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ABSTRACT  

     Here we propose a vibronic pseudo Jahn-Teller (JT)  model for partially 
delocalized mixed valence (MV) molecules aimed to the description of the magnetic 
coupling between the localized spins mediated by the delocalized electron. The model 
involves the following key interactions:  electron transfer in the spin-delocalized 
subsystem which is mimicked by a dimeric unit, coupling of the itinerant electrons 
with the molecular vibrations and isotropic magnetic exchange between the localized 
spins and  delocalized electron.  The pseudo JT  vibronic coupling which is 
considered in the framework of the Piepho, Krausz and Schatz (PKS) model adapted 
to the case of partially delocalized MV  molecules. It is revealed  (qualitatively and 
quantitively)  how the vibronic coupling affects the connection of the localized spins 
via the itinerant electron.  

1. INTRODUCTION 

      In this article we focus on the  magnetic MV clusters1-13 in which localized spins 
are magnetically coupled through the spin-delocalized subsystem.  Some examples of 
such partially delocalized inorganic MV molecules are provided by the reduced 
polyoxometalates (POMs) comprising mobile electrons  interacting with the spin-
localized subsystem.12-16 Such molecular systems can be exemplified by the POMs 
[PMoVI

11MoVO40(VO)2] and [PMoVI
11MoVO40{Ni(phen)2(H2O)}2] in which the direct 

magnetic coupling between the two hosted remote VIV ions (localized spins S=1/2) or 
two NiII ions (localized spins S=1) is constrained because of very large distances 
between the metal centers. At the same time the indirect coupling takes effect  due to 
the presence of the extra electron delocalized over the  central Keggin anion core,12-13 
which gives rise to a long-range interaction  between the localized spins mediated by 
the mobile electron. One can also mention the tetranuclear valence-delocalized iron 
core coupled to the four outer localized spins of iron ions. 17-22 and multispin organic 
systems, which are of current interest in molecular spintronics. 23-32   Finally, some 
aggregate composed of quantum dots (which can be referred to as “physical 
molecules”) accommodating different specific numbers of unpaired electrons can be 
also regarded as physical analogs of partially delocalized MV clusters. 

The simplified recently  proposed “toy” model33 includes the electron transfer 
between the two metal centers of the central dimer and the exchange coupling 
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between the mobile electron and the outer spins. These two interactions was shown to 
result  in spin-polarization mechanism that is similar to the double exchange (DE) 
34,35. According to this mechanism the spin of the excess electron is coupled via strong 
intra-center ferromagnetic Hund type exchange interaction with the spins of 
paramagnetic ions (spin cores), thus aligning them parallel to the spin of the mobile 
electron. Since the intra-ionic exchange produces the coupling of the spin of the extra 
electron and the spin-core  belonging to the same metal ion, the spin-cores involved in 
the conventional DE can be also termed “internal spin cores”. To distinguish this spin-
polarization mechanism from the conventional DE mechanism we suggested to term it 
“external core double exchange” (ECDE). The two mentioned two spin-polarization 
mechanisms have at least two important differences features. First, as distinguished 
from the Hund-type intra-center exchange between the extra electron and the internal 
spin core that is always ferromagnetic, the inter-center exchange between the extra 
electron and the alien spin core can be either ferro- or antiferromagnetic . Second, is  a 
rather strong mixing of Hund and non-Hund configurations.  

A significant physical restriction of the toy model developed in Ref  33 is that 
this model involves only the electronic interactions.  Meanwhile the vibronic coupling 
is known to reprsent an inherent ingredient of the description of the properties of MV 
systems 36-41 because it tends to create a barrier for tunneling of the extra electron.  To 
overcome these limitations of the electronic model here we describe the vibronic toy 
model of partially delocalized MV systems with ECDE.   

2. HAMILTONIAN OF PARTIALLY-DELOCALIZED MIXED VALENCE 
MOLECULE 

     The main idea of the toy model is to imitate a complex multiroute spin-delocalized 
subsystem of partially delocalized MV molecule by a dimer in which the extra 
electron is delocalized over two spinless sites B and C, as schematically shown in 
Figure 1a.  The localized spins SA=SD=S0 occupy the two terminal positions A and D 
adjacent to the two sites B and C of the MV dimer. The Hamiltonian corresponding to 
the vibronic model is the following:  

𝐻𝐻� = 𝐻𝐻�𝑡𝑡𝑡𝑡 + 𝐻𝐻�𝑒𝑒𝑒𝑒 + 𝐻𝐻�𝑣𝑣𝑣𝑣𝑣𝑣 ≡ 𝑡𝑡 � (�̂�𝑐𝐵𝐵𝐵𝐵+ �̂�𝑐𝐶𝐶𝐵𝐵 + �̂�𝑐𝐶𝐶𝐵𝐵+ �̂�𝑐𝐵𝐵𝐵𝐵)
𝐵𝐵=±12

± 2𝐽𝐽�𝑛𝑛�𝐵𝐵�̂�𝑆𝐴𝐴�̂�𝑠𝐵𝐵 + 𝑛𝑛�𝐶𝐶�̂�𝑆𝐷𝐷�̂�𝑠𝐶𝐶� 

+ �𝜔𝜔
2
�𝑞𝑞2 − 𝜕𝜕2

𝜕𝜕𝑞𝑞2
�+  𝜐𝜐𝑞𝑞 �1 0

0 −1� .                                                                                     
(1)                                                                                          

The term ˆ
trH represents the one-electron transfer over two orbitals 𝜑𝜑𝐵𝐵 and 𝜑𝜑𝐶𝐶 located 

on the sites B and C of the MV dimer, where îc σ
+  and îc σ   are the creation and 

annihilation operators, 𝑡𝑡 ≡ 𝑡𝑡𝐵𝐵𝐶𝐶  is the transfer integral which is assumed to effectively 
incorporate all multiroute transfer pathways in real complex systems. Figure 1a 
illustrates the transfer processes in the dimeric B-C subunit of the system. 

The term ˆ
exH describes exchange coupling between the localized spins SA and 

SD and the spin of the mobile electron, 1 2Bs =  and 21=Cs  ,  𝑆𝑆𝐴𝐴 = 𝑆𝑆𝐷𝐷 ≡ 𝑆𝑆0, ˆBn and 
ˆCn  are the operators of the site populations, 1ˆˆ =+ CB nn  . HDVV coupling gives rise 

to the two spin states for each localization, 0* 1 2ABS S S≡ = ±  for the A-B pair and 

0* 1 2CDS S S≡ = ±   for the C-D pair. The two states with maximal spin 0* 1 2S S= +  



 
 

85 
 

appear when the itinerant electron instantly residing at the sites B and C is coupled 
ferromagnetically. These states can be referred as Hund type states. Alternatively, the 
case of antiferromagnetic coupling, 0* 1 2S S= − ,  corresponds to the non-Hund 
states for the C-D pair. 
 

 
 

Figure 1. The model spin sites in partially delocalized system: B-C-unit-MV dimer 
separating two localized spins A and D (left); image of the out-of-phase PKS 
vibration 𝑞𝑞−. Expanded and compressed (as compare to their average sizes, left) 
sites are denoted by the enlarged and decreased balls (right).   
 

The vibronic coupling in the PKS model 36-39 takes into account the interaction 
between the extra electron and the fully symmetric (“breathing”) vibrations 𝑞𝑞𝐴𝐴 and 𝑞𝑞𝐶𝐶 
of the ligand surroundings. Only the antisymmetric vibration 𝑞𝑞− = �1 √2⁄ �(𝑞𝑞𝐵𝐵 −
𝑞𝑞𝐶𝐶) ,  is interrelated with the electron transfer processes.  The image of the “out-of-
phase” vibration of spin-delocalized dimeric fragment is shown in Figure 1, right. 
Refinement of the PKS model with due account for displacements of the metal sites is 
given in 40,41, but here we will use the basic version in order to avoid excessive 
complications.  In Eq. (1) the 3rd term is the Hamiltonian of the harmonic oscillator, 
𝑞𝑞− ≡ 𝑞𝑞 is the dimensionless coordinate of  the active  “out-of-phase” vibration,  𝜔𝜔 is 
the frequency, is the vibronic interaction (𝐻𝐻�𝑒𝑒𝑣𝑣  ) which is defined by the 2 × 2-matrix 
in the basis of the one-electron orbitals 𝜑𝜑𝐵𝐵 and 𝜑𝜑𝐶𝐶 of  MV unit, 𝜐𝜐  is the vibronic 
coupling parameter.  Since the sign of 𝜐𝜐 does not influence the physical results, for 
the sake of definiteness we assume that 𝜐𝜐 > 0. PKS model is essentially simplified, 
but the most important issue, is  that the PKS model is able to describe the main 
physical factor that determines the properties of MV compounds, namely, the barrier 
between localized configurations and degree of localization which is manifested in all 
physical properties of such type of compounds.  Here we omit the details of the 
evaluation of the matrix elements of different part of the Hamiltonian. 

3. GENERAL EXPRESSIONS FOR THE ADIABATIC ENERGIES 

     In the framework of PKS model the adiabatic potentials U(q), which can be 
associated with the energies of the system within the adiabatic approximation, can be 
found analytically. The final results of calculations are the following: 
𝑈𝑈± �𝑞𝑞, 𝑆𝑆∗ = 𝑆𝑆0 + 1

2
, 𝑆𝑆 = 𝑆𝑆𝑚𝑚𝑚𝑚𝑒𝑒 = 2𝑆𝑆0 + 1

2
 � = 1

2
�𝜔𝜔 𝑞𝑞2 − 𝐽𝐽𝑆𝑆0  ± �𝜐𝜐2𝑞𝑞2 + 𝑡𝑡2 ,                                                                                                                                  

𝑈𝑈 ±− (𝑞𝑞, 𝑆𝑆 < 𝑆𝑆𝑚𝑚𝑚𝑚𝑒𝑒) 

 = 1
2
 ��𝜔𝜔 𝑞𝑞2𝐽𝐽�𝐽𝐽2(2𝑆𝑆0 + 1)2 + 4𝜐𝜐2𝑞𝑞2 + 4𝑡𝑡2 − 4𝐽𝐽�9 𝜐𝜐2𝑞𝑞2 + 𝑡𝑡2 �𝑆𝑆 + 1

2
�
2
� .  (2) 

 

The superscripts “−“  and “+“ in  𝑈𝑈±
−   and  𝑈𝑈±

+     mean that the corresponding 
adiabatic levels originate from the non-Hund’s and Hund’s configurations, while the 
subscripts "±” denote the upper and lower branches for each pair of the levels with a 
certain spin S.  The results can be illustrated by a particular case of  𝑆𝑆𝐴𝐴 =  𝑆𝑆𝐷𝐷 = 𝑆𝑆0 =
1 which preserves all main features of the basic model. In Sections 4 and 5 we will 
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give a detailed analysis of the adiabatic potentials for the limiting cases of strong 
exchange coupling (|J|>>|t|) and strong electron transfer (|J|<<|t|) in order to reveal the 
physical roles of the vibronic interaction included in the generalized toy model.     

4. STRONG EXCHANGE LIMIT WITHIN THE ADIABATIC PICTURE 
      The  physical properties of the system are determined by the three   parameters U, 
t and 𝜐𝜐 (and also ℏ𝜔𝜔 which can be used as an energy unit to scale the parameters to 
the  dimensionless values). We will consider the two limits having clear physical 
sense: (i) strong inter-atomic exchange, |J|>>|t|   and (ii) strong transfer, |J|<<|t|.   We 
assume that the  exchange is antiferromagnetic,  J < 0,  and t > 0.  The electronic 
levels (eigenvalues of ˆ ˆ

tr exH H+ ) in these two limits 33 can be subdivided into two 
groups, namely, the exchange multiplets (separated by the gap 3|J| ) split by the 
transfer processes in the case (i), and the resonance multiplets (separated by the gap 
2|t| ) split by the exchange coupling in the case (ii). 
       The manifestation of the ECDE can be illustrated by the series of the adiabatic 
potentials as shown in Figure 2 illustrating the strong exchange coupling limit.  
Simple visual expressions for the positions of the minima can be found in the strong 
exchange limit and also providing moderate vibronic coupling (𝜐𝜐/ℏ𝜔𝜔 <  3|𝐽𝐽|) when 
the two groups (Hund’s and non-Hund’s) of the adiabatic levels are well separated.  

If   the  vibronic  coupling  is  strong  enough or/and  the  transfer   parameter  is  
relatively   small,  𝜐𝜐2 > ℏ𝜔𝜔 𝑡𝑡 (2𝑆𝑆 + 1)/6 , the adiabatic potential possesses two 
minima in which the mobile electron is mostly localized on the sites  B and C, while 
in the opposite case of weak coupling/strong transfer  the system preserves symmetric 
configuration and fully delocalized, 𝑞𝑞𝑚𝑚𝑣𝑣𝑚𝑚(𝑆𝑆) = 0. The positions 𝑞𝑞𝑚𝑚𝑣𝑣𝑚𝑚(𝑆𝑆)  as well as 
the conditions for localization are spin-dependent (which is a common consequence 
of the double exchange), so that the conditions of  instability for  𝑆𝑆 = 1 2,⁄  3 2 ⁄  and 
5 2 ⁄  are  𝜐𝜐2 > ℏ𝜔𝜔 𝑡𝑡 /3,  𝜐𝜐2 > 2ℏ𝜔𝜔 𝑡𝑡 /3 and 𝜐𝜐2 > ℏ𝜔𝜔 𝑡𝑡  correspondingly. This 
instability can be referred to as spin-dependent pseudo JT effect which has been 
recognized in MV systems exhibiting DE (see 1, 2).  Since the vibronic coupling and 
electron transfer are competitive, the states with a larger spin are more stable with 
respect to nuclear reorganization to the self-consistent states or, in other words, less 
localized.  

Providing weak coupling, υ = 0.6 ℏ𝜔𝜔 (Figures 2a), the system is stable in the 
symmetric configuration for all spin states and consequently delocalized.  In the case 
of the JT instability the energy levels of the system can also be associated with the 
minima of the adiabatic potentials, which give also a visual representation of the 
character and nature of localization of the mobile electron. In the case of intermediate 
(closer to weak) coupling υ = 1.1ℏ𝜔𝜔  (Figure 2b) the lower sheet of the adiabatic 
potentials possesses two shallow minima only for  𝑆𝑆 = 1 2⁄  , while in the remaining 
spin states (𝑆𝑆 > 1 2⁄ )  the system is fully delocalized. This result remarkably 
demonstrates some of physical consequences of spin dependence of the degree of 
localization in the partially delocalized MV system comprising spin-delocalized unit.   

With the further increase of the vibronic coupling from intermediate  υ =
2.2ℏ𝜔𝜔  to strong  υ = 4.0ℏ𝜔𝜔  (Figures 3c to 3f) the lower branches of the adiabatic 
curves acquire distinct minima of the increasing depth.  The two peculiarities  of  this  
transformation are to be mentioned. The gap between the low lying 𝑆𝑆 = 1 2 and  ⁄  
3 2 ⁄  levels in the minima point decreases with the increase of  υ , so that finally in 
the limit of strong vibronic coupling these two levels  become degenerate. Further 
increase of the vibronic coupling results in an usual  
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      Figure 2. Adiabatic energy levels calculated in the strong exchange limit with the     
      parameters ℏ𝜔𝜔 = 200𝑐𝑐𝑐𝑐−1, 𝑡𝑡 = 0.2 ℏ𝜔𝜔, 𝐽𝐽 = −0.5ℏ𝜔𝜔. Coloring: S=3/2 – blue,    
       S=5/2 – red, S=1/2 – green.   

 

situation of the coexistence of the localized and delocalized minima  (Figures 2e).  In 
the limit of strong coupling,   υ = 4.0ℏ𝜔𝜔 , the system has two energetically 
equivalent lowest minima comprises 𝑆𝑆 = 1 2,⁄  3 2 ⁄  states, while the first excited 
minima comprise 𝑆𝑆 = 1 2, 3 2, 5 2⁄  ⁄  ⁄ levels.  The system in this case can be imagined 
as a superposition of the two disconnected isomers A-B*-C-D and A-B-C*-D in which 
the itinerant electron is localized on the sites B (C) and coupled to the metal  
ions A (D), while the spins D (A) are magnetically independent.  Therefore, the 
vibronic coupling can be attributed to the factors interfering the magnetic coupling 
mediated by the itinerant electron due to loss of its mobility. This phenomenon has a 
direct analogy with the concept of polaron in dielectric crystals.  In fact, a mobile 
electron in crystals shifts the neighboring atoms from their equilibrium positions and 
moves together with the polarization produced by its field which, in turn, increases 
the effective mass of the electron and reduces its mobility. The “molecular polaron” 
considered here has the same physical root and behaves in a similar manner, while an 
essential feature of “molecular polaron” in MV systems is the existence (along with 
the ionic polarization) of the vibronically-dependent spin polarization effect. 

5. ADIABATIC VIBRONIC PROBLEM IN THE CASE OF STRONG       
    TRANSFER 
       The adiabatic potentials evaluated in the strong transfer limit |J|<<|t|  for S0=1 are 
shown in Figures 3a-f. In the case of weak vibronic coupling (case of 𝜐𝜐 =
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0.25ℏ𝜔𝜔 in Figure 3a) the condition of stability is fulfilled and, therefore, the energies 
of the minima simply represent the pattern of the electronic energy levels unaffected  

 

Figure 3.  Adiabatic energy levels in the case strong transfer limit. ℏ𝜔𝜔 =
200𝑐𝑐𝑐𝑐−1, 𝑡𝑡 = 1.0 ℏ𝜔𝜔, 𝐽𝐽 = −0.5ℏ𝜔𝜔. Coloring is the same as in Figure2. 
by the vibronic coupling.  This energy pattern can be regarded as a result of the 
splitting of the two levels with the energies +t  and  −t  (bonding and antibonding 
orbitals) by the intraatomic exchange. It is remarkable that the last proves to be twice 
smaller compared with the initial exchange due to the fact that in the case under 
consideration the electronic density in MV unit is evenly distributed between the two 
centers. Such energy pattern is peculiar for the splitting produced by the indirect 
exchange coupling between the two localized spins (mediated by the mobile electron) 
and so the strong transfer limit has been also termed “indirect exchange limit” in Ref. 
33 With the increase of  𝜐𝜐 the instability appears in the lower branch of  𝑆𝑆 = 1 2⁄  
potential (𝜐𝜐 = 0.8 ℏ𝜔𝜔, Figure 3b) giving rise to the excited partially localized (at B or 
C) minima. The further increase of 𝜐𝜐 also gives rise to the instability in the states with 
higher spin values (Figures 3c, d). It is to be noted that the energies of the minima in 
Figures 3b, c correspond to the electronic energy pattern in the case of strong 
exchange because the transfer processes in these cases are strongly suppressed by the 
vibronic self-trapping. This reflects the transition from the case of strong transfer (i. e. 
indirect exchange limit) to the case of strong exchange (i. e. DE limit) with the 
increase of the vibronic coupling.  Finally, in the limit of strong vibronic coupling the 
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positions of the minima (for each localization) become equal and they are separated 
by the gap 3|J| which is peculiar for the case of strong exchange (Figures 3e, f).  In 
this case the energy pattern includes the two exchange levels corresponding to the 
superpositions of the two uncoupled isomers A-B*-C-D and A-B-C*-D with trapped 
electron. It should be also noted that although the vibronic coupling produces the 
trapping effect the vibronic reduction of transfer cannot be interpreted as a simple 
rescaling of the parameter t.  

6. DYNAMIC VIBRONIC PROBLEM, ENERGY LEVELS  
     The adiabatic approximation (Born−Oppenheimer paradigm) so far exploited 
allowed us to give a qualitative and imaginative analysis of the vibronic trapping and 
its magnetic consequences. Nevertheless, the adiabatic description (based on classical 
representation of the atomic movement) has significant limitations. That is why in this 
Section we give a quantum-mechanical solution of the vibronic pseudo JT problem.  
As a basis we will use the products of the electronic wave-functions with a definite 
localization of the mobile electron and the wave functions of the free harmonic 
vibrations ( )n qχ  ( 0,1n =  ) that is, the basis includes the following states:  

( ) ( ) ( ), , ,AB S AB S nS S M n S S M qχ≡ ,  ( ) ( ) ( ), , ,CD S CD S nS S M n S S M qχ≡ .(3)  
Figures 4 a,b show  the two patterns of the  low-lying energy levels. The vibronic 
energy levels (Figure 7b) calculated providing relatively strong exchange coupling. 
For comparison the corresponding electronic energy pattern is shown in Figure 7a.   

 

 
        (a) 

 

 
   (b) 

Figure 4. Electronic energy levels in the strong exchange limit (a), and vibronic 
energy levels calculated at �𝜔𝜔 = 200 cm−1,    𝑡𝑡 = 0.15 �𝜔𝜔,   𝐽𝐽 = −0.5�𝜔𝜔 (b). 
Coloring is the same as in Figure 3. 
 
Although the vibronic coupling mixes the unperturbed levels of the Harmonic 
oscillator, one can see that in the case under consideration we can trace the evolution 
of vibronic levels with a certain number n.  It is seen that in this case the vibronic 
coupling reduces the double exchange splitting. In the strong vibronic coupling limit 
when the electron transfer is fully quenched both the ground and excited vibronic 
levels with n = 0 are degenerate with respect to the total spin values (the ground level 
comprises S =1/2 and 3/2 and excited level comprises S = 1/2, 3/2 and 5/2, where the 
state with S=5/2 comes from the excited Hund’s configuration) and separated from 
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each other by the gap 3| J |. Such composition of the spin-vibronic levels exactly 
reproduces the pattern of the electronic levels at 𝑡𝑡 = 0.  The energy pattern in this 
case can be imagined as a result of paramagnetic mixture of the energy levels of two 
disconnected isomers A-B*-C-D and A-B-C*-D in which the mobile electron is 
localized on the sites B (C) and coupled to the metal ions A (D), while the localized 
spins of the terminal sites A and D prove to be magnetically independent.   
      The alternative case is shown in Figure 5a,b.  Figure 5b shows the low-lying 
vibronic levels for the opposite case of relatively strong electron transfer and their 
comparison with the corresponding electronic levels shown in Figure 5a. It is seen 
that in this case the vibronic reduction of the electron transfer cannot be regarded as a 
simple rescaling of the parameter t.  

 

(a) 
 

(b) 

 

Figure 8. Electronic energy levels in the strong transfer limit (a), and vibronic 
energy levels calculated at �𝜔𝜔 = 200 cm−1,    𝑡𝑡 = 0.8  �𝜔𝜔,   𝐽𝐽 = −0.1 �𝜔𝜔 (b). 

double exchange) and finally to the limit of full localization when the system at low 
temperature is represented by the uncorrelated spins s0 ± 1/2 and s0. 

 7. CONCLUDING REMARKS 
     In summary we have proposed a vibronic toy model aimed at the description of the 
main physical mechanisms and interactions governing the indirect magnetic coupling 
between the localized spins through the mobile electron in partially delocalized MV 
systems.  It should be underlined in this context that the problem of evaluation of the 
energy patterns and the physical properties of polynuclear partially delocalized MV 
systems (e. g. such complex systems as MV polyoxometalates) admits numerical 
solution with the aid of well-elaborated computational approaches 19,42  and related 
computer programs MVPACK  20 and VIBPACK  42, 43. These powerful theoretical 
tools allows  to evaluate the electronic and vibronic levels of nanoscopic systems 
giving the detailed description in terms of the adjustable parameters. The analysis of 
the properties and physical phenomena in these systems is hindered by the 
complications that are peculiar for the large systems having (in most cases) rather 
complicated energy pattern which obscure the main features.  On the contrary, the 
basic model proposed here has an important advantageous features as compared to the 
mentioned more sophisticated approaches. Indeed, in spite of the fact that this basic 
model is rather simplified and neglects the details of the real complex systems, it 
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involves a lot of physics which cannot be directly seen from the results of calculations 
performed for real complex systems with the aid of the mentioned computer 
programs. Another advantage of the proposed vibronic model is that it is not limited 
to a specific system (or systems) but can be used to gain insight into the key features 
of a wide class of MV molecules combining in their structures spin-localized and 
spin-delocalized subunits. 

We have demonstrated that along with the electronic interactions (electron 
transfer within the spin-delocalized subunit and exchange coupling between the 
localized and delocalized subunits) the vibronic self-trapping effect plays a decisive 
role in the magnetic coupling between the localized spins (external spin-cores) 
mediated by delocalized electron. Thus, at strong vibronic coupling the electron 
delocalization is strongly reduced which gives rise to breaking down the indirect 
coupling between the localized spins. As a result, the localized spins prove to be 
uncorrelated and the system at low temperatures behaves as paramagnet consisting of 
two spins S0 and S0-1/2.  Also, even if the electron transfer is much stronger than the 
exchange coupling (this is a case of indirect exchange in the model neglecting the 
vibronic coupling) one can expect the appearance of the energy pattern typical for the 
double exchange limit provided that the vibronic coupling is strong enough. This 
means that vibronic interaction tends to cause the transition from the limit of indirect 
exchange to the limit of double exchange.  

Vibronic effects have been analyzed both within the semiclassical adiabatic 
approximation and performing the numerical solution of the dynamic spin-dependent 
pseudo-JT vibronic problem. While the adiabatic approximation adequately describes 
the distribution of the electronic densities, it fails (especially providing moderate 
vibronic coupling) in the description of the intervalence absorption profiles. That is 
why  we have used the results of the solution of the dynamic vibronic approach to 
evaluate the vibronically assisted of the optical absorption spectra of the partially 
delocalized MV systems.  In course of this solution we establish the main 
peculiarities of such spectra arising from the two kinds of symmetry selection rules, 
namely, the by the parity rule and by the law of the intermediate spin conservation. 
As the first rule, it is common for both conventional MV dimers and the MV 
molecules with partial electron delocalization. Contrary, the second rule involving the 
intermediate spins is a specific feature of partially delocalized systems exhibiting 
ECDE.  

Finally, the results of the present study are closely related to the problem of the 
electric field control of the magnetic coupling between the localized spins. 33 
Particularly, they allow us to establish the criteria for the rational design of 
electrically switchable devices based on the partially delocalized MV molecules. 
According to these criteria the electric field control of correlation between the 
localized spins proves to be more efficient in the case of weak electron transfer and/or 
strong vibronic coupling which are the prerequisites for more ease polarization of the 
spin-delocalized subunit by the external electric field. The detailed study of such 
electrically controlled molecules is under way.  

ACKNOWLEDGMENTS 
 

A.P., S.A., B.T. and J.M.C. acknowledge support from the Ministery of Education and 
Science of Russian Federation (Agreement No. 14.W03.31.0001).  B.T., J.M.C. and 
E.C. are grateful to COST Action CA15128: Molecular Spintronics (MOLSPIN). 
A.G.-A. acknowledges the European Union (ERC-CoG DECRESIM 647301) and the 
Spanish MINECO for a Ramón y Cajal Fellowship. B.T. thanks University of 



 
 

92 
 

Valencia for the Sabbatical Grant (Estades Temporals Investigadors Convidats). J. M. 
C.-J. thanks the Spanish MINECO (CTQ2017-89528-P and Unit of Excellence María 
de Maeztu, MDM-2015-0538).  
 
REFERENCES  
 

1. Blondin, G.; Girerd, J. J. Chem. Rev. Interplay of Electron Exchange and Electron 
Transfer in Metal Polynuclear Complexes in Proteins or Chemical Models,  1990, 
90,1359-1376. 

2.  Borras-Almenar, J. J. ; Clemente-Juan, J. M.;  E. Coronado, Palii, A. V.;  
Tsukerblat,  B. S.  Magnetic Properties of Mixed-Valence Systems: Theoretical 
Approaches and Applications,  in: Magnetoscience-From Molecules to Materials, 
eds: J. Miller and M. Drillon, Wiley-VCH, 2001. pp. 155–210. 

3. Demadis, K. D. ; Hartshorn, C. M.;  Meyer, T. J. The Localized-to-Delocalized 
Transition in Mixed-Valence Chemistry Chem. Rev. 2001,101, 2655-2686 

4. D’Alessandroand D. M.; Keene, F. R. Current Trends and Future Challenges in the 
Experimental, Theoretical and Computational Analysis of Intervalence Charge 
Transfer (IVCT) Transitions, Chem. Soc. Rev. 2006,35, 424-440. 

5. Day, P.; Hush, N. S.; Clark, R. J. H. Mixed Valence: Origins and Developments, 
Phil. Trans. R. Soc. A2008, 366, 5-14. 

6. Solomon, E. I.; Xie, X.; Dey, A. Mixed Valent Sites in Biological Electron 
Transfer 

Chem. Soc. Rev. 2008,37, 623-638.  
7.Belinsky, M.; Bertini, I.; Galas, O.; Luchinat, C. The Electronic Structure of the 

Fe4S4+ Cluster in Proteins: The Importance of Double Exchange Parameter, Z. 
Naturforsh. 1995, 50a, 75-80. 

8. Belinsky, M. I. J. Biol. Hyperfine Evidence of Strong Double Exchange in 
Multimetallic {[Fe4S4]-Fe} Active Center of Escherichia Coli Sulfite Reductase,  
Inorg. Chem.1996, 1, 186-188. 

9. Palii, A.; Tsukerblat, B.; Clemente-Juan, J. M.; Coronado, E. Coherent 
Manipulation of Polarization in Mixed-Valence Compounds by Electric Pulse via 
Landau−Zener Transitions,  J. Phys. Chem. C 2012, 116, 4999-5008. 

10.  Bosch-Serrano, C.; Clemente-Juan, J. M.; Coronado, E.; Gaita-Arino, A.; Palii, 
A.;  Tsukerblat,  B. Electric Field Control of the Spin State in Mixed-Valence 
Magnetic Molecules, Chem. Phys. Chem. 2012, 13, 2662-2665.  

11. Bosch-Serrano, C.; Clemente-Juan, J. M.; Coronado, E.; Gaita-Arino, A.; Palii, 
A.;  Tsukerblat,  B. Molecular Analog of Multiferroics: Electric and Magnetic 
field Effects in Many-Electron Mixed-Valence Dimers, Phys. Rev. B 2012, 86, 
024432-43. 

12. Lehmann, J.; Gaita-Ariño, A.; Coronado, E.; Loss, D. Spin Qubits with 
Electrically Gated Polyoxometalate Molecules, Nature Nanotech. 2007, 2, 312-
317  

13. Clemente-Juan, J. M.; Coronado, E. ; Gaita-Ariño, A. Magnetic 
Polyoxometalates: From Molecular Magnetism to Molecular Spintronics and 
Quantum Computing,  Chem. Soc. Rev. 2012, 41, 7464–7478,  

14. Barra, A.-L.; Gatteschi, D.; Tsukerblat, B.S.; Döring, J.; Müller, A.; Brunel, L.-C. 
Magnetic Properties of a Dodecanuclear Polyoxovanadate with Exchange and 
Electron Delocalization Effects, Inorg. Chem. 1992, 31, 5132-5134.  

https://link.springer.com/article/10.1007/s007750050041
https://link.springer.com/article/10.1007/s007750050041
https://www.nature.com/nnano/journal/v2/n5/abs/nnano.2007.110.html
https://www.nature.com/nnano/journal/v2/n5/abs/nnano.2007.110.html


 
 

93 
 

15. Gatteschi, D.; Tsukerblat, B.S. Symmetry Breaking and Effective Motional 
Averaging in Double Triangular Clusters with Exchange and Electron Transfer 
Effects, Chem. Phys. 1996, 202, 25-37. 

16. Gatteschi, D.; Tsukerblat, B.S.; Fainzilberg, V.E. EPR Spectra of the Double 
Triangular Polyoxovanadates with Exchange and Electron Transfer Effects: 
Symmetry Breaking and Effective Motional Averaging, Appl. Magn. Reson. 
1996, 10, 217-249. 

17. Baran, P.; Boča, R.; Chakraborty, I.; Giapintzakis, J.;  Herchel, R.;  Huang, Q.; 
McGrady, J. E.; Raptis, R. G. ; Sanakis, Y.; Simopoulos, A. Synthesis, 
Characterization, and Study of Octanuclear Iron-Oxo Clusters Containing a 
Redox-Active Fe4O4

-  Cubane Core, Inorg. Chem. 2008, 47, 645 -655. 
18. Chakraborty, I.; Baran, P. ; Sanakis, Y.; Simopoulos, A.; Fachini, E.; Raptis, R. 

G.  A Mixed-Valence Octanuclear Iron−Oxo Pyrazolate: Assessment of 
Electronic Delocalization by Structural and Spectroscopic Analysis,  Inorg. 
Chem. 2008, 47, 11734 – 11737. 

19. Clemente-Juan, J. M.;  Borrás-Almenar, J. J.;  Coronado, E.; Palii, A. V. ; 
Tsukerblat, B. S. High-Nuclearity Mixed-Valence Clusters and Mixed-Valence 
Chains: General Approach to the Calculation of the Energy Levels and Bulk 
Magnetic Properties, Inorg. Chem. 2009, 48, 4557 – 4568;  

20.  Clemente-Juan, J. M.;  Borrás-Almenar, J. J.;  Coronado, E.; Palii, A. V. ; 
Tsukerblat, B. MVPACK: A Package to Calculate Energy Levels and Magnetic 
Properties of High Nuclearity Mixed Valence Clusters, J. Comp. Chem.  2010, 
31, 1321-1332. 

21. Zueva, E. M.; Sameera, W. M. C.; Piñero, D. M.; Chakraborty, I.; Devlin, E.; 
Baran, P.; Lebruskova, K.; Sanakis, Y.; McGrady, J. E.; Raptis, R. G.  
Experimental and Theoretical Mössbauer Study of an Extended Family of 
[Fe8(μ4-O)4(μ-4-R-px)12X4] Clusters, Inorg. Chem. 2011, 50, 1021 – 1029. 

22. Zueva, E. M.;  Herchel, R.; Borshch, S. A.; Govor, E. V.;  Sameera, W. M. C.; 
McDonald, R.; Singleton, J.; Krzystek, J.; Trávníček, Z.; Sanakis, Y.;  McGrady, 
J.  E.;  Raptis, R. G. Double Exchange in a Mixed-Valent Octanuclear Iron Cluster, 
[Fe8(μ4-O)4(μ-4-Cl-pz)12Cl4]−, Dalton Trans. 2014, 43, 11269–11276. 

23. Sanvito, S. Molecular spintronics, Chem. Soc. Rev. 2011, 40, 3336−3355.  
24. Nakazaki, J.; Chung, I.; Matsushita, M. M.; Sugawara, T.; Watanabe, R.; Izuoka, 

A.; Kawada, Y. Design and Preparation of Pyrrole-Based Spin-Polarized Donors, J. 
Mater. Chem. 2003, 13, 1011−1022. 

25. Sugawara, T.; Matsushita, M. M. Spintronics in Organic π-Electronic Systems, J. 
Mater. Chem. 2009, 19, 1738−1753. 

26. Sugawara, T.; Komatsu, H.; Suzuki, K. Interplay between Magnetism and 
Conductivity Derived from Spin-Polarized Donor Radicals, Chem. Soc. Rev. 2011, 
40, 3105−3118. 

27. Jahn, B. O.; Ottosson, H.; Galperin, M.; J. Fransson, Organic Single Molecular 
Structures for Light Induced Spin-Pump Devices, ACS Nano 2013, 7, 1064−1071. 

28. Shil, S.; Bhattacharya, D.; Misra, A.; Klein, D. J.  A High-Spin Organic Diradical 
as a Spin Filter,  Phys.Chem.Chem.Phys. 2015, 17, 23378−23383. 

29. Tsuji, Y.; Hoffmann, R.; Strange, M.; Solomon, G. C. Close Relation Between 
Quantum Interference in Molecular Conductance and Diradical Existence, Proc. 
Natl. Acad. Sci. U. S. A.2016, 113, E413−E419. 

30. Ito, A.;  Kurata, R.; Noma, Y.; Hirao, Y.;  Tanaka, K. Radical Cation of an 
Oligoarylamine Having a Nitroxide Radical Substituent: A Coexistent Molecular 

http://pubs.rsc.org/en/content/articlelanding/2009/jm/b818851n
javascript:void(0)
javascript:void(0)
https://pubs.acs.org/doi/10.1021/acs.joc.6b02037
https://pubs.acs.org/doi/10.1021/acs.joc.6b02037


 
 

94 
 

System of Localized and Delocalized Spins, J. Org. Chem. 2016, 81, 
11416−11420. 

31. Ito, A.; Kurata, R.; Sakamaki, D.; Yano, S.;  Kono, Y.; Nakano, Y.; Furukawa, 
K.;  Kato, T.; Tanaka, K. Redox Modulation of para-Phenylenediamine by 
Substituted Nitronyl Nitroxide Groups and Their Spin States, J. Phys. Chem. A 
2013,117, 12858−12867. 

32. Ito, A.; Nakano, Y.; Urabe, M.; Kato, T.; Tanaka, K. Triradical Cation of p-
Phenylenediamine Having Two Nitroxide Radical Groups:  Spin Alignment 
Mediated by Delocalized Spin, J. Am. Chem. Soc. 2006, 128, 2948−2953. 

33. Palii, A.; Aldoshin, S.; Tsukerblat, B.; Clemente-Juan, J. M.;  Gaita-Ariño, A.; 
Coronado, E. Electric Field Controllable Magnetic Coupling of Localized Spins 
Mediated by Itinerant Electron: A Toy Model, Phys. Chem. Chem. Phys. 2017, 
19, 26098-26106.  

34. Zener, C. Interaction Between the d-Shells in the Transition Metals. II. 
Ferromagnetic Compounds of Manganese with Perovskite Structure, Phys. Rev. 
1951, 82, 403-405. 

35. Anderson, P. W.; Hasegawa, H. Considerations on Double Exchange, Phys. Rev. 
1955, 100, 675-681. 

36. Piepho, S. B.; Krausz E. R.;  Schatz, P. N. Vibronic Coupling for Calculation Of 
Mixed-Valence Absorption Profiles, J. Am. Chem. Soc. 1978, 100, 2996–3005;  

37. Prassides, K.; Schatz, P. N. Vibronic Coupling Model for Mixed Valence 
Compounds. Extension to the Multimode Case, J. Phys. Chem. 1989, 93, 83–89;  

38. Wong, K. Y. Charge-Transfer-Induced IR Absorptions in Mixed Valence 
Compounds, Inorg. Chem. 1984, 23, 1285–1290;  

39. Wong K. Y.;  Schatz, P. N. A Dynamic Model for Mixed-Valence Compounds, 
Prog. Inorg. Chem. 1981, 28, 369–449;  

40. Piepho, S. B. Vibronic Coupling Model for the Calculation of Mixed-Valence 
Line Shapes: A New Look at the Creutz-Taube Ion, J. Am. Chem. Soc. 1990, 112, 
4197–4206;  

41. Piepho, S. B. Vibronic Coupling for Calculations of Mixed Valence Line-Shapes-
the Interdependence of Vibronic and MO Effects, J. Am. Chem. Soc. 1988, 110, 
6319–6326. 

42. Tsukerblat, B.; Palii, A.; Clemente-Juan, J. M.; Gaita-Ariño, A.; Coronado, E. A 
Symmetry Adapted Approach to the Dynamic Jahn-Teller Problem: Application 
to Mixed-Valence Polyoxometalate Clusters with Keggin Structure, Int. J. 
Quantum Chem. 2012, 112, 2957-2964. 

43. Clemente-Juan, J. M.;  Palii, A.; Tsukerblat, B.; Coronado, E.  VIBPACK: A 
Package to Treat Multidimensional Electron-Vibrational Molecular Problems 
with Application to Magnetic and Optical Properties, J. Comp. Chem. 2018, 39, 
1815-1827. 

 

 

https://pubs.acs.org/doi/10.1021/acs.joc.6b02037

