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A. INTRODUCTION 

Nowadays the photophysics and photochemistry of coordination compounds 
attract much attention, due to their practical value as effective photosensitizers in 
solar energy conversion systems [l-3], as non-silver information recording materi- 
als [4], and because of the prospects for their application in synthetic photochemical 
reactions [5,6]. Moreover, research into coordination compounds promises novel 
information about chemical bonding in metallic complexes. 

The many possible types of excited state entail a variety of photoprocesses 
involving coordination compounds [7- 133. Depending on the electronic structure of 
a central ion and the mutual disposition of the orbitals of a metal and ligands, the 
excitation can be localized on the metal (e.g. d,d*-type) or on a ligand (e.g. X,X*- 
type), the charge transfer can occur between d-orbitals of a metal and n-orbitals of 
ligands [14]. For complexes containing different metal ions (MI-L-M,), the charge 
is often transferred from metal to metal (the so-called intervalent transfer [15]). In 
the case of complexes with different ligands (L,-M-L,), inter-ligand charge transfer 
states can be formed. For example, they are observed in tetrahedral complexes of 
diO-ions with N-heterocycles and aromatic thiols [ 16,171. There also exist states with 
outer sphere charge transfer to solvent molecules or within ion pairs [18]. The 
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luminiscence kinetic investigation of series of complex compounds can provide 

evidence for two centres emitting simultaneously in an excited molecule [19]. 

The “double” emission originates either with different ligands, e.g. in 

CRh(bpy),(phen),-,13+ (n = 1,2) C191, or from different orbitals - d,rc* and d,d*, 

as in [Ir(phen),Cl,]+ [20], or d,n* and n, rc*, as in XRe(CO,)L (X = Cl, Br, I; 

L = 3-benzoylpyridine) [21] and mixed Ru complexes with 2,2’-bipyridylamine 

and 2,2’-bipyridine (or l,lO-phenanthroline) [22]. 

The photophysics of coordination compounds differs from that of organic 

molecules mainly due to the heavy metal effect. Processes which are not accompanied 

by spin multiplicity changes (internal conversion, fluorescence), have comparable 

rates, whereas the rates of processes proceeding with multiplicity changes differ 

considerably. Rate constants for intersystem crossing in metal complexes increase by 

about three orders of magnitude and are often close to those of the internal conversion 

(about 10” s-- ‘). Even more noticeable are the differences in phosphorescence rate 

constants. For organic molecules, rates exceeding 100 s ’ are rare, whereas for metal 

complexes their typical values are 104-10” s- ’ and higher [8,23]. The difference is 

mainly caused by strong spin--orbit coupling (SOC) induced by heavy atoms. The 

SOC enhancement results in mixing the singlet and triplet states and in disturbing 

the spin forbiddenness for transitions between states of different multiplicity. It is 

therefore dubious to use the terms triplet, phosphorescence and intersystem crossing 

in such compounds [8]. On the other hand, for many complexes the triplet character 

of the lower excited states with different orbitals is certain [ 14,24--341. 

In order to understand the nature of coordination compound photoexcited 

states and the photoprocess mechanisms, the structural, magnetic and dynamic 

properties of these compounds must be analyzed. However, the arsenal of methods 

for research into the excited states is limited. Spectral and kinetic techniques based 

on absorption and emission [8,35] are usually applied to study the structure-dynamic 

characteristics. However, highly resolved spectra are unobtainable for complex mole- 

cules by these methods. Moreover, for multicomponent reaction systems these spectra 

can overlap, making these conventional methods even less informative. In the past 

decade, time-resolved Raman spectroscopy [36,37] and the spectroscopy of coherent 

anti-Stocks Raman scattering [3X] have been widely applied to structural analysis. 

They allow one to obtain a vibrational “picture” of an excited molecule and evaluate 

the changes in its geometry, force constants and bond lengths at photoexcitation. 

For a long time, ESR successfully served to probe triplet states [39,40]. Zeeman 

triplets were optically detected for the first time in 1967 [41-431, and transitions 

between sublevels in zero field (ZF) in 1968 [44]. That paved the way for a new 

trend in studying optical and magnetic properties of excited molecules and crystals, 

i.e. optical detection of magnetic resonance (ODMR). ODMR modifications are 

described in detail in refs. 45-49. 

This review deals with the principal characteristics of the triplet state fine 

structure and ODMR fundamentals, especially phosphorescence-microwave double 
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resonance (PMDR) in ZF. This method provides unique information about magnetic, 
radiative, and structural properties of the triplet. The review also presents the current 
state and prospects for the ODMR application to the analysis of the triplet states of 
coordination compounds. 

B. FINE STRUCTURE OF THE TRIPLET STATE 

The lower triplet state of a molecular system can be obtained in several ways: 
light excitation within absorption bands corresponding to singlet-singlet transitions 
followed by intersystem crossing; excitation within the band of singlet-triplet trans- 
ition; triplet-triplet energy transfer from a suitable donor; and sometimes in the 
course of a chemical reaction. Due to the relatively long lifetime of the triplet state, 
emission (phosphorescence) is usually observed in solid matrices where bimolecular 
deactivation is inhibited. In a series of metallic complexes, phosphorescence occurs 
in solution at room temperature because of the great decrease in its lifetime (e.g. 

Ru(bpy): + CW). 
The three-fold degeneracy of the triplet state is not preserved even in the 

absence of the external magnetic field. Zero-field splitting (ZFS) depends on internal 
magnetic interactions in the molecule and sometimes on the influence of the environ- 
ment or the crystal field (ZFS, shown on the right in Fig. 1, no scaling by energy). 

The spin angular momentum of the orbitally non-degenerate state is quantized 
in three orthogonal planes. Therefore in the non-spherical symmetry of the spatial 
wave function, the triplet energies split into ZF levels (ZFL) determined by spin- 

SI - 
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Fig. I. Five-level scheme of electron states and photophysical processes in molecular systems at photo- 
excitation (ZFS is shown to the right on a larger scale). Rate constants of photophysical processes 
are designated as follows: KEY = singlet-singlet absorption; K+y = singlet-triplet absorption; 
KY = intersystem crossing to the ith ZFL, k’ = fluorescence; k: and kl’ = radiative and non-radiative 
decay of ZFL, respectively. 



spin dipole interaction (SSI) according to first-order perturbation theory and by 

second-order SOC [39]. The degeneracy completely vanishes if the molecular symme- 

try is lower than C3. Typical SSI-induced ZFS values for aromatic molecules are 

0.0 l-O.3 cm ‘, corresponding to microwave radiation energy. 

If hyperfine and quadrupolar interactions are neglected, the spin Hamiltonian 

in ZF can be expressed as [39,40,47] 

H,=S.T.S= -XS,‘- Y$-ZS,2=D(Sj-+S’)+E(S,2-S;) (1) 

where S, S,, S,,, S, are operators of the spin momentum, T is the second-order tensor 

whose diagonalization governs the system of principal axes of the triplet fine structure 

and X, Y Z are the principal values of the splitting tensor which determine the 

splitting energy. 

The experimental parameters of ZFS (Fig. 1) are equal to 

(2) 

E=-i(X-Y) (3) 

D and E depend on the chosen coordinate system so that, to express the spin 

Hamiltonian by eqn. (I), they can be positive, negative or have different signs. 

It is practically impossible to find out experimentally how much the SSI and 

the anisotropic portion of the SOC contribute to value of T. The energy of spin 

sublevels shifts, due to the second-order SOC, by 

AEi= c 
(TilHs,,I~j>(~jlH,,,ITi) 

j ET, - E,, 
(4) 

where T, are the states corresponding to the ith ZFL of the triplet state, $j is the 

perturbing state, H,,, is the Hamiltonian of SOC and ET, and E,, are the energies 

of the corresponding states [39,51]. For multiatomic molecules, H,,, is usually 

approximated by the sum of contributions of certain nuclei [39] 

i,k 

where lik is the orbital angular momentum operator of electron i about the nucleus 

k, si is the spin angular momentum of this electron, and the function tk(rik) determines 

the SOC value at nucleus k and is related to the mean value of the electric field at 

a distance r& from nucleus k. 
Operator H,,, has matrix elements of two types: between the electron states of 

the different and equal multiplicity. 

Investigation of carbonyl-containing aromatic compounds shows that the ZFS 

parameters of the phosphorescent triplet are essentially influenced by SOC between 

the 3(~,n*) and ‘.“(n,n*) states. It is noteworthy that the selectivity of mixing and 
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the difference in energies between the interacting states result in a ZFL shift aniso- 
tropy and in ZFS enhancement [51-561. 

The incorporation of heavy metal atoms in the molecules opens a new route 
for SOC that involves d-orbitals. In the case of 4d- and Sd-elements in a sum with 
respect to k of eqn. (5), the contribution of the heavy atom nucleus is predominant, 
so this equation can be simplified 

(6) 

where the index M corresponds to a heavy metal atom. 
For orbitally degenerate triplet states, the first-order SOC can greatly contribute 

to ZFS and in non-linear molecules with fairly high symmetry, the triplet fine 
structure depends on the “competition” between SOC and the nuclear instability of 
orbitally degenerate states [57]. 

If no noticeable contribution of SOC to ZFS occurs, the parameters D and E 
have the obvious physical meaning. 

If they are expressed via spatial wave functions [39,40] 

(7) 

where r is the vector linking two spins, it can be seen that D depends on the degree 
of delocalization of the unpaired electrons and decreases with increased delocalization 
while E is related to the symmetry of the electron distribution function with parallel 
spins and is equal to zero if the molecular symmetry exceeds C3. The eigenfunctions 
of H, - Ix), 1 y), lz) correspond to states characterized. by the processing of the 
vector of the spin angular momentum in the plane normal to the designated axis, 
i.e. it is quantized relative to the molecular skeleton, and in ZF a molecule in the 
triplet state has no magnetic momentum. Here transition ) i)-1 j) is polarized along 
the third axis that can be used in polarization measurements of microwave transitions 
in oriented molecules [SS]. 

C. SPIN ORIENTATION OF THE TRIPLET STATE 

Due to SOC anisotropy, the rates of population and decay of various ZFL 
depend upon the triplet state pumping both by the scheme S,,+Sr-T, and the 
scheme So -+ T1 . This leads to the state of so-called spin orientation, non-equilibrium 
population of sub-levels. The non-equilibrium population can also be achieved by 
triplet-triplet energy transfer since the pumping rate of the certain ZFL of an 
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acceptor depends on the populations and projections of the magnetic axes of various 

ZFL of a donor to the magnetic axes of an acceptor [46]. 

In any case, the necessary condition for the existence of the non-equilibrium 

population of ZFL is “freezing” of the spin-lattice relaxation (SLR), when its rate is 

much lower than that of the triplet state decay. So the spin sublevels can be considered 

isolated since the triplet lifetime is not long enough for alignment of the populations. 

Usually, SLR “freezing” is achieved at a temperature below 4.2 K. Under 

conventional phosphorescence study conditions (at liquid nitrogen temperature), 

kT = 54 cm- ‘, which exceeds the difference in ZFL energies, and rapid SLR levels 

their populations. Under these conditions, all spectral-dynamic characteristics of the 

triplet state are statistically averaged. 

If SLR is frozen, the ZFL population at steady-state pumping is expressed by 

the equation [45,46] 

Ki 

“P=k- (9) 

where Ki is the pumping rate and ki the total rate of decay of the ith sublevel 

(i = x, y, z); ki = l/r,. 

The ratio of ZFL populations reflecting the extent of the spin orientation is 

np 
1 Kiki 
ny - K,k, (10) 

Ki can depend on the rate of intersystem crossing S,-T, from pumping by 

the singlet-singlet absorption or on the radiative strength of the process S, -+ T, by 

direct pumping into the triplet. If pumping is carried out by triplet-triplet energy 

transfer, Ki depends on the population and the projections of the magnetic axes of 

the different ZFL of the donor onto those of the acceptor [46]. 

On switching the excitation off, the population decrease is expressed as 

ni(t) = nPe-kc’ (11) 

(12) 

Since each ZFL decays independently, a decrease of the phosphorescence 

intensity detected at some vibronic band v after switching the exciting light off is 

described by a sum of exponents 

I,(f) = const + C Alie-“” 
I 

Values Ai depend on the vibronic band type and can be 

(CA,(v) = 1). 

(13) 

normalized 

Thus, under conditions where the rate of SLR is small compared with that of 
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deactivation of the sublevels, the lifetime of each ZFL contributing to the vibronic 
band can be evaluated. If more than one component enters eqn. (13), the vibronic 
band can have mixed polarization (for example, for molecules belonging to CzV and 
D2,, point groups, which are suitable for study by the ODMR method). The direct 
detection of the phosphorescence characteristics of each ZFL is usually impossible, 
since the ZFS is less than the non-homogeneous broadening of the spectral bands. 

Within the high-temperature region, when SLR is predominant, a Boltzmann 
distribution of the population between ZFL is set up before phosphorescence appears 
and is maintained at its decay. In this case, the triplet state behaves as the single 
level with decay rate [.59,60] 

k = $(kx + k, + kZ) 

and lifetime 

3 

r = (lirx) + (l/r,) + (l/r,) 

(14) 

(15) 

If k, 9 k,, k, 

(16) 

Thus, if only one ZFL contributes to the intensity of the given vibronic band, 
the lifetime detected at this band at high temperature (usually above 10 K) is three 
times as high as that at the low temperature. Note that the total population of the 
triplet state can differ at high and low temperatures [60]. 

D. FUNDAMENTALS OF THE PMDR METHOD 

Perturbation of the triplet state by temperature changes, magnetic field applica- 
tion or microwave radiation can alter the relative population of the ZFL and, 
consequently, change the relative intensity, polarization and dynamic properties of 
vibronic bands in the phosphorescence spectra. So, the action of microwaves with 
frequency corresponding to the energy difference between two ZFLs elicits absorption 
of microwave energy or its stimulated emission until saturation is achieved, i.e. the 
alignment of populations of corresponding ZFL. By microwave scanning and detect- 
ing the phosphorescence intensity in specific vibronic bands, the PMDR spectrum 
can be obtained, its resonances being in accord with transitions between ZFL and 
providing absolute values of the D and E parameters. 

As follows from eqns. (2) and (3), D > 0, E < 0 with the sublevel disposition 
shown in Fig. 1. However, in general, to find out the signs of D and E and, accordingly, 
the mutual disposition of T,, T, and T,, independent kinetic and polarization meas- 
urements are required. 

Analysis of the triplet states by PMDR is possible under the conditions 
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(1) the triplet state is phosphorescent; 

(2) it has spin orientation; 

(3) the radiation properties of the ZFL, the populations of which are altered by 

resonance microwaves, are different; and 

(4) the microwave power is large enough to yield noticeable changes in the 

radiative ZFL population. 

Since the extent of spin orientation depends on the excitation mode, the ratio 

of phosphorescence intensity in the presence and the absence of microwave radiation 

differs. depending on the excitation mode. El-Sayed has considered the problem in 

detail [59]. 

In addition, the intensity ratios also depend on how the microwaves are applied. 

Under steady-state optical excitation, according to the scheme &+S,-T, 

two methods for ODMR spectra detection are possible, slow or fast passage of 

microwaves through resonance (action by a saturating microwave pulse is also 

possible). 

In the case of slow (quasi-steady-state) passage, the resonance change of the 

phosphorescence intensity within the range of transitions IDI + lE[, IDI - IEl and 2/EI 

(Fig. 1) is determined by 

AI = (17) 

where 4 = k’jk is the phosphorescence yield, and k’ is the probability of emission 

from the given ZFL. 

At the adiabatically fast passage 

A1 =j.($’ - ny)(kfi - k;) (18) 

where j’ is the inversion factor (,f= 1 at complete inversion of populations of the 

sublevels related with resonance frequency, f’= 0.5 under saturation [61]). 

In comparing eqns. (17) and (IS), it follows that, in the steady-state regime, the 

change of signal AZ is proportional to the difference in emission yields from the pair 

of levels considered and, in the fast passage regime, to the difference of emission 

probabilities. In numerous systems, probabilities k’differ more than yields 4, therefore 

the fast passage method provides a larger useful signal. What is more, this method 

allows the direct study of kinetics, since after passing through resonance the phos- 

phorescence returns to the non-perturbed intensity in two stages: a rapid decrease 

of phosphorescence intensity corresponding to devastation of the predominantly 

emissive state, and slow growth corresponding to population of the state with a long 

lifetime [62,63]. 

Al(r) = AemkJ - Beck>’ (19) 

The meaning of coefficients A and B is clear from Fig. 2, which shows the shape 

of the transient response curve for decay of the TitfTi microwave resonance. 
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Fig. 2. Transient response curve for transition Ti++T, at adiabatically fast passage [62]. 

Using the adiabatically fast passage method described in detail in ref. 62, one 
can find total rates of decay of sublevels, their lifetimes and relative rates of radiative 
deactivation, relative values of steady-state populations, quantum yields, and 
contributions to emission and populating rates of different ZFL. 

Determination of the absolute dynamic characteristics of the ZFL is a rather 
complicated task. Still, the relative values often adequately interpret ODMR data. 

In the above cases, optical excitation is steady-state. However, sometimes this 
is useless, for instance if steady-state populations are close to one another. In this 
case, the distinction in ZFL deactivation rates can be utilized, this being the basis 
of the method of microwave-induced delayed phosphorescence (MIDP). The essence 
of the method is that, after establishing the steady-state population for each sublevel, 
the excitation is cut off and each ZFL decays independently. Some time later, the 
population of the rapidly deactivated sublevel Ti tends to zero (usually at t 2 5/ki) 
and phosphorescence is defined by the “slower” sublevels Tj and T,. If a microwave 
pulse of frequency in resonance with the Tj ++Ti or T,t*Ti transitions is now applied, 
the population of the Ti sublevel is enhanced due to the depopulation of one of the 
two resting sublevels. Since, in general, the “rapid” sublevel has a higher probability 
of radiation, a growth of phosphorescence intensity is observed, the detected signal 
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being proportional to the fraction of the population transferred to Ti by the action 

of the microwave pulse and to the difference in rate constants of radiative decay of 

resonance-related sublevels. 

By varying the delay time after cutting off the optical excitation and applying 

the microwave field, the complete set of dynamic characteristics of the triplet state 

is obtained [48,64]. 

To record weak phosphorescence at strong fluorescence, discontinuous 

excitation with phosphoroscopic recording should be used. 

To take into account the phosphoroscopic method of recording in formulae 

describing the ODMR effect, the steady-state populations of sublevels ny must be 

replaced by effective values fii [63,65] 

ni = r$ Fi (20) 

where Fi is the phosphoroscope function 

Fi = iemdl sh(9, - Si) 

& ch ,!Ji 
(21) 

and LSi = A/22,, 3, = T/4r,, A is the recording delay, T is the modulation period. 

If the modulation period T 4 zi (and A 6 Ti), Fi tends to the limit of quasi- 

steady-state excitation and registration (Fi + l/4). The multiexponential decay is 

described by a superposition of separate single-exponential components, their contri- 

butions depend on Fi at corresponding zi. Following from eqn. (21), the relative 

contribution of the long components increases and that of the short components 

decreases. If the decay law depends on wavelength, the circumstances mentioned 

above must be taken into account upon phosphoroscopic recording of the spectra. 

The phosphoroscopic recording method also allows one to record the actual 

absorption contours of the microwave field at slow scanning. The equation for the 

quasi-steady-state effect in this case is more sophisticated 

AI = ~le,(~jFij-~,F)-Qj(~jFj-sFji)+~i~~i(F~j-F~)-$j~~j(Fj-Fij)] 
I I 

(22) 

where Fij is the phosphoroscope function corresponding to the effective level with 

average lifetime 

(23) 

Comparison of eqn. (22) with eqn. (17) shows that the phosphoroscopic and 

steady-state optical excitation methods differ due to the discrepancy of Si and Sj of 

the two spin sublevels related by the resonance frequency of the saturating microwave 

field. If sufficient time delay, 6i, is introduced into signal registration, the contribution 
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of the “fast” component becomes irrelevant (Fi and Fij + 0). In the limiting case, only 
the component with a long lifetime (Fj = 0) is detected and the “purely” steady-state 
ODMR effect is achieved. 

Figure 3 presents the scheme of an experimental installation to record the 
PMDR spectra. Light from a source (usually Hg or Xe-Hg lamp) falls on a sample 
passing through focusing optics and a filter. The sample mounted inside a microwave 
helix is placed in an optical helium cryostat equipped with a pumping system. 
Microwave radiation transmits from oscillator to the sample through coaxial line. 
Depending on the helix characteristics, the output power usually varies from several 
milliwatts to several hundred milliwatts at the conventional steady-state ODMR 
detection. For the measurement of coherent effects, microwave radiation amplifiers 
are used. 

The emission from a sample according to the 90” scheme is focused on the 
entrance slit of a monochromator, and a signal from a phototube is directed to the 
detection system. A double-disc phosphoroscope with constant phase shift is usually 
employed in our PMDR-spectrometer configuration to avoid interfering fluorescence. 
A detailed description of the equipment can be found in ref. 48. 

Fig. 3. Scheme of experimental installation for PMDR spectra registration. 1, light source; 2, filter; 3, lens; 

4, phosphoroscope discs; 5, cryostat; 6, sample; 7, helix; 8, coaxial line; 9, microwave sweep oscillator; 

10, monochromator; 11, phototube; 12, detection electronics. 
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E. NON-PHOSPHORESCENCE ODMR IN ZERO FIELD 

Since steady-state optical pumping leads to different intersystem crossing rates 

from S, to ZFL of the triplet as well as from different ZFL to S,, one can imagine 

a situation when T, is populated predominantly through one ZFL and is deactivated 

through another. Upon application of microwave radiation, being in resonance with 

transitions between these ZFL, the total population of the triplet state falls, whereas 

the population of So, and consequently of S,, grows. Since all the electronic levels 

are dynamically related, the change in triplet population under the action of micro- 

wave resonance can be detected by any optical transition: singlet-singlet (S, --+ S, ) 

or triplet-triplet (T, + T,) absorption, or fluorescence (S, -+ S,) [49,66]. 

The method of fluorescence-detected magnetic resonance (FDMR) is often 

employed. It is extremely useful when the molecules do not phosphoresce or their 

phosphorescence is very weak and occurs in a poorly available IR region. 

Phosphorescence detection is more sensitive since the effect is induced by 

changes in the relative ZFL population, whereas the influence of the microwave field 

on the intensity of fluorescence or triplet-triplet absorption is determined by changes 

in the total steady-state population of the triplet state, which is usually low. So, the 

change of optical signal by fluorescence detection is within 0.1-I % 149,631. 

The experimental installation for studying ODMR spectra by non-phosphor- 

escence detection is, in principle, the same as that shown in Fig. 3, but with some 

variation in the recording system. 

F. ADVANTAGES OF ZERO-FIELD ODMR 

Let us consider the merits of zero-field ODMR for studying the excited triplet 

states. 

ODMR spectra provide valuable information about magnetic properties and 

the fine structure of the triplet. ODMR has a number of evident advantages when 

compared with ESR. First, conventional ESR is inapplicable to the short-lived states 

(~0.1 s), which makes it virtually useless for the investigation of metallic complexes. 

Secondly, unlike Zeeman states, one can study zero-field states of the spin Hamilto- 

nian. Here, the triplet spin functions are transformed according to irreducible repre- 

sentations of the molecular point group, which simplifies the analysis.‘The use of 

single crystals and the magnetic field is not necessary. Thirdly, ODMR utilizes the 

more sensitive optical channel for the detection. The increased sensitivity is caused 

by the fact that the absorption of a microwave quantum under favourable conditions 

changes the recorded high-energy optical emission by one photon, i.e. enhancement 

of the energy sensitivity is approximately equal to the ratio of the frequencies of an 

optical photon and a microwave quantum. 

Moreover, detected molecules can be selected optically with high resolution by 

laser excitation. 
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PMDR allows identification of the ZFL as the sources of various vibronic 

bands in the phosphorescence spectra [46]. If, for instance, a single ZFL is the source 

of the vibronic band, its nature can be determined according to the change in 

intensity of this band upon saturation of various transitions in ZF. The polarization 

characteristics of the band remain unchanged. If the vibronic band is emitted from 

two ZFL, emission from each ZFL has a different polarization characteristic for 

molecules of suitable symmetry (not too high and not too low). In such a system, 

the microwave saturation of transitions relating two radiative ZFL slightly influences 

the phosphorescence intensity of this band but strongly alters the polarization 

pattern. 

The assignment of vibronic bands with different ZFL as well as data extracted 

from the kinetic investigations on the population rates of ZFL and their radiative 

and non-radiative deactivation enables interpretation of the spin selectivity mecha- 

nism of intersystem crossing, SOC and vibronic SOC, defining the radiative properties 

of the triplet. Here, ODMR is more promising than time-resolved spectroscopy which 

provides only absolute rate values. 

ODMR methods facilitate the analysis of intermolecular energy transfer path- 

ways. For example, it is feasible to establish whether the transfer occurs by singlet- 

singlet or triplet-triplet mechanisms since for the former, the intensity of the signals 

observed should be the same as that at the direct excitation of the acceptor in state 

S,. For the triplet-triplet energy transfer, a spatial relation can be established 

between the spin planes of the donor and the acceptor as well as the spin selectivity 

of the process [45,46]. 

The applicability of the ODMR techniques for detecting the geometry of the 

triplet molecules is based on the possibility of predicting the transition number in 

ZF as well as the number and symmetry of the ZFL, which phosphoresce on the 

O,O-band in accordance with molecular symmetry. Comparison of these predictions 

with experimental data, among them analysis of the vibronic band origin, provides 

an idea of the triplet geometry. In addition, the parameter E (eqns. (3) and (8)) which 

is related to the symmetry of the distribution function for electrons with parallel 

spins, gives information about the triplet geometry. This parameter is very sensitive 

to alteration of the nature of the low-temperature matrix, which then affords evalua- 

tion of the influence of the crystal field on the triplet properties [67]. The other ZFS 

parameter, namely D (eqns. (2) and (7)), evaluates the degree of delocalization of the 

unpaired electrons and depends slightly on the crystal field properties. 

PMDR can also be useful to identify the triplet states formed by different 

molecules in a relatively complicated system by the position of microwave resonances. 

In this case, PMDR works as a qualitative analysis technique. In detecting metallic 

complex formation, ZFS parameters can be even more sensitive characteristics than 

the phosphorescence spectra [26]. 

The spin orientation of the triplet state is manifest in low-temperature photo- 

chemical reactions. The spin selectivity has been revealed in reactions of pyrimidine 
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photodecomposition in benzene at 1.6 K, where microwave radiation with frequency 

2 1 El noticeably decreases the rate of the process [68]. This is caused by the difference 

in the rate constants of the chemical conversion for different ZFL [69]. Sometimes, 

the spin orientation explains how the external magnetic field affects photochemical 

reactions. The influence of this field on relaxation between ZFL is experimentally 

detected for photochemical reactions in liquids at room temperature [70]. Moreover, 

triplet-excited molecules in a state of spin orientation can be the products of photo- 

chemical reactions [47,71]. This effect is called the chemically induced polarization 

of electrons. If the above effects are available, ODMR is a fine indicator of photo- 

chemical transformations; it identifies their products and provides information on 

the mechanisms of the reactions of excited molecules [72]. 

G. ZFS PARAMETERS FOR DIFFERENT TYPES OF COORDINATION COMPOlJNDS 

Initially ODMR studies with coordination compounds were performed with 

porphyrin complexes by MIDP [73,74] and by quasi-steady-state ODMR [75]. 

Porphyrin electronic states and excited state properties are qualitatively inter- 

preted by means of the four-orbital Gouterman model [76]. For metallic complexes 

with unsubstituted porphyrins of symmetry D,, the orbital nature of the lower 

excited 3(x,rr*) state is either ‘(a,,-+e,) or 3(a2” +eJ. These states are degenerate 

(3E,) and compose a set of six ZFL. Under the influence of the crystal field, the 

degeneracy is eliminated and splitting to two ZFL sets occurs: IX, Ti) (lower state) 

and 1 x Ti) (upper state) with a distance between their “centres of gravity” lo- 

100 cm-’ [77-791. Naturally, at low temperatures ESR and ODMR data are related 

to the lower state. 

Within the single set, SSI removes the spin degeneracy and introduces ZFL 

splitting. SSI between two states can be neglected. Since the lower excited state E, 

can have considerable orbital angular momentum relative to axis C, (axis z), eqn. (6) 

can be represented as 

(24) 

In planar n-systems built of 2p, atomic orbitals, SOC is. extremely small [80]. 

At the same time, with the introduction of metal ions into the centre of the porphyrin 

ring, a new SOC pathway is open [81,82]; it is caused by the interaction of the d,- 

orbitals of the metal with rc*-orbitals of the porphyrin ring where the electron is 

transferred upon excitation. Non-vanishing matrix elements of H,,, in eqn. (24) in 

basis 1 U, T,) (where U = X, x u = x, I’, z) can be written in the orbital approximation 

as [77] 

(X,T,IH~~II:T,)=(I:T,/H~~~;d,XX,T,)=~Z (25) 

(X,T,IH1Z,‘,lI:T,)=(Y;T,IHLZ,‘,IX,T,)=32 (26) 
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(27) 

where Z is a constant typical of the central ion. 
In fact, matrix elements of eqns. (25) and (26) contain the vibrational wavefunc- 

tions of coupled states and when the vibronic coupling is significant, integration over 
vibrational coordinates leads to the orbital reduction effect [83]. This may be 
followed by a large decrease in the effective angular momentum and the associated 
magnetic interactions, among them SOC. To take this effect into account, all the 
matrix elements are to be multiplied by the same factor q and Z’ = Zq is to be taken 
instead of Z. 

If SOC is essentially weaker than the effect of the crystal field, IX, Ti) and 
I I: Ti) are the usual triplet states. As follows from eqns. (25)-(27), Hg’, effectively 
mixes IX, TY) with I K T,) and IX, T,) with I I: T,), thus shifting I I: T,) and I I: TY) 
upwards, and IX, T,) and IX, TY) downwards relative to the corresponding T, 
sublevels (Fig. 4) with increase of parameter D by a value D,,,. The latter can be 
evaluated if Z’ and 6 (the value of crystal field splitting) are known 

IY 

D2h 

ITy ) (Au) , -;-r 
‘) ;.,JL’- 

I 
~=~~~~~)o (Blu) 

--____- / 

ii 

ITz) (B3J 

/’ 
,/‘A’ 
/ ” 

_+ 
/ , 

’ ,’ 
/‘,/ t 
/’ ‘I -2Eo -Dsoc 

-tF 
p SSI 

‘\, / ITx)(Au) 
\;J____;:‘-_ - - - - - - - --i&-i 

IX) 
----J~~)(BI~~'=‘,\, .__---ff_------ 

IQ B2ul ‘=:;_ 
\’ -Dsoc 

\;\ 
\‘\ \ 

i  \z -f 2E, 

FREE t sot 
MOLECULE 

Fig. 4. Energy level diagram of 3E,-state of metalloporphyrins when subsequently the crystal field, SSI 

and SOC are taken into account [84]. 
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(29) 

Here, eigenfunctions 1 U, T,,) contain a slight “admixture” of the functions 

related with them via SOC. 

Metalloporphyrins can be divided into three groups according to the nature 

of the metal (metals with the filled d-shell, d-elements with an even number of 

electrons, whose complexes give “pure” triplet states, and metals with unpaired 

d-electrons). 

For the elements with a filled d-shell, such as Zn(II), Cd@), Sn(IV), Ge(IV), 

Si(IV), as well as Mg(I1) devoid of d-electrons, there is no pronounced contribution 

of the second-order SOC into ZFS (Table 1); their parameters are close to the 

corresponding values for free bases: IDI = 0.0435 cm ‘, IEl = 0.0063 cm-- ’ for por- 

phine in n-octane [SS] and IDI = 0.0363 cm- i, IEl = 0.0083 cm- ’ for tetraphenyl- 

porphine in the same matrix [86]. This is understandable if one takes into account 

that effective SOC with (d,rr*)-states is impossible for do- and d’“-configurations of 

the central ion. 

Interestingly, the lifetime of the triplet state is lower for free porphyrins, com- 

pared with their Zn- or Mg-complexes [I 191, i.e. the SOC effect depending on metal 

incorporation is weaker in this case than the effect induced by the loss of the N-H 

bonds whose vibrations are essential for dissipation of the excited state energy. Data 

on the phosphorescence of octaethylporphyrinate Sn(IV) and Ge(IV) dihalides point 

out the dominating contribution of halide p-orbitals to SOC [I201 and the insignifi- 

cant role of SOC from the central ion filled d-orbitals. From experimentally detected 

values 6 and calculated values Z’, D,,, can be estimated for complexes of Zn(I1) with 

porphine (8 = 109 cm-~ ‘, Z’ = 0.7 cm- ’ [75,77]) and Cd(I1) with tetrabenzoporphyrin 

(6=30cm--‘, Z’= 1.5cm-’ [90]). Th ese values are 0.0011 cm ’ and 0.0188 cm- i, 

respectively, i.e. the contribution of SOC into ZFS for Zn(I1) complexes is one order 

of magnitude less than the SSI contribution and for Cd(I1) complexes it is virtually 

the same. 

The deviation of E from zero for all metalloporphyrins shows that the lower 

triplet state has no C, axis, though according to ESR in glasses at 77 K ‘for Zn- 

porphine E = 0, the latter is the consequence of the dynamic averaging of two orbital 

components ‘Eu [73,78]. 

ODMR spectroscopy of the various forms of the naturally occurring porphyrin 

complex Mg(II)-chlorophyll in vitro and in vivo in strains and mutants of photo- 

synthetic bacteria, algae and chloroplasts of higher plants [66] supports the re- 

sults obtained for the model systems d” -metalloporphyrins: ZFS values are small 

(0.01-0.06 cm-’ ) for monomers, dimers and aggregates (Table 1). 

ODMR analysis of the structural peculiarities of the primary electron donors 

in bacterial photosynthesis provides analogous results. In this case, the D and E 

parameters are also small and fall into a rather narrow interval [79]. Of interest is 
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the fact that, for various bacterial photosynthetic systems, the D parameter is on 

average 20% lower than that for monomeric bacteriochlorophyll in vitro. This can 

be associated with an increase of the degree of delocalization of the triplet state in 

the dimer [79]. 

In the case of porphyrin complexes with metals with partially filled d-shells, 

the d-levels can be located in the vicinity of singlet and triplet n.rc*-states and thus 

SOC with involvement of d-orbitals of the central ion becomes possible [77,8 1,82,84]. 

Following from eqn. (4) the effect can be rather large due to a small energy gap 

between the interacting d, and rr*-orbitals and the high value of H,,, (eqn. (24)). So, 

for the triplet state of Pd(lI)-porphine the second-order SOC results in a great 

enhancement of D [77,84.91]. The evaluation of the SOC contribution to the D value 

according to eqn. (29) gives D,,, equal to 0.9698 cm ’ (S = 58 cm ‘, Z’ = 15 cm-- ’ 1, 

i.e. D,,, 9 D,,i. 
If SOC is comparable with or higher than splitting by the crystal field, the 

orbital angular momentum is only partially quenched and for porphyrin complexes, 

the formation of three doublets corresponding to different values of the total angular 

momentum (spin + orbital) is expected; the upper and lower doublets are separated 

from the mean doublet by k Z’,‘2. 

A large energy gap between zero-field states makes it impossible to measure 

the ZFS parameters by magnetic resonance techniques. According to analysis of the 

absorption and luminescence spectra of Pt(II)-porphine in hydrocarbon matrices in 

ZF and in magnetic fields, the Z’ and ii values for this complex are close (76 and 

71 cm ‘, respectively) and the difference in the energy of doublets is 38 cm- ’ [ 1211. 

For complexes containing metal ions with unpaired electrons, e.g. Cu(II), 

V(IV)O, Cr(II1) with spin S = m/2, the singlet states become singmultiplet (“I+ IS,) 

and triplet -tripmultiplet (“’ ‘T, ‘,,+‘T, m+3T) as a result of the exchange interaction 

with the rc-system [76,77,82,122]. These states split by exchange d-n integrals, the 

value of the splitting depending on the porphyrin and metal, varying from dozens 

to hundreds of cm-i [76]. At low temperature, the m+3T state usually radiates. 

Let us consider the Cu(II)-porphine complex in detail. At temperatures lower 

than 23 K, its tripquartet state 14T,, nz) emits (index X indicates that this state 

is formed from the orbital component 1 X); IJI = i: l/i?, _t 3!2). Since the ground 

state is a doublet. eight optical transitions are possible for /ST,Y, m); in ZF 

they are manifest as four pairs of degenerate transitions because of Kramers 

degeneracies [76,77]. 

The energy of states 14T,, +$) and 14T,, i-3) can be calculated from the 

equations [77] 

E,Y, + 332 = - g + Ds,, + Dssi (30) 

(31) 



21 

Since D,,, < 0, the state 14TX, + 3) lies lower than 14TX, f f) by $Ds,, + 2D,,i. 
Direct measurements of the highly resolved luminescence spectra of Cu(II)-porphine 
in n-octane give a value for the ZF splitting in these states equal to about 
1.1 cm-’ [77]. The radiation ability of states 14TX, rf: *) and 14T,, f 4) is approxi- 
mately the same and much lower than that of the higher located tripdoublet. 
Therefore the latter is populated with increasing temperature that is accompanied 
by an increase in the luminescence intensity and a shift of its maximum to shorter 
wavelengths with a simultaneous decrease in lifetime of about an order of magnitude. 

Van der Waals and co-workers [104-1061 investigated the phosphorescent 
triplet state in single crystals of K, Cr, 0, by PMDR (in quasi-steady-state and pulse 
regimes) and by ESR. This is a charge transfer state from the 2p orbital of oxygen 
to the d-orbital of the metal. The ZFS parameters exceed those found for organic 
compounds and porphyrin complexes (Table 1). The definition of the principal axes 
of the ZFS tensor shows that excitation is localized on one half of the Cr, 0: - anion, 
which is shaped as two tetrahedra with a common vertex, axis z passing through the 
C3 axis of the excited fragment with symmetry C,,. At the same time, a deviation 
of parameter E from zero indicates a decrease in symmetry under the influence of 
the environment with splitting of the T, and T, sublevels which are degenerate at 

Cjv symmetry (IEI Q IDI). 
The crystal salts KCrO,Cl, RbCrO,Cl and CsCr03C1 also yield three signals 

in the ODMR spectra of their charge transfer excited states with D and E parameters 
exceeding somewhat the corresponding values for KZCrz07 [107]. The growth of 
the D parameter with the transition from calcium to the caesium salt can be associated 
with SOC enhancement. 

In the ODMR spectrum of VO:-, with a do electron configuration, three 
signals corresponding to growth of the phosphorescence intensity are observed. The 
z axis of the ZFS tensor is directed along the V-O bond that testifies to the tendency 
for anion distortion upon excitation forming a trigonal pyramid, a consequence of 
the Jahn-Teller static effect [108]. For YV04 as well ‘as YPo,96Vo.0404 the T, 
sublevels possess the highest energy and sublevels T, the lowest, which is why I E I 
considerably exceeds ID I. 

For another tetraoxo-anion with a 4d0-configuration (Moo:-) the ODMR 
and ESR studies are similar in principle, but the ZFL location differs from that for 
VO;- :TZ > T, > T,. A large increase of I DI upon transition from YVO, to CaMoO, 
is a result of the SOC enhancement caused by a metal entering the anion composition. 
A general scheme for splitting the MOO:- triplet sublevels is presented in Fig. 5 [ 1091. 

Unusually high ZFS values (about 40-50 cm-‘) have been obtained from low- 
temperature spectral and magneto-optical studies of the charge transfer triplet states 
of a series of Pt(I1) complexes, e.g. potassium octaphosphitediplatinate [3 1,123,124] 

and cis-bis(2-phenylpyridine) platinum [125]. A value of 25 cm-’ for the 3B3U state 
was obtained studying the Zeeman effect for Pt(I1) phthalocyanine complexes in 
Shpolskii matrices [ 126,127]. 
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STATIC 
FREE ION t JAHN-TELLXR t 

EFFECT 
‘yI’;Ly t %I and SOC 

Fig. 5. Energy level diagram of ‘T, state of MOO:- when the static Jahn-Teller and crystal field effects, 

SSI, and SOC are taken into account [109]. 

Of interest are data obtained by the team of Japanese investigators who 

analysed the triplet states of 2,2’-biquinoline and 2,2’-bipyridine complexes of Zn(II), 

Mg(II), Ca(I1) and Sr(I1) by low-temperature phosphorescence and ESR [2&l lo]. 

Phosphorescence lifetimes and the 1 DI parameters of protonated 2,2’-biquinoline and 

its Zn(I1) complex are close [l lo], showing virtually no influence of the metal ion 

on the characteristics of the rr,n*-state of the bound ligand determined by SOC. The 

situation is the same for complexes with 2,2’-bipyridine [26]. 

Upon transition from ions with filled shells to ions with a partially filled d-shell, 

the ZFS increases and tends to grow with increase of the metal atomic number due 

to enhancement of the SOC contribution. From the widely studied chelate complexes 

of bidentate nitrogen-containing ligands and a number of other complexes of such 

metals as Rh(III), Ir(III), Ru(II), the opinion has existed that methods based on 

magnetic resonance are inapplicable for analysis of the fine structure of their triplet 

states. The reason is considerable (l-2 orders of magnitude or more) increase in the 

difference of ZFS energies compared with those of free ligands because of strong 

SOC [128%130]. 

The aim of our study is to reveal whether the zero-field ODMR is applicable 

to investigation of such compounds and to analyze the characteristics of excited 
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states of complexes with metals of different electronic structures: transition (d- 
elements), non-transition with closed d-shell and lanthanoids. We have chosen bipyri- 
dine complexes of Rh(III), tris(2,2’-bipyridine)rhodium(III) chloride, Sn(IV) of general 
formula R,SnX,_,(bpy) (R = C2H, or CqHs, X = Cl, Br, I, n = O-2), and Gd(III), 

Gd(acac), (bpy) and Gd(N& )3 (bpy), . 
In low-temperature matrices free 2,2’-bipyridine shows intense phosphorescence 

from the 3(n,rr*)-state with a lifetime of about 1 s and the O-O band within 23460- 
23620 cm- ’ [13 l-l 331. For the Sn(IV) complexes, the presence of the filled d-shell 
should ensure the localization of the phosphorescent state on a ligand. The same 
conclusion may be reached for complexes of Gd(III), since the first excited f-shell 
level (6P,,2) is higher than the ground (* S7,2) by 32200 cm- ’ [134]; this considerably 
exceeds the energy of the 3(n,7c*)-state of bound 2,2’-bipyridine. For the complex ion 
[Rh(bpy)3]3+, localization of the lower excited state on a ligand has been found 
experimentally [128,135,136]. 

Figure 6 shows the low-temperature phosphorescence spectra of free 2,2’- 
bipyridine, (C2H5)2SnClz(bpy), [Rh(bpy),]Cl, and Gd(acac),(bpy). Analysis of the 
vibrational structure of the spectra shows, as expected, that the lowest excited state 
is the 3(n,n*)-state of the bound ligand (here the O-O band in the phosphorescence 
spectrum of [Rh(bpy),]Cl, is shifted by 21 nm, Sn(IV) complexes by 12-15 nm, and 
Gd(acac),(bpy) by 6 nm to longer wavelengths). Thus one can study how the nature 
of the central ion and the composition of the coordination sphere affect the properties 
of the complex triplet state with the excitation, located on a ligand. 

In a single crystal, a molecule of 2,2’-bipyridine has the planar trans-configura- 
tion [ 1391 in the ground state. The molecule probably has the same shape in solution 
and low-temperature matrices [26,140,141] since, according to quantum mechanical 
calculations, the difference in the energy of trans- and cis-forms is between 
2240 cm-’ [141,142] and 3390 cm-’ [143]. At the same time, there are data concern- 
ing the simultaneous existence of two forms of 2,2’-bipyridine in alcohol-water 
mixtures [ 1411 and in stretched poly(viny1 alcohol) films’ [26,144]. 

Here, according to ESR the IDI and 1 El parameters are 0.1084-0.1098 cm-’ 
and 0.0045-0.0050 cm- ’ for the cis-form and 0.108 I-O.1 104 cm- 1 and 0.0119- 
0.0123 cm-’ for the trans-form, respectively [26,144,145]. In the PMDR spectra of 
2,2’-bipyridine in n-heptane, we have observed three doublet resonances: 3.75013.754, 
2.983/2.975 and 0.767/0.779 GHz [112,114] on the O-O band (the latter is shown 
in Fig. 7). 

At high resolution (Av = 3 cm- ‘) the O-O band in the phosphorescence 
spectrum of 2,2’-bipyridine splits into two lines of about equal intensity with a 
distance between the maxima of 7 cm- 1 (Fig. 6). Selective recording of the PMDR 
spectra on these bands reveals that the doublet resonances belong to optically distinct 
species in the n-heptane matrix. The doublet structure of PMDR as well as the 
optical O-O transition can be ascribed to different sites or different conformers of 
guest molecules in this system [133]. The first seems more probable because of the 
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Fig. 6. Phosphorescence spectra of 2.2’-bipyridine in n-heptane (I), single crystals of 

(C,H,),SnCl,(bpy) (2), [Rh(bpy),]Cl, in ethanol (3) and Gd(acac),(bpy) crystals (4) at 5 K 

[112,114,137,138]. Top insert shows splitting of the 0-O band in phosphorescence spectrum of 
2,2’-bipyridine. 

higher stability of the transform and the similarity of the ground and lower triplet 
states geometries (the O-O band is the most intense in the phosphorescence 
spectrum). 

In the PMDR O-O band, spectra of the rhodium and Sn(IV) complexes, the 
resonances are located in the same energy region as for the free ligand (Fig. 7). ZFS 
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Fig. 7. PMDR signals of 2,2’-bipyridine in n-heptane (I), [Rh(bpy),]Cl, in ethanol (2) and in single crystal 

state (3), and (C,H,),SnCl,(bpy) single crystals (4) at 2 K [112-l 14,l IS] (the letter h designates the second 

harmonics of IDI + IEl resonance). The spectrum of 2,2’-bipyridine is obtained by the fast-passage method. 
Top insert shows the doublet resonance for 2,2’-bipyridine and its splitting in steady-state PMDR 

spectrum. 

parameters for the Sn(IV) complexes virtually coincide (Table 1) with the analogous 
parameters for the cis-form of 2,2’-bipyridine [ 141,144]. 

This accords with the conclusion for a very slight contribution of SOC into 
ZFS for complexes of ions having closed d-shells. Upon transition to Rh(bpy)z+ with 
a 4d6-configuration, the possibility fo an e&etive d,-n* interaction appears. Such 
an interaction has been revealed by P the X-ray structure analysis of [Rh(bpy),]Cl, 
single crystals [ 1461 by noticeable shortening of the Rh-N bond (2.025 A) compared 
with other Rh(II1) complexes with nitrogen-containing ligands, which have no inter- 
action of this kind [81,147,148]. As mentioned above, an anisotropic SOC with the 
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d,n* states should greatly increase the ZFS triplet state parameters. Nevertheless our 

data and those obtained by teams from Japan [ 11.51 and The Netherlands [ 1161 
show that the SOC is manifest only in a marked (almost 500-fold) decrease of the 

lifetime of [Rh(bpy)3]3 ’ triplets. 

There is a crude estimation of the SOC contribution to the ZFS parameters of 

this complex made by Komada et al. [115]. From the expression for the radiative 

decay rate constant of the triplet 

(32) 

(k&, is the radiative decay rate constant of the perturbing singlet state Si), taking into 

account that Si for [Rh(bpy)3]3+, ‘(d,rr*) is located higher than 3(rr,rc*) by 

10000 cm-‘, k;, = 90 se1 and kg8 is equal to that of [Ru(bpy)3](BF5)2 (z IO8 s-‘), 

they have obtained (II,,,) 2 16 cm-‘. The second-order SOC effect on the ZFL 

energies is given by a modified eqn. (4) [ 115,149, I SO] 

AEij= I(Hsoc)12 & - & 
TlTz S,TI 1 (33) 

where AET,T1 denotes the energy difference between the 3(?c,7t*) and 3(d,rc*) states 

(g 8000 cm-‘). With (H,,,) = 16 cm-‘, eqn. (33) gives AEij 2 6.4 x IO -3 cm-’ 

(z 0.2 GHz). This estimation clearly shows that the contribution of second-order 

SOC to ZFS is negligible. 

Analogous estimations for the [Ru(bpy)3]2’ complex ion, the lower excited 

state of which is characterized by charge transfer from the 4d metal orbital to the 

ligand rc*-orbital, give the value of the SOC matrix element as 2 35 cm ’ and the 

change in the ZF energy of the ith sublevel as g 0.53 cm ’ (2 16 GHz). At the same 

time, the microwave resonance frequencies in the PMDR spectra of the complexes 

[Ru(bpy),](BF,),, [Ru(phen),](BF,), and [IrCl,(phen),]Cl fall within the 0.59- 

4.17 GHz range and no other signals are detected in the region up to 12.4 GHz [ 1501. 

These values are very close to the ZFS parameters for the “(r,7r*)-states with the 

excitation localized on a bound ligand and contradict the concept of large splitting 

of triplet sublevels for 3(d,rr*) states [ 128,130]. 

The low-temperature emission spectra of [Ru(bpy)3](PF6)2 and [Ru- 

(bpy),](ClO,), crystals reveal the existence of two electronic states resulting from 

4d(metal) -+ n*(bpy) transitions. These states lie only several wavenumbers apart. 

When these were investigated by zero-field ODMR on the zero-phonon lines, Yersin 

et al. [151] also obtained several signals in the range 0.2-6.0 GHz, while their 

number, location and intensity depend on the choice of the detected zero-phonon 

line and the nature of a counterion. These results, in the authors’ opinion, are 

consistent with the model of two nearly degenerate doublets (parents of E representa- 
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tion in D, site symmetry) which split by about 0.1 cm- ‘, the microwave resonances 
occurring between these doublet sublevels. 

Our experiments on the optical detection of magnetic resonances in complexes 
of the f 7-clement gadolinium have yielded rather unexpected results. First, the PMDR 
spectra resonances are observed at 5 K and practically disappear when the temper- 
ature is lowered to 2 K. Secondly, there are seven resonances, not three as in the 
case of the usual triplet state (Fig. 8). These results can be explained in the following 
way. Owing to the Coulomb exchange interaction between the Gd3+ f-electrons with 
zero orbital momentum and the ligand rr-electrons, the triplet state splits into three 
tripmultiplet states depending on the total spin, viz. tripoctet (S = 7/2) and degenerate 
tripsextet (S = 5/2) and tripdectet (S = 9/2) with a splitting of 11 cm-’ between them, 
demonstrated by the quasi-linear phosphorescence spectra of Gd(acac),(bpy) (Figs. 
6 and 9). This value is considerably smaller than the energy of the Coulomb exchange 
d-n interaction for copper-containing porphyrin complexes (> 100 cm- ’ [76]). SSI 
between f- and rc-electrons leads to splitting of the lowest degenerate state to sublevels 
according to the constant momentum of the f-electrons. Transitions between these 
sublevels in ZF agree with PMDR spectra resonances (Fig. 9). Since the resonance- 
related sublevels have similar radiative decay rates, the microwave transitions are 
detected only with a temperature increase to 5 K, when the tripoctet is sufficiently 
populated. The latter is in dynamic equilibrium with the lower states and has a high 
emission quantum yield (lifetimes of the “T, and 6T, states exceed 150 ms, lifetime 
of *T, g 4 ms). Analogous results were obtained for Gd(N03)3(bpy),. 

All seven PMDR signals for analogous complexes of gadolinium with l,lO- 
phenanthroline are negative, i.e. the phosphorescence intensity decreases at resonance 
because of the higher radiative ability of the lower states [152]. 

H. TRIPLET STATE DYNAMICS OF COORDINATION COMPOUNDS 

ZF ODMR experiments alone cannot unequivocally determine the direction 
of the principal magnetic axes of a molecule and the signs of D and E. Usually, these 
investigations are performed with strong magnetic fields. However, such data can be 
provided by combined analysis of the position of the microwave resonances, excita- 
tion polarization and phosphorescence, as well as by ZFS dynamic properties. 
Knowledge of the dynamic characteristics of the triplet state, i.e. rates of population 
and decay (radiative and non-radiative), enables interpretation of the spin selectivity 
mechanisms of photophysical processes and gives valuable information on the sym- 
metry of the molecules in the triplet state. It is often sufficient only to know the 
relative values of the photophysical process rates. 

According to ESR, in the strong field, for free porhyrin bases, D > 0 and E < 0, 
if the direction of the y magnetic axis is chosen along the N-H bonds and the 
direction of the z axis, normal to the planar molecule; here, the splitting energy has 
the following order: -Z > X > Y [78,153]. 



Frequency C GHz> 

Fig. 8. PMDR signals of Gd(acac),(bpy) (l), Gd(NO,),(bpy), (2), Gd(acac),(phen) (3) and Gd(NO,),- 
(phen), (4) in crystal state at 5 K [138,152]. 
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+l > 

(-1) 

Fig. 9. Energy level diagram of Gd(acac),(bpy) triplet state when the f-n exchange interaction and SSI are 

taken into account. Arrows mark microwave transitions corresponding to the resonances shown in Fig. 8. 

The free porphyrin bases and their Mg(II)-complexes show very low phospho- 

rescence (quantum yield 6 0.01) but have high quantum yields for intersystem cross- 

ing; the major route for decay of their triplet states is a non-radiative transition [ 1191 

and FMDR is the predominant method for studying the fine structure and dy- 

namics [49,66,78]. Table 2 shows that the 3(rc,rc*)-states of free porphyrins as well as 

their Mg(II)-complexes, including the naturally occurring pigments chlorophylls a 

and b, behave as typical planar aromatic molecules with heteroatoms: the deactivation 

rates of the in-plane sublevels greatly exceed the deactivation rate of sublevel Tz. 

The same situation is observed for the intersystem crossing rates S ,-T, , T, having 

the highest activity in all cases. Distinctions in ZFL populations determined by the 

ratio of the population and decay rate constants are less significant and, according 

to ref. 97, for chlorophylls a and b these populations are practically the same. 

Relatively small differences in the molecular structure of the chlorophyll a molecule 

compared with chlorophyll b (substitution of CH, by CHO) lead to marked differ- 

ences in the triplet decay rates [94]. 

For bacterial photosynthetic systems, the k, and k, values greatly exceed k,, 
whereas the difference in the population rates for the triplet sublevels is not so 

pronounced compared with those for plant pigments (mean values of pX, p,, and pz 

for photosynthetic bacteria are 1.0, 0.78 and 0.44, respectively [79]). 

Another picture is observed in the case of porphyrin complexes with heavy 

metal d-shell ions. For Zn-porphine, the phosphorescence yield is about 1% [SS], 

and sublevel T, is the most active in the radiative and non-radiative decay. The total 

decay rates of T, and T, are close, though T, does not emit [74,88]. The population 

rate of T, is also much higher than that of T, and T, leading to the high population 

of the out-of-plane sublevel. Analogous results have been obtained for Zn-etiopor- 
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phyrin [87]. The increased activity of sublevel T, in the decay process is confirmed 

by data obtained for chlorophylls a and h after replacement of Mg by Zn [100,102]. 

At the same time, sublevels T, and T, of the Zn-tetraphenylporphine triplet state are 

more active in non-radiative decay than TZ 1781. 

The regularities revealed for porphyrin complexes of Zn(II) are preserved, in 

general, for related complexes of the heavier metals: Cd(II) and Pd(I1) [77,90,91,101]. 

Data on phosphorescence polarization support the predominant contribution 

of the T, sublevel to the radiative decay of heavy metal porphyrin complexes. The 

polarization value for Zn- and Cu-mesoporphyrins, Zn- and Cu-tetrabenzoporphy- 

rins, and Cu-tetraphenylporphine is positive ( E l/7) and independent of the excitation 

wavelength; this provides evidence for the orientation of the oscillator within the 

molecular plane [157]. Similar data have been obtained for Pd-porphine [91]. 

Consider the mechanisms which govern the spin selectivity for photophysical 

processes in porphyrin complexes. 

The rate of the non-radiative decay of the ith triplet sublevel to the isoenergetic 

vibrational level of the ground state is described by the Fermi “golden rule” 

(34) 

where H’ is the perturbation Hamiltonian associated with the population transfer 

from Ti to the ground state (it may be identified with SOC Hamiltonian); p(E) is the 

density of the final states [158,159]. In the spin Born--Oppenheimer approximation, 

eqn. (34) can be presented as 

(35) 

where FC is the Franck-Condon factor and is a function of the energy gap between 

the lower triplet and the ground state (it is identical for all sublevels); Ci”’ contains 

the direct SOC matrix elements between T, and So; Cj” contains matrix elements of 

vibronic SOC induced by Herzberg-Teller coupling in one spin manifold: Cj2’ 

includes the higher order vibronic coupling. 

The relative efficiency of the non-radiative decay of the spin sublevels of the 

lower triplet can be determined by identification of the lowest-order term in eqn. (35), 

which gives one-centre SOC integrals [ 1591. Let us turn to free bases and magnesium 

complexes. According to symmetry considerations, Cj”’ is equal to zero for T, and 

T,; Cj” is the lowest-order term giving one-centre SOC integrals for these sublevels. 

Judging from symmetry considerations, T= for planar aromatic molecules without a 

centre of inversion can be related to So via CL’) and, in the presence of a centre of 

inversion, via CL” by means of SOC with ‘(n.~c*), but there are no one-centre terms 

in both cases, and CL” is the lowest-order expression giving the one-centre integral 

in the evaluation of k,, which determines the predominant activity of T, and T,. in 
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the triplet state decay [78]. A higher efficiency for T, in intersystem crossing is also 
understandable (k, > k,, py > p,). 

Of the three states ‘(o,rc*), ‘(~,a*) and ‘(n,n*) related via SOC with 3(rc,rr*), 
the ‘(n,rr*) state with non-bonding orbitals directed along the x axis possesses the 
lowest energy in the free base molecules. It is this state which mainly contributes to 
SOC governing the activity of the T, sublevel in intersystem crossing. Upon binding 
of Mg2+, the non-bonding nitrogen atom orbitals involved in the formation of 
o-bonds with the metal are stabilized and the energy of the ‘(o,rc*) states increases. 
As a result, k, noticeably decreases (see data for H, P and Mg-P in Table 2). The 
value k, falls to a lesser degree and its decrease can reflect the efficiency of N-H 
bond vibrations for free base triplet state decay [89]. 

The prevailing activity of the T, sublevel in the population and depopulation 
of the triplet states of heavy metal porphyrin complexes is explained by the fact that 
their d,, and d,, orbitals have symmetry suitable for mixing with atomic pI orbitals 
of the porphyrin system. In this case, C, (l) is the lowest-order term providing the one- 
centre SOC integrals with the low-lying state ‘(rc,rc*). The decrease in activity of the 
T, and T, sublevels is associated with an increase of the energy of the ‘(o,rr*)-states, 
which interact with these sublevels by the SOC mechanism. The heavy atom effect 
is clearly shown on comparing the Zn and Cd complexes where the rate of depopula- 
tion of all three triplet sublevels [lOO,lOl] increases with atomic number. 

The higher deactivation rate of the Mg-porphine triplet state compared with 
Zn-porphine [74,89] can be explained by the different transition involved. In accor- 
dance with the four-orbital Gouterman model [76], the lower triplet state of free 
porphine and its Mg complex is determined by the transition a2” -+eg, and for Zn- 
porphine a,, + eg in symmetry Ddh [88,154]. The triplet state corresponding to the 
transition a2” -*es is deactivated more rapidly due to more effective interaction with 
C-H bond vibrations of the porphyrin skeleton [SS]. The higher rates for the 
non-radiative deactivation of the T, and T, sublevels of the triplet state of Zn- 
tetraphenylporphine with transition 3(a2u + e,), compared with Zn-etioporphyrin 
with transition 3(al” -+ e,), can be similarly explained [78]. 

The axial ligands greatly influence the dynamic characteristics and mechanisms 
of spin selectivity of porphyrin complexes. The presence of two such ligands (e.g. 
water molecules) in the chlorophyll a molecule decreases the mean values of k, and 
k, to a greater extent than k, and can lead to inversion of the activities of the T, 
and T, sublevels in intersystem crossing [95] with simultaneous change of the relative 
steady-state populations (n,O > rtz, n,“) [96]. These results are clear from the scheme 
in Fig. 10. According to the SOC polarization data in pheophytin and metal- 
pheophytin molecules, the selection rules for the symmetry group CzV are valid [ 1601. 
Chlorophyll a with one axial ligand has a lower triplet state of 3B2 symmetry 
(Fig. 10(a)) and none of the sublevels can be directly coupled with the lower singlet 
iB2 symmetry. (T, is populated by means of SOC with S, having symmetry ‘A,, and 
T, and T, with higher-lying singlet states of orbital nature differing from qrr*.) 
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Fig. IO. Energy level diagram of chlorophylls with one (a) and two (b) axial ligands [160,161] 

Attachment of the second axial ligand shifts S, and T2 down, with inversion of the 

order of disposition of the lower triplet states [161]. As a result, the energy gap 

between Sr and T, increases; this lowers the triplet yield and increases the fluorescence 

yield. Direct SOC between S,(‘B,) and T,(B,) is possible and this leads to the 

experimentally observed relative enhancement of p_ and k, compared with px, pr and 

k,, k,. In addition, inversion of the symmetry of T, and TY of the lower triplet state 

leads to the alignment or even inversion of the px and py values for chlorophyll with 

two axial ligands, versus chlorophyll with one axial ligand [66]. 
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Macrocyclic complexes of Al(II1) and Ge(IV) with dibenzotetraaza[ 14]annu- 
lene: Al(C22H,,N4)Et and Ge(C,sHi4N4)C12 show a clear analogy with the porphy- 
rins both by the structure and by the presence of the coupled rc-system with 
localization of the lower excited 3(rr,rr*)-type state on a ligand. Time-resolved ESR 
revealed that, in this case, the in-plane T, and T, sublevels (axis x is directed along 
the line connecting the centres of benzene nuclei) are populated most effectively. 

At the same time, pronounced differences exist between the electronic structures 
of triplet states of the macrocycle and porphyrins. Quantum mechanical calculations 
show that about 70% of the unpaired spins in dibenzotetraaza[14]annulene 
are localized on two trimethine bridges and nitrogen atoms [27], whereas for the 
porphyrins, delocalization occurs throughout the entire molecule [76]. 

The 3(rc,n*) triplet state of the bound ligand is the lowest triplet state in Rh(III) 
and Sn(IV) complexes. 

At 2 K, under conditions of SLR freezing, the phosphorescence decay kinetics 
of 2,2’-bipyridine in n-heptane is described by the sum of two exponents with lifetimes 
of 0.31 and 1.3 s, which characterize two isolated spin sublevels of the triplet 
state [114]. 

Analysis of the microwave resonance decay at the O-O transition by the fast- 
passage method has shown that, of the three triplet sublevels, only two are radiative; 
the short-lived sublevel is characterized by an energy of 2247 MHz, and its radiative 
ability is twice as high as that of the long-lived sublevel with energy 739 MHz 
(Table 2, Fig. 11). 

The most stable form of the lowest triplet state of 2,2’-bipyridine, as well as of 
the ground state, is the trans-form with the symmetry 3BU [140,141], though with a 
mutually orthogonal disposition of the pyridine rings, the 3A and 3B states are almost 
degenerate [141]. 

According to the selection rules for the point group C2,,, all three sublevels 
of the triplet, rather than two as observed in our experiments, should radiate in the 
O-O transition. The emission from all ZFL has been demonstrated [ 1561 by simulta- 
neous application of fast-passage and MIDP methods (the lifetime of the long-lived 
sublevel is 4 s, k:,, = 0.073). Since the phosphorescence polarization is negative and 
independent of the wavelength of the exciting light in the region of the singlet n + rr* 
transitions [162], the in-plane T, and T, sublevels are radiative. These sublevels 
correspond to precession of spins in the yz and xz planes with the direction of the 
dipole transitions parallel to the z axis. Relative populations of these sublevels are 
32 and 24%, respectively. This conclusion accords with data for other planar aromatic 
molecules with a low-lying 3(rr,lr*)-state [46], which facilitates the choice of ZFL 
location for the free ligand in favour of a scheme with D < 3lEl (X > -2 > - Y) as 
shown in Fig. 1 l(a). The disposition of the x axis at an angle to the bond linking the 
pyridine rings is in line with the known data on the absorption polarization of a 
trans-form of 2,2’-bipyridine in stretched polyethylene films [ 1631. The absence of 
emission from the T, sublevel (or at least a very small contribution of the sublevel 
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Fig. I I. Diagram of ZFS and dynamic properties of 2,2’-bipyridine in n-heptane (a). [Rh(bpy),]CI, in 

ethanol (b) and in single crystal state (c), and (C,H5)2SnCl,(bpy) single crystals (d). The lengths of the 

arrows correspond to the relative radiative decay rate constants. 

to the total intensity) is explained by the fact that the mixing of the 3(n,rc*)- and 

’ (n,rr*)-states, which determines the phosphorescence intensity of planar molecules 

with heteroatoms [164], is effective only for in-plane sublevels with total symmetry 

A, and ineffective for the TZ (B,) sublevel. 

For CRh(bpy), 1 3 + in ethanol at 2 K, analysis of the microwave resonance decay 

kinetics gives three lifetimes for the triplet sublevels: 0.9, 6.2 and 8.1 ms. The ZFS 

energies of these sublevels are 1845, 305 and 154.5 MHz, and their relative radiation 

probabilities are k;:k;:k; = 1.0:0.15:0.09. For the single crystal [Rh(bpy),]Cl,, the 

ZFL lifetimes are 0.91, 3.7 and 5.0 ms, the splitting energies 1807, 484 and 1323 MHz 

and k’,:k;:k\ = 1.0:0.40:0.20 (Fig. 11, Table 2). 

X-ray analysis shows that the structure of this complex ion is characterized by 

a planar conformation of the ligands with local symmetry C,, for the fragment 

including one chelate ligand and the metal, and with overall D, symmetry [146]. 

The question of the symmetry of the excited state, namely whether it is located on 

one ligand or delocalized along the whole coordination sphere, has been argued for 

a long time [ 191. The deviation of the parameter E from zero [ 114,115]. i.e. the 

absence of degeneracy of the in-plane sublevels, is evidence in favour of the localized 

excited state ,(C,,) and the molecule fragment presented in Fig. 11 should be consid- 

ered for interpretation of the results. in this case, with a cis-configuration of the 
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ligand molecule, the symmetry of the lowest excited state of 3(n,rr*)-type is 

3BZ(rc.2, rc$,) [115,165,166]. In accordance with the selection rules, the in-plane T,(A,) 

sublevel should be non-radiative in the O-O transition and phosphorescence should 

be determined by emission from the TJB,) and T,(A,) sublevels with polarization 

along the z and y axes, respectively; this corresponds to the scheme of sublevels 

pictured in Fig. 1 l(b) and (c), 

This result is unusual for planar x-systems but can be explained if a d,n*-state 

contribution is taken into account. In addition to its dipole-forbidden character, the 

T, sublevel has no ’ (d,rc*)-state with analogous symmetry for spin-orbit mixing since 

the t,, orbitals of the central ion are transformed as a,, a2 and b, in the Czv point 

group. Radiation from the T, and T, sublevels is determined by SOC with ‘(d,rc*)- 

states with the symmetry B1 (d,, , xc,) and A1 (db,, nt,), respectively, and the difference 

in their radiative activity on the O-O transition is determined by the difference in 

the oscillator strengths of the intermediate singlet states. The state with 

A,(d,,, rcz,) symmetry has the higher radiation rate due to larger spatial overlap of 

the interacting orbitals. In another intersystem crossing process, population of the 

lower triplet state, the out-of-plane TZ sublevel also has the highest efficiency. Con- 

trary to the results of Komada et al., who discovered that the maximal rate of the 

total decay is inherent in the T, sublevel [1 IS], our data [114] show the positive 

correlation of total and radiative rates. The ratio of decay and population rates is 

such that the most radiative sublevel has the lowest population and the high popula- 

tion of the weakly radiating T, and T, sublevels (57 and 35%, respectively, for 

[Rh(bpy),]Cl, in ethanol) leads to a large total phosphorescence contribution from 

these sublevels (55%). 

For the [Rh(phen),13+ complex ion, k;(O-0) g k;(O-0) > k:(O-0). The sim- 

ilar rate constants for emission from the T, and T, sublevels can be caused by the 

superposition of two triplet state configurations, 3BZ(rc,,,, rr.&) and 3B2(rc82r x,*,), with 

the contribution from the first one being predominant; for the SOC matrix elements 

responsible for emission from T,, there exist cross terms with a negative contribution 

to the diagonal terms, and this causes a decrease of ki [115]. 

The R,SnX,_,(bpy) complexes show non-exponential phosphorescence decay 

kinetics at 77 K with a mean rate of 10-1000 s-l. Here, the excited state lifetimes 

show clear dependence on the nature of the halogen; they decrease with transition 

from chlorine to iodine. As the temperature falls to 1.8 K, the decay curve shape 

remains practically unchanged, indicating relatively rapid SLR. Therefore for virtually 

all complexes of this type, only two microwave resonances can be clearly detected 

within the range 2.9-3.5 GHz. They correspond to the IDI + 1 E I and IDI - I E I trans- 

itions. Dynamic sublevel characteristics were determined sufficiently accurately only 

for (CzH,)zSnCl,(bpy) [l IS]. 

Data in Table 2 show that the ZFL parameters for the 3(n,n*)-type triplet states 

of Rh(II1) and Sn(IV) complexes are rather similar. At the same time, lack of effective 

spin-orbit coupling with ‘(d,rc*)-states in 4d”-shell Sn(IV) complexes leads to quali- 
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tative changes in the disposition of the sublevels and their dynamic characteristics. 

The mean lifetime of the excited state and the lifetime of the most radiative sublevel 

in (C,H,),SnCl,(bpy) is enhanced by about 50-fold compared with the rhodium 

complex. Since the highest resonance value (3.33 GHz) corresponds to transition 

between the most radiative sublevels, and the T, sublevel in symmetry C,, does not 

radiate, the triplet fine structure agrees with a disposition of the T, and T, sublevels, 

which is opposite to that for [Rh(bpy),]Cl,. The higher radiative ability of the T, 

sublevel correlates with the data for Rh(II1) complexes. 

1. PERSPECTIVES 

Thus, research into metal complexes by ZF ODMR reveals not only the 

applicability but also the high information content of this approach to the analysis 

of photoexcited states of such compounds. Further investigation will study more 

triplet state types, including the intraligand, metal-to-ligand and intervalent charge 

transfer. The method can also be very promising in the study of polynuclear 

complexes. 

The zero-field ODMR experiments are performed almost exclusively at liquid 

helium temperature. However, it has recently been shown that quite a high degree 

of triplet state polarization can be reached at liquid nitrogen temperature before 

relaxation processes equalize the ZFL populations, if short pulse lasers and micro- 

wave pulses of sufficient power are used [48,167-1691. The principal condition is 

that the triplet state should be generated and analyzed within a short period com- 

pared with the SLR time. Of special significance are coordination compounds, since 

the lifetimes of their triplet states are shorter than those of organic triplets. The 

feasibility of using ODMR spectroscopy at liquid nitrogen temperature and perhaps 

even at room temperature has great promise in studying the photophysics and 

photochemistry of solids [48]. 
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