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Metal Coordination Complexes Composed of 
Photo-Electrochemically Active Ligands 

MICHIO M. MATSUSHITA"~, MASANARI MORIKAWA~, 
TADASHI KAWAIa and TOMOKAZU I Y O D A a *  

aDepartment of Applied Chemistry, Graduate School of Engineering, Tokyo 
Metropolitan University, Minami-Ohsawa, Hachioji, Tokyo 192-0397, 

Japan and bPRESTO, JST 

N-arylpyridinium molecules, 4,6-bis(4,4'-bipyridine-l -yl)-pyrimidine (1) and 3,6-bis(4,4'- 
bipyridine- 1 -yl)-pyridazine (2) and 3-pyridylviologen (3) were designed and synthesized as 
photoelectrochemically active ligands for coordination polymer assemblies with various ions. 
Their two-step reduction processes involving ion-radicals generation were observed in both 
electrochemical and photochemical processes. The photochemical ionradical formation in 1- 
3 were observed in the solid state. The magnetic behavior of Cu complex of 3 after light irra- 
diation showed the antiferromagnetic interaction between photochemically generated ionrad- 
ical and Cu spins. 

Keywords: light-induced electrochromism; conjugated molecular assembly; viologen; 
N-arylpyridinium; spin manipulation 

INTRODUCTION 

Photochemically active molecules, such a s  azobenzenes, spiropyranes, and 

diarylethenes, have been investigated widely as key compounds for novel 
photofunctional rna1erials.lil Although these molecules show the clear and 

reversible photochroinism in the solution driven b y  light irtudiation at IWO 

inclepcndent wavelengths and through exoihermic buck reaction i n  I I K  t i a rk ,  

the cluestion arises whether or not they exhibit t he  similar photochromic 

1'z;iiurez i n  solid state. Because the photochromic p~ocessca acco1np;rn~ 
considerable changes in both electionic kind geometric striicttirzs which i n i l )  

lx limited in the solid state. This is one o t  the crucial d i sx lvxi t~ iges  01' tlicyt 

photochroniic molecul~rr  units fabricated into the lunctio~iiil molecular 

* (mmm@ecomp.metro-u.ac.jp) 

[405]/87 
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88/[406] MICHIO M. MATSUSHITA ef al. 

assemblies in the solid state. On the other hand, viologens hwe  been 
investigated as electrochromic materials, in which one-electron reduced 
ionradical species shows the characteristic blue color.l'l The viologcns also 
show the light-induced electrochromism, resulted f rom photo-induced electron 
transfer from appropriate electron donors, such as cliloritlc ion, 1)- 

toluenesulfonate ion, and alcohol."l Recently, we investigated the 
photoelectrochemical behavior of n-conjug;ited viologen rlimers, connected 
with heteroaromatic linkers, and demoiistraied both electro- and photocheniical 
lour-step reduction processes i n  the solid state.'" Of much interest is the spin 
multiplicity of their two-electron reduced states. The two-electron reducetl 
sttile of the 4,h-pyrimidinylcne linked meta-type dimer was itlentilietl to be ii 

triplet diradical in the ground state, whereas that of 3,h-pyridazinylene linked 
para-type dimer has a closed-shell structure through quinoid formation. The 
four-step redox processes result from the strong correlation of two-step redox 
behavior per one viologen moiety. The difference in the spin multiplicity of 
both two-electron reduced states results lrom the dil'l'erence in spin exchangu 
interaction via heteroaroniatic linkers whether the subs1itution type is nieta or 

para, similar to well-known I,.% and 1,4-phenylene linkers. Thus, these 
features are due to the n-conjugative combination of two viologen moieties 
through heteronromalic linkers. When the further extension is uchieverl by  

introduction of strong interactions, the novel photoelectrochemic~~lly active 
property depends on the electronic properties ol' viologen and their assembly 
structure. To this purpose, we considered to utilize the coordinalion bond to 

assemble the viologen molecules and extend the conjugated path through 
appropriate metal ions and metal complexes. Along this line, we designed 
three types of N-aryl pyridiniums and viologen derivatives, bearing pyridyl 
moieties h r  coordination bond. Pyridyl-pyridinium-type ligands, 1 and 2, 
have meta-type 4,h-pyrimidinylene and para-type 3,h-pyridazinylene linkers, 
respectively, similar to the above viologen derivatives. 
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COMPLEXES OF PHOTOCHEMICALLY ACTIVE LIGANDS [407]/89 

I n  this paper, we report the syntheses and photoelectrocheinical behaviors of 

the redox active ligands 1-3. The complexation with various metiil ions and 

the magnetic interaction between photochemically generated ionradical a n d  

the assembled metal ion through coordination bond are discussed. 

RESULTS AND DISCUSSION 

Preparation of N-arylpyridinium ligands 
The N-arylpyridinium ligands were prepared as described in Scheme 1, The 
pyridylpyridinium-type ligands (1, 2) were prepared by nucleophilic ieaction 
of 4,4’-bipyridine with 4,h-dichloropyrimidine or 3,h-dichlr~~pyridaziiie. The 
viologen-type ligand (3) was prepared by the exchange reaction between 
2,4-dinitrophenyl viologen and 3-aminopyridine.”’ Their cutinter anions 
were quantitatively exchanged to hexafluorophosphate and pel-chlorate ions 
by re-precipitation from their aqueous solutions with ammonium 
hexafluorophosphate and tetrabulyl ammonium perchlorate, respectively. 

NO2 
2 0 2 N e C I  -k N X N  - O * N 6 & f $ b N O 2  

CI’ ct- 
H2NQ 

-.- 3.C12 ( 2 2 % )  

SCIHEME I Synthetic r o w s  to N-arylpyridinium coi1,juga~ed ligands 

Redox property of the N-arylpyridinium ligands 
Redox potentials of 1-3 were evaluated by differential pulse voltammetry 
using a Hokuto-Denko HZ-3000 potentiostat, equipped with a n  Ag/AgCI 
electrodes and a pair of platinum electrodes as reference, working, and counler 
electrodes, I-espectively. All these ligands showed two reduction peokh and  
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TABLE 1 .  Reduction potentials of N-arylpyridiniuni ligands. 

Ligand El,(t2/t1) El,(+ 1/0) 

1 -257 mV -133 mV 
2 -336 mV -499 mV 
3 -61 mV -350 mV 
4 -480 mV 
5 -690 mV'" -1120 niVlhi 

Differential pulse vollaniinogiwis w e n  irl)laiiicil i n  C'l1,C" coiiliiining 0 . 1  M 
tetra-n-butylaninicrnium hexaf1uorophirsph;iIe. 'l'lie iibLaiiictl polenti& are 
described against AgIAgCI refrrencc cleclroilc. 

4 4 3  5.C12 

the reduction potentials were listed in Tuble 1 togelher with i hose  of the 
corresponding monopyridiniurn derivative 4 and methyl viologen 5 ;IS 

relerences. The dirners, I and 2, show stronger electron-drt'icirni piopertius 
than the corresponding monomer 1. The reduction peaks 0 1  3 $hilied more 
caihodically than that of methylviologen 5. Sinaller potential dill'crcnce 
hetween the first and the second peaks of 3 than that of rnethylviologen niay 
he interpreted by the reduction 01 on-site Coulombic repulsion due to the 
extending n-conjugated system by the heteroarornatic substittienis 
The reduction processes of 1-3 were also monitored by UV-Vis ahsorption 
spectra under potentiostatic condition with a Pt-grid working electrode. In 
the case of meta-pyridylpyridinium-type dimer 1, the absorbance of the n - ~ "  
transition band at 295 nm decreased in the first reduction process with 
cathodically sweeping potential down lo -400 mV, while the 390 nm band, 
assignable to the one-electron-reduced ion radical!'l increased with two 
isosbestic points at 269 and 323 nm. When the second reduction process 
started from -450 rnV, the 390 nm band shifted to 300 nm m c l  ;I new isoshestic 
point appeared at 266 nm. I n  the case of para-pyridylpyridinitiiii-type dimer 
2, the absorbance of the n-n* band at 293 nni decreased i n  thc I'irsi reduction 

pi-ocess down to -400 mV, while the 367 nni band, assignable io  the one- 
electron-reduced ion radical, increased with two isosbestic points ;it 760 and 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

57
 1

6 
A

ug
us

t 2
01

2 



COMPLEXES OF PHOTOCHEMICALLY ACTIVE LIGANDS [409]/91 

330nm. When the second reduction process started from -450 mV, the 390 
nm band shifted to 357 nm with new isosbestic points at 258 and 327 nm. In 
the case of 3, the absorbance of the 293 nm band decreased, and the 43 1 and 
643 nm bands, characteristic of its ionradical!’ increased in the first reduction 
process down to -300 mV with an isosbestic point at 347 nm. In the second 
reduction process, both bands disappeared with new isosbestic points at 358 
and 472 nm. These spectral 
behaviors also support the two-step 
process of the redox properly of these 
ligands. 

Photochemical reaction of the 
ligands in the solid state 
The photochemical control of the 
redox processes of these ligands in 
the solid state were investigated 
spectrophotometrically in the 
reflection-absorption technique 
suitable for powdered samples. 
Figure 1 shows the absorption 
spectral changes of powdered 1-3*Clz 
under light irradiation.“” Every 
spectrum was taken every 5 min. In 
the case of 1, the absorbances of two 
broad absorption bands at 424 and 
640 nm increased and the 324 nm 
band decreased in the first reduction 
process, and then the 640 and 324 
nni bands shifted lo 560 and 298 nm, 
respectively, with monotonous 
change in both absorbances. This 
change suggests the successive Iwo- 

Wavelength / nm 
(b) 03, 

4w MXI Boo low 1 
0 21 

Wavelength / nm 
x) 

( 4  0 4  

8 O 3  
8 0 2  

-f! 2 0 1  

4 O 0  

a .ol 

D 

400 6w 800 loW 12W 
.o 2 

Wavelength / nm 

FIGURE I Absorption spectral 
changes of the ligands (a) 1, (b) 2, and 
(c) 3 under light irradiation. Every 
spectra were taken every 5 niin. 
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step retlox process in the solid state under irradiation. I n  the c i w  of  2, the 

absorbance of the absorption band at 414 nm increased while the 296 band 

decreased with irradiation lime. In the case of 3, the absorbance of two 
broad absorption bands at 428 and 660 nm increased while the 264 nm band 
decreased. The feature of the spectral changes looks similar to that obtained 
in the solution under potentiostatic condition. However, the relative magnitude 
of the spectral changes between fhe parent n-n' transition and the lowest 

energy transition hands are different. The extinction coell'icient of the broad 
absorption bands around 600 nm in 1 and 3 were quite large in the solid stirre. 

This feature was not observed in 2 ,  although both the excited states would he 

locdized o n  the pyridylpyridinium moieties. The rciison of the enh;incztl 
000-nm hands in  1 and 3 are not clear i n  the present Y I L I ~ ~  and further 
investigation will be required. The 3-(C10,)? s l~owed n o  intlication 0 1  the 

ionradical formation even after light-irradiation for 1 hour (the dotted line in  
Fig. 3c), while the chloride showed quite efficient ionradical l'orniation. This 
result strongly suggests that the chloride anion acts as the electron donor of 
the photoinduced electron transfer in the solid state. 

Complexation of ligands 1-3 
Complexation of the photochemically active ligiinds 1-3 were investigated by 
seit-assembling with various metal ions such as Cu, Fe, Mn, Co, Ni ,  and Zn 
in their common solvents. Among them, we obtained single crystals of ii 

coordination polymer, Zn*3,*(ClO,),dC)I,CN),, prepared by so-callcd diffusion 
crystallization between 3*(ClO,), and Zn(CIO,), in acetonitrile.'"'' As Figure 
2 shows, one Zn atom is coordinated by four 3 ligands and two acctonitrilc 
molecules, and their opposite pyridyl moieties coordinate to the neighboring 
Zn atoms to form the coordination polymer. Namely, four Zn atoms and 

four bidentate ligands 3 form a coplanar rhombic structure i n  ;I unit cell. The 
crevice of the rhombic skeleton is filled with perchlorate ions as counLc'r 
anions and acelonitrile molecules as axial ligands, although the structule could 

not be obtained precisely by disorder. The apexes 0 1  the rhombic skeleton 
(Zn iitoms) are shared with the neighboring rhombic bkcletons to form 2-  
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COMPLEXES OF PHOTOCHEMICALLY ACTIVE LIGANDS [411]/93 

dimensional sheet-like structure. 
We found the difficulty to obtain a coordination polymer with these ligands, 
because the pyridyl moieties of these ligdnds show weak Lewis basicity, not 
enough to form a stable coordination polymer, probably because the conjugated 
pyridinium moieties tend to withdraw x electron density of the pyridyl moieties. 
For a example, when the 2*PF, salt was mixed with CoCI? in acetonitrile, the 
simple salt of 2.CoC14 was obtained, resulled from Ihe disproportionation of 
CoC1, as shown in Figure 3.‘”1 In another case, 3*(CuC1J2 molecule was 
obtained as a dark red crystal through the reaction between 343, and copper 
hexafluoroacetylacetonate complex (Cu-hfac,) in methanol, as shown in Figure 
4.[12’ Although this complex contains metal coordination bond, i t  has no spin 

FIGURE 2 
plane. 

PLUTO drawing of the Zn-32-(CI0, ),(CH,CN)? on the (0 0 1) 

FIGURE 3 ORTEP drawing FIGURE 4 ORTEP drawing 
of the 2*CoC14*CH3CN salt. of the ~ * ( C U C I ~ ) ~  molecule. 
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in ESR and SQUlD measurements because the Cu is monovalent. The &(I) 
should be obtained through the reduction of Cu(l1) with one-electron reduced 
3 ( 3 7 ,  which could be generated through oxidation of methanol to 
formaldehyde."31 
To obtain the photochemically reactive coordination polymer, the Cu*3*CI, 
complex was prepared by the diffusion crystallization of aqueous solutions 
containing 3*CI, and CuCI2, according to the complexation method for 4,4'- 
bipyridine-CuCI, coordination polymer."" The I : I composition of the ligantl 
and metal ions was assured by CHN elemental analysis and the ICP 
nieasurement.i'SI Different from the 3*(CuCI,), case, this complex showed an 
ESR signal at g = 2.1074, indicating the included Cu should be divalent. The 
magnetic susceptibility measurement with a SQUID magnetometer showed 
paramagnetic behavior with small antiferromagnetic interaction (Weiss 
temperature = -0.5 K) between the neighboring Cu(l1) spins through the 
conjugated path of the ligand. The Curie constant of 0.377 ernu*K*mol-' 
around 300 K, consistent with the composition of the Cu*3*CI, (0.375). After 
light irradiation for 3 hours, the Curie constant in ii high temperature region 
(around 300 K) increased by about 12 u/o while the ~ T v a l u e  at 2 K decreased 
L3 96, The increase of the Curie constant at 300 K means the increase ol' 
sp in  concentration due to the formation of viologen ionradical and the decrease 
of the XT value at 2 K means the the enhancement ol' the antil'erromagnetic 
intcraction between the Cu(l1) spins and the photogenerated iunradicals, as 

shown in Figure 5a. This result suggests that the magnetic interaction between 
the Cu(1l) spins can be controlled photochemically with ligand 3 .  

This photochemically active ligand 3 can be applicable to various light-tunable 
spin systems. For a example, if the Cu(I1) ion is replaced by other metal ions 
with higher spin multiplicity (>2/2), such as Ni(lI), Mn(ll), and so on, the 
Ierriinagnetic spin alignment would be realized in the complex after light 
irradiation as shown in Figure Sb, depend on the alternating one-diincnsionnl 
structure o f  the metal ions and the ligand. On the other hand, il'ihe complex 
take the similar two-dimensional sheet-like structure as Zn*3,*(CIO,),~(CI-l ,CN), 
complex, the complex will also show the terrimagnetic spin alignment at'rer 
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COMPLEXES OF PHOTOCHEMICALLY ACTIVE LIGANDS [4 1 31/95 

light irradiation. Thus the photochemically active ligdnd can be utilized to 
develop various photofunctional magnetic properties depend on the complex 
structure and the spin multiplicities of the metal ions. 

FIGURE 5 Possible spin-exchange interaction in the metal-complexes of 
ligand 3 with (a) one-dimensional alternating chain structure, (b) one- 
dimensional alternating chain with higher spin metal, and (c) two dimensional 
structure. 

CONCLUSION 

N-aryl pyridinium molecules, 4,6-bis(4,4’-bipyridine-l-yl)-pyrimidine ( I ) ,  
3,6-bis(4,4’-bipyrdine-l-yl)-pyridazine (2), and 3-pyridyl viologen (3) were 
synthesized as photoelectrochemically tunable ligands. They exhibited two 
step successive absorptional changes due to the two-step reduction processes 
under electrochemical reduction and light irradiation. Especially, the Cu(1l) 
complex of3showed the increaseof the spin concentration upon light irradiation 
and the antiferromagnetic interaction between the light-generated ionradical 
and Cu(1l) spins. Thus the N-arylpyridinium ligands have large possibility to 
develop novel assembly functions. 
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