ization rates for tpyCoII(tpy-AB)‚2BPh4 and (Cotpy)2-
(tpy-AB-tpy)‚4BPh4, in PC at 90°C were 1.5× 10-4 and
2.4 × 10-5, respectively. Compared with the isomerization
rate of ligands (1.5× 10-3, for tpy-AB in PC at 90°C), the
isomerization rates of Co complexes are smaller. Although
the BPh4- salts of the Co complexes exhibit thermal cis-to-
trans isomerization in PC, no significant UV-vis spectral
change was observed in DMSO by heating at 90°C. As for
the PF6- salts, cis-to-trans isomerization behavior was not
observed in any solvents even at high temperature. Accord-
ingly, it is suggested that the thermal cis-to-trans isomer-
ization is dependent on the counterions, and the tendency is
similar with that of Rh complexes.6c

Photochemical cis-to-trans photoisomerization by irradia-
tion with 435-nm light was observed for the mono- and
dinuclear CoII complexes in PC, in which the trans form was
recovered in a yield of about 60%, whereas no isomerization
was observed in DMSO, similar to the results of thermal
isomerization already noted. There is no counterion effect
on the cis-to-trans photoisomerization. As a conclusion, as
for the CoII complexes, the cis form is long-lived in DMSO,
and the reversible trans-cis isomerization is observed in PC.

As the reason for the incomplete cis-to-trans isomerization
already mentioned, partial photodegradation of the com-
pounds cannot be neglected.

Figure 6 shows the UV-vis absorption spectral change
of [Co(tpy-AB)2](BPh4)2 upon irradiation with 366-nm light.
Apparently, this spectral change is similar to that of tpyCoII-
(tpy-AB)‚2BPh4, although a two-step photoreaction is ob-
served. Half of the change occurred very slowly, taking 30
min, and the latter half occurred at a faster rate, taking 18
min. There are two isosbestic points observed at 366 nm,
and the second, at 368 nm. Cis-to-trans photoisomerization
by irradiation with 435-nm light occurred, but the spectral
change stopped at the half point of the full recovery. These
phenomena suggest that two azo groups isomerize in turn,
not at the same time.

Photochemical Behavior of the CoIII Complex. The
UV-vis spectral change of tpyCoIII (tpy-AB)‚3PF6 in 1,2-
dichloroethane upon irradiation with 366-nm light is shown
in Figure 3. Although the spectral change is not as significant
as that of the Rh and CoII complexes, the absorbance of the
azo π-π* transition band decreased and that of the azo
n-π* transition band increased, suggesting that a trans-to-
cis photoisomerization also occurs in the CoIII complex.
Characterization of the photoproduct was difficult because
of its low yield and low solubility. The difference in the
trans-to-cis photoisomerization yield between CoII and CoIII

has been also observed for azobenzene-bound tris(bipyridi-
ne)cobalt complexes.5g It should be noted that the photore-
action of tpyCoIII (tpy-AB)‚3PF6 in PC and in DMSO, which
has a higher donor number16 than 1,2-dichloroethane, causes

Table 2. Trans-to-Cis Photoisomerization Quantum Yields (Φtfc) of the Co Complexes

104 Φtfc

solvent
dielectric

constant,a ε

viscositya

(η/mPa s)

tpyCoII-
(tpy-AB)‚

2PF6

tpyCoII-
(tpy-AB)‚

2BPh4

(Cotpy)2-
(tpy-AB-tpy)‚

4PF6

(Cotpy)2-
(tpy-AB-tpy)‚

4BPh4

MeCN 36.6 0.369 <1 <1 <1 <1
DMSO 47.2 1.99 3.3 4.3 3.9 5.6
PC 68.8 2.53 7.0 6.2 6.5 8.5

a Lide, D. R.CRC Handbook of Chemistry and Physics, 79th ed.; CRC Press, Boca Raton, FL.

Figure 5. UV-vis absorption spectral change of tpyCoII(tpy-AB)‚2BPh4

in PC (1.5× 10-5 M) heated at 90°C for 12 h. Dotted line indicates the
pure trans form.

Figure 6. UV-vis spectral change of [Co(tpy-AB)2](BPh4)2 (1.5× 10-5

M) in PC upon irradiation at 366 nm for 48 min. Dotted line corresponds
to the half point, achieved by irradiation at 435 nm for 30 min.
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the reduction to a CoII complex. Trans-to-cis photoisomer-
ization behavior in 1,2-dichloroethane was analyzed by
transient absorption spectroscopy (vide infra). In contrast, a
cis-to-trans isomerization was not observed by either
photoirradiation with visible light or heat. Accordingly, these
results suggested that the lifetime of the cis form of the CoIII

complex is fairly long.
According to these results, CoII and CoIII complexes exhibit

different photochemical behavior, suggesting that trans-cis
isomerization behavior is dependent on both the identity of
the metal center and the oxidation state.

Trans-to-Cis Photoisomerization Behavior of the Fe
Complexes.The UV-vis spectral change of tpyFe(tpy-AB)‚
2PF6 upon irradiation with 366-nm light is shown in Figure
4. Such a slight spectral change upon irradiation is similar
to that of the Ru complexes.6c The1H NMR signals in CD3-
CN suggest that the slight spectral change corresponds to
the trans-to-cis photoisomerization. In the photostationary
state, the ratio of the cis form to the trans form is estimated
to be 0.15. The trans-to-cis photoisomerization occurred in
acetonitrile and PC but did not occur in DMSO. Instead of
photoisomerization, ligand exchange occurred in DMF,
which is similar with CoII complexes. It is indicated that there
is the dependence of solvent on trans-to-cis photoisomer-
ization. On the other hand, there was no counterion effect;
the BPh4- salt exhibited the similar behavior to the PF6

-

salt. Cis-to-trans isomerization was observed by both ir-
radiation with 435-nm light and heat, although both processes
were very slow (4 days at room temperature).

Transient Absorption Spectra of the CoII , CoIII , and
FeII Complexes.Femtosecond transient absorption spectra
of tpyCoII(tpy-AB)‚2PF6 and tpyCoIII (tpy-AB)‚3PF6 (Figure
7) were measured for direct observation of the photoisomer-
ization reaction of the complex. For the CoII and CoIII

complexes, the broad Sn r S2 (π-π*) absorption band
around 550 nm was observed first, after which the Sn r S1

(n-π*) absorption band around 450 nm was observed. The
lifetime values of the S2 state are 260 and 230 fs, and those
of the S1 state are 8 and 12 ps for tpyCoII(tpy-AB)‚2PF6 and
tpyCoIII (tpy-AB)‚3PF6, respectively. These results are similar
to those for the Rh complexes and organic azobenzenes
which exhibit significant trans-to-cis photoisomerization
behavior. The lifetime of the S1 state, where trans-to-cis
photoisomerization is known to occur even in the direct
excitation to the S2 state, is longer than that of the Rh
complexes.6c This phenomenon may be related to the lower
trans-to-cis
photoisomerization quantum yields of the CoII complexes
than of the Rh complexes.6c As for the Fe complex, very
fast bleaching of the Fe MLCT band was observed at 570
nm (Figure 8a). The rise time of the Fe MLCT band of tpyFe-
(tpy-AB)‚2PF6 is 270 fs (Figure 8b), indicating that the
ultrafast energy transfer from the azobenzene unit to the
Fe(tpy)2 unit depresses trans-to-cis photoisomerization. The
possibility of electron transfer is negligible because the peaks
due to the cation radical of azobenzene unit or the anion
radical of Fe(tpy)2 unit are not apparently observed in this
range.

In conclusion, the Co complexes, for which the redox
reaction is reversible and different from that of the Rh
complexes, showed that photoisomerization behavior of the
complexes is dependent on the oxidation state of the metal

(16) (a) Gutmann, V.Coord. Chem. ReV. 1976, 18, 225-255. (b) Gutmann,
V. The Donor-Acceptor Approach to Molecular Interactions; Ple-
num: New York, 1980. (c) Donor number (DN) is the absolute value
of the heat of mixing of a solution of SbCl5 in 1,2-dichloroethane
with another solvent, so DN≡ 0 for 1,2-dichloroethane, and the value
increases with the heat of mixing.

Figure 7. Time-resolved transient absorption spectra of tpyCoII(tpy-AB)‚
2PF6 in acetonitrile (a) and tpyCoIII (tpy-AB)‚3PF6 (b) in 1,2-dichloroethane
upon irradiation at 360 nm.

Figure 8. Time-resolved transient absorption spectra (a) and time
dependence of absorption spectra at 570 nm (b) of tpyFe(tpy-AB)‚2PF6 in
acetonitrile upon irradiation at 360 nm.
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centers. Similar to the Ru complexes,6c the FeII complex
shows depressed photoisomerization due to the occurrence
of energy transfer.
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