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Abstract A benchmark biochemical reaction is here

theoretically investigated by means of a perturbative

approach in order to model each reaction step. The reaction

is the flavin-indole electron transfer, involving also a spin-

state relaxation of the ionic complex. The whole reaction

path is modeled and the kinetics of the process is studied.

The dipolar interaction between the two radicals is

explicitly considered during the dynamic evolution of the

system in order to investigate the proper conditions for the

triplet-to-singlet transition to occur.

Keywords Radical pair � Perturbed matrix method �
Electron transfer � Dipolar interaction

1 Introduction

The deep comprehension of the chemical and biochemical

effects induced by the electronic and nuclear spins, and

hence, the understanding of the related subtle effects of

applied exogenous magnetic fields (hereafter termed as

magnetic field effect, MFE), is a long-standing and very

complex problem that has attracted the attention of a huge

number of experimental and theoretical researchers [1–11].

In this respect, the interest in MFE on biochemical

reactions has recently undergone a further increase because

of very accurate experimental evidences in particular on

the molecular mechanisms associated with avian mag-

netoreception involving Cryptochrome [12–15].

Significantly, informative [16] is the evidence showing

the peculiar role of ambient light in the mechanism of

avian compass suggesting the involvement of a radical pair

in the reaction cascade and, hence, the plausible role of

MFE. This has obviously stimulated an intense theoretical-

computational research aimed at elucidating the intimate

mechanism and, therefore, the subtle role of MFE. How-

ever, because of the complexity of the problem, a detailed

and rigorous analysis is practically impossible and several

approximations and assumptions, either in the physical

model or in the kinetic scheme are necessarily adopted.

Consequently, in spite of the valuable results produced in

the last decade by the work of different theoretical groups

[17–22], additional work is probably necessary in particu-

lar for a better comprehension of such phenomena at

atomistic level.

In the last few years, our group has been extensively

involved in the study of chemical reactions in complex

environment, and in this context, we have proposed a

theoretical-computational approach to study in detail the

kinetics of electron transfer (ET) reactions in solution [23–
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26]. Differently from most of the commonly applied pro-

cedures [27–30] originating from the Marcus theory [31–

33], our approach is based on a combination of molecular

dynamics (MD) simulations and perturbed matrix method

(PMM) [34–38], and essentially makes use of the concept

of perturbed diabatic states introduced more than three

decades ago by Warshel [39] and extensively applied also

in the study of excited state ET [40–43]. The novelty of the

method, concisely termed as MD-PMM, is the possibility

of explicitly introducing the effects of the fluctuating

environment perturbation and reaction center internal

configuration on ET processes. Indeed, by the use of

fluctuating reactants and products perturbed diabatic ener-

gies, provided by explicitly treating the perturbation effects

at the atomistic level, the adiabatic process may be in

principle reconstructed, reproducing the experimentally

observed transitions given by the fluctuations of the per-

turbed quantum states.

As a natural consequence of our interest in the modeling

of chemical reactions in condensed matter and, in partic-

ular, ET reactions, we have decided to adopt our method-

ology to attempt the theoretical-computational modeling of

the MFE on biochemical reactions and, in particular, on the

above-cited Cryptochrome system.

In order to test the validity of the approximations and

assumptions underlying our theoretical approach, we have

undertaken a preliminary study on the bimolecular photo-

chemical ET reaction between the excited aqueous Ribo-

flavin and Indole (I) (see Fig. 1). More precisely, we have

undertaken the study of the ET process between Flavin (Fl,

the ring-moiety of Riboflavin) and Indole (I) according to

the process:

ð3Flþ IÞ ! 3ðFl�IþÞ $ 1ðFl�IþÞ ð1Þ

with the precise aim of reproducing the kinetic data in

solution phase [44] and to provide a solid computational

framework to be applied to the strongly related biological

process underlying the avian compass. As a matter of fact

also in this benchmark ET process, involving as a second

reaction step a triplet-to-singlet spin-state relaxation of the

ionic complex, the experimental data have revealed a not

negligible MFE [44].

The methodological core of this work is the perturbative

evaluation of the dipolar interaction between the two rad-

ical ions. In particular, the energy change, associated with

the ET process, has been explicitly calculated by means of

the MD-PMM approach, and the perturbed spin-state

energies, associated with the possible spin-state transitions,

have been evaluated in the MD simulation.

Based on such calculations, the complete kinetic model

of the overall reaction has been reconstructed, allowing the

comparison between calculated and experimental data.

To our knowledge, this is the first attempt to characterize

interradical dipolar interaction by means of a mixed QM/

MM approach, with the ultimate goal of shedding light on the

atomistic mechanism underlying spin interconversion reac-

tions. Relevant outcomes of a detailed theoretical compre-

hension of electromagnetic field-biomolecular systems

interaction might be eventually utilized for more challenging

applications in complex bimolecular environments.

2 Theory

2.1 Electron transfer process

The application of the MD-PMM to model ET processes

has been discussed in detail elsewhere [26]. In what fol-

lows, a brief outline of the methodology here used will be

given.

MD-PMM approach, similarly to the most popular QM/

MM methods, is based on the pre-definition of a portion of

the whole simulated system, hereafter termed as quantum

center (QC). The quantum states of the QC are therefore

evaluated from the perturbing effect of the atomistic

environment not included in the QC. When the charge

donor (D) and acceptor (A) involved in the ET transition

can be well included in a single QC, PMM calculations

may provide a direct evaluation of the actual QC perturbed

quantum states, and hence the reaction kinetics can be

obtained by a relatively simple procedure [23, 24, 45, 46].

However, many ET reactions cannot be properly described

by such a diffusion model. Moreover, in many ET reactions

not involving covalent reorganization (like in the present

case), A and D cannot be properly considered as parts of a

single QC because of their relative motions. Indeed, in the

PMM approach, the optimized geometry obtained by

ab initio calculations is kept fixed in the evaluation of the

perturbed energies at each MD frame, unless conforma-

tional transitions of the QC occur during the MD
Fig. 1 Schematic representation of Riboflavin (left) and Indole

(right)
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simulation. In the present case, Flavin and Indole do not

undergo any conformational transition and can be treated

as rigid single molecules during the PMM calculations.

However, the complex Flavin ? Indole cannot be treated as

a rigid molecule due to the relative motion of the donor and

acceptor. Thus, A (Riboflavin) and D (Indole) are consid-

ered as different QCs interacting with each other as well as

with their environment. The basic approximation to be used

in this approach is that at virtually every D–A and envi-

ronment configuration, except for a very limited number of

specific configurations corresponding to the charge transi-

tion, the true vibronic eigenstate of the whole system

(adiabatic state) is well approximated by a combination of

D and A perturbed vibronic eigenstates with the environ-

ment in its electronic ground state.

Let us consider the ET process involving the chemical

species X and Y:

XD þ YA ! XA þ YD ð2Þ

where the subscripts A and D stand for the acceptor and

donor, respectively. The electronic states of the X chemical

species, either under the donor or acceptor conditions, were

obtained considering the corresponding QC as perturbed by

the electric field provided by the Y chemical species as well

as the rest of the atomic-molecular system, both treated

within the semiclassical approximation; the same proce-

dure was performed for the Y chemical species (in this

case, obviously, the QC corresponds to the Y chemical

species and the X chemical species, and the rest of the

atomic-molecular system was treated within the semiclas-

sical approximation).

Following the usual PMM approach, the perturbed

electronic Hamiltonian operator in the matrix form for each

QC is expressed via [35, 38]:

~H ¼ ~H0 þ qTV~I þ ~Z þ DV~I

~Z
� �

l;l0
¼ �E � /0

l j l̂ j/
0
l0

� � ð3Þ

with H0 being the unperturbed electronic Hamiltonian

matrix, I the identity matrix, qT the QC total charge, V and

E the perturbing electric potential and field as evaluated at

the QC reference position (typically the QC center of

mass), h/0
l jl̂j/

0
l0 i the l, l0 electronic transition dipole in the

unperturbed QC electronic state basis set (/0) and DV a

short range potential energy term approximating the

higher-order terms (note that DV can be usually neglected

in the calculation of the perturbed energy variation as this

is typically independent of such a term). The diagonaliza-

tion of the perturbed electronic Hamiltonian matrices at

each MD frame corresponding to the X and Y chemical

species (both under the acceptor and donor conditions)

allows the calculation of the perturbed energy variation at

each MD configuration. Defining the transition energy as

the whole system energy change due to the reactants to

products transition, the ET reaction occurs each time the

transition energy changes its sign, corresponding to a

crossing of the Diabatic energy surfaces. Such a crossing

indicates that the Adiabatic state has changed its electron

distribution for the X and Y species.

2.2 Spin-state transition

In order to evaluate the spin-state transitions in the pre-

sence of the magnetic dipolar interaction between the two

radicals, we consider the Hamiltonian matrix (operator)

constructed using the singlet and the triplet T0, T?1, and

T-1 spin eigenstates as basis set. The corresponding

Hamiltonian eigenvectors were then utilized to model the

spin-dependent part of the radicals complex Hamiltonian

eigenstates (spin Hamiltonian eigenstates).

The dipolar perturbation operator bV used to construct

the perturbed (spin) Hamiltonian matrix is:

bV ¼ l0

4pr3
l̂1 �

3

r2
l̂1 � rr

� �
� l̂2 ð4Þ

where l0 is the magnetic permeability in vacuum, r is the

distance between the centers of mass of the two radicals,

and l̂ (the magnetic dipole operator) is equal to:

l̂ ¼ � gee

2me

bS ð5Þ

where ge is the free electron g-factor, -e and me are the

charge and mass of the electron, respectively, and bS is the

spin operator. The effect of an exogenous magnetic field

can be considered as a further additive perturbing term bVB

given by:

bVB ¼ �
gee

2me

bS � B ð6Þ

where B is the exogenous magnetic field (magnetic

induction) vector.

Within this level of approximation (i.e., considering

only as energy terms the spin dipolar interaction and the

spin magnetic field interaction), the eigenstates of the

perturbed (spin) Hamiltonian are given by the singlet spin

eigenstate, whose eigenvalue is always equal to zero, and

three triplet states, hereafter called Ta, Tb, and Tc, provided

by linear combinations of the three unperturbed triplet

states, i.e., the triplet spin eigenstates T0, T?1, and T-1.

Therefore, diagonalization of the Hamiltonian bH ¼ bV þ
bVB along a MD trajectory provides the instantaneous spin

Hamiltonian eigenstates of the radicals complex interacting

with an exogenous magnetic field. Note that in the present

approach, intramolecular magnetic interactions, i.e., hyper-

fine interactions and spin–orbit coupling are neglected. Such
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terms, which could be modeled adding to the previous

Hamiltonian matrix an essentially constant matrix, are

expected to be relevant only when the dipolar interaction

vanishes, thus becoming fundamental terms driving the spin

transition. Therefore, the spin Hamiltonian eigenvalues as

obtained within the dipolar approximation make it possible

to evaluate the proper conditions for the triplet-to-singlet

transition, i.e., the triplet and singlet Hamiltonian eigenstates

are virtually degenerate.

3 Methods

3.1 Unperturbed quantum chemical calculations

In order to apply the MD-PMM procedure to obtain the

energies of the ET process, I and Fl were selected as QCs.

Four sets of unperturbed calculations were thus carried out

on these chemical species in their neutral (singlet and

triplet) and charged state (anionic and cationic, respec-

tively, in the doublet state). Each calculation consisted in a

full-geometry relaxation in the gas-phase using density

functional theory with the hybrid B3LYP functional [47,

48] in conjunction with the 6-31G* basis set. On each of the

optimized geometries, eight unperturbed vertical electronic

states (i.e., the ground and seven excited states) were

evaluated using time-dependent density functional theory

(TD-DFT) with the same functional and basis set [49]. It

must be noted that TD-DFT is not used for directly evalu-

ating the charge transfer process (many doubt the capability

of a DFT to treat ET), but rather to provide a reliable

unperturbed basis set for both the donor and acceptor QCs,

hence not involving any charge exchange. We wish to

further remark that these excited states basically provide the

unperturbed basis set /0
l0 to be used at each frame of the

simulation to define the perturbed Hamiltonian matrix. In

this respect, it is also important to remark that both Fl and I,

during the simulations, do not undergo conformational

transitions requiring the use of additional unperturbed basis

set. All the calculations were carried out using the Gaussian

03 package [50]. All the structures and unperturbed energies

are reported in the Supplementary Information.

3.2 Molecular dynamics simulations

The simulated system consisted of a dodecahedral box in

which RBF and I molecules were placed surrounded by

single point charge (SPC) [51] water molecules resulting in

a typical density of 55.32 mol/l. MD simulations of such

system were performed in the NVT ensemble using the

Gromacs software package [52] and the GROMOS96 43a1

force field [53].

The following simulation protocol was performed both

on the neutral complex RBF ? I and on the ionic couple

RBF- ? I?. After an energy minimization and subsequent

solvent relaxation, the system was gradually heated from

50 to 300 K using short MD simulations. An extended

trajectory was then propagated up to 300 ns in the NVT

ensemble using an integration step of 2 fs with no con-

straints on flavin and indole movements (rotational and

translational). In order to verify the proper rotational

sampling of the two reactants, a test has been performed as

reported in the Supplementary Information. The tempera-

ture was kept constant at 300 K by the isokinetic temper-

ature coupling [54]. All bond lengths were constrained

using LINCS algorithm [55] while long-range electrostatics

were computed by the Particle Mesh Ewald method [56].

Atomic point charges for the solute were evaluated by

means of the ESP procedure from the quantum mechanical

calculations described in the previous subsection. Ran-

domly selected structures obtained by the extended tra-

jectory were then used as starting conformations for 20

shorter trajectories (2 ns) guaranteeing a proper sampling.

4 Results and discussion

In the present section, the reaction of Eq. 1 will be dis-

cussed in detail. In the first subsection, the scheme of Fig. 2

will be described and the kinetics of the ET reactions and

of the dissociation processes will be characterized. In the

second subsection, the spin interconversion reaction will be

characterized and the effect of an exogenous magnetic field

will be analyzed. In the third subsection, the overall reac-

tion kinetics is modeled in order to compare the calculated

results with previous experimental ones.

5 Reaction scheme

The complete scheme of the reaction shown in Eq. 1 is

reported in Fig. 2. The steps of such reaction have been

analyzed starting from the 20 MD simulations of the neu-

tral complex and the 20 MD simulation of the ionic com-

plex (see Sect. 3). Indeed, by applying MD-PMM to such

MD trajectories as previously described, the energy asso-

ciated with the ET transitions has been calculated. More-

over, the energy associated with the magnetic transitions

has been calculated as explained in the Sect. 2. The dis-

sociation constants shown in the scheme (see upper panel

of Fig. 2) have been also calculated. In what follows, each

step of the reaction will be analyzed following the scheme

of Fig. 2. In the lower panel of the Figure, the reaction path

is depicted in cyan, the triplet energy levels of the neutral

complex of Fl and I are shown in gray, and the singlet
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energy level of the same neutral complex is shown in red.

The black line crossing the mentioned energy levels

schematically represents the energy surface of the ionic

couple (Fl? I-). Note that such surface actually corre-

sponds to the four energy surfaces schematized with the

black, red, green, and blue lines in insets A and B of Fig. 2.

Indeed, the ionic couple can be found in four spin states:

three triplet states (black, green, and blue) and one singlet

state (red).

The first step of the reaction (from 1 to 2 in Fig. 2) is the

photon excitation of Flavin from its ground state to a triplet

excited state. Such triplet state is the fourth vertical excited

state in the triplet magnetic state, as it results from the

comparison between the absorption frequency utilized in

the experiment [44] to trigger the reaction cascade and the

excitation energies as obtained from the ab initio calcula-

tion (see Sect. 3 and Supplementary Information). Hence,

the MD-PMM approach has considered such perturbed

state.

A series of following processes, experimentally char-

acterized by the quenching constant kq, drives the reaction

from step 2 to 3. The initial formation of the encounter

complex, characterized by an association constant that is

likely to determine the overall quenching constant, has not

been explicitly calculated. Then, with a series of consec-

utive ET processes (shown in inset A of Fig. 2) and

vibrational relaxation, the triplet ground state is reached.

Another ET drives the reaction to step 3.

Looking at inset A of Fig. 2, it can be observed that the

neutral complex (3Fl*I) undergoes the ET reaction from the

fourth Fl perturbed state:

ð3Fl�IÞ ! 3ðFl�IþÞ ð7Þ

reaching the lowest energy triplet state of the ionic couple

(Ta, black line). The reaction path will then experiment a

series of reverse (3ðFl�IþÞ ! ð3Fl IÞv�; where v* indicates

the vibrationally excited state) and direct ðð3Fl IÞv� !
3ðFl�IþÞÞ ET transitions by crossing, respectively, the

vibrationally excited states of the triplet ground state of the

neutral complex and the higher energy triplet states of

the ionic couple (Tb, green line and Tc, blue line). Note that

the reaction path will pass through the singlet state of the

ionic couple since no reaction event is possible between

the vibrationally excited state of the triplet ground state of

the neutral complex and the singlet state of the ionic couple

[26]. The reaction path then proceeds via a vibrational

relaxation onto the 3Fl I (m = 0) state. It crosses then again

the Ta state (black line) with the I oxidation:

ð3Fl IÞ ! 3ðFl�IþÞ ð8Þ

reaching the step 3 of the reaction.

The two ET reactions shown in Eqs. 7 and 8, hereafter

called ET1 and ET2, were characterized with the procedure

explained in the Sect. 2, and the energies associated with

such processes were calculated. In Fig. 3, such energies are

reported: in panel A, it can be observed the energy of the

first I oxidation (ET1) while in panel B is reported the

energy of the second I oxidation (ET2).

Both energy profiles, each representative of 500 ps of

only one of the 20 trajectories of the neutral complex

analyzed, show several abscissa crossings, each corre-

sponding to an ET transition. The frequency of these

crossings (in all the 20 trajectories) was used to calculate

the kinetic constants of the two processes. The curves

obtained by the analysis of the crossing frequencies were

fitted with a bi-exponential decay whose coefficients cor-

respond to a slower and a faster crossing. This is particu-

larly evident in panel A of Fig. 3 where faster minor

fluctuations can be observed during each of the slower

Fig. 2 Complete scheme of the reaction studied. Upper panel the

reaction steps are shown and labeled with progressive numbers. The

kinetic constants corresponding to each reaction step are also shown.

Lower panel the reaction path (in cyan blue) along the energy surfaces

is schematically depicted. The same numbers of the upper panel label

each reaction step. In insets A and B of the lower panel, the four spin

states of the ionic couple are highlighted. A more detailed description

of the scheme can be found in the Sect. 4

Theor Chem Acc (2013) 132:1393 Page 5 of 10
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major fluctuations of the energy. However, this is true if the

transitions from negative to positive energies are consid-

ered: the transitions from a positive energy to a negative

one are indeed driven only by the fast component of the

kinetic constant. In panel B, the two fluctuation regimes are

less evident, although still present. As the two ET pro-

cesses ET1 and ET2 occur on the adiabatic curve at lower

energy, only the kinetic constants corresponding to the

transitions from positive to negative energies were calcu-

lated. The slow and fast components obtained from the fit

resulted fairly similar both for ET1 and for ET2, and they

were thus weighted with the corresponding population

(obtained by the fit) and mediated resulting: kET1
¼ 1:34�

1012 s�1 for ET1 (Eq. 7) and kET2
¼ 1:15� 1012 s�1 for

ET2 (Eq. 8).

The free energy variation ðDAÞ associated with the ET

transitions has been also calculated resulting DA ¼
�251� 5 KJ=mol for ET1 and DA ¼ �174� 11 KJ=mol

for ET2 ensuring the irreversibility of the process.

The kinetic constants of the consecutive ETs shown in

inset A of Fig. 2, i.e., the reactions from the three triplet

states of the ionic couple to different vibrationally excited

states of the triplet ground state of the neutral complex
3ðFl�IþÞ ! ð3Fl IÞv� and the reverse reactions ð3Fl IÞv� !
3ðFl�IþÞ; were not explicitly calculated. However, it is

reasonable to assume that they do not appreciably differ

from the constant obtained for ET2 as the energy differ-

ences between the reactant and product vibronic state

involved in each subsequent ET reaction are essentially the

same. The mean lifetimes associated with these processes

are thus below the picosecond. Moreover, the vibrational

relaxation is very fast too [57] (hundreds of femtoseconds).

The overall reaction from step 2 to step 3 is thus very fast.

From the step 3, two reaction channels are possible: the

ionic couple can dissociate or a triplet-to-singlet spin

transition can occur (see upper panel of Fig. 2). Such spin

transition is considerably slower with respect to the other

reactive events of the overall process, as it will be dis-

cussed in detail in the following subsection.

In order to calculate the dissociation constant k1, the

distribution of the distance between the centers of mass of

flavin and indole was analyzed during the 20 MD trajec-

tories of the ionic couple, showing a peak around 0.4 nm

and a lower, roughly constant value at higher distances

(data not shown). A number of sub-trajectories starting

when such distance was around 0.4 nm and ending when it

reached 3 nm were thus extracted (i.e., the distance beyond

which the two ligands do not interact). Within the 0–3 nm

range (corresponding to the reactants complex), we have

defined two chemical populations: a first one in the range

0–0.7 nm, which provides the reactive complex for the ET

process and the other in the range 0.7–3 nm still corre-

sponding to the associated complex, although non-reactive

for the ET process (within the MD timescale). The time

distribution of these two populations was used to obtain the

rate constants involved in the complex dissociation kinetics

and resulting in an overall dissociation rate constant k1 ¼
0:47� 109 s�1: Note that in the scheme, the dissociation of

the ionic couple has been considered an irreversible pro-

cess as it is reasonable to assume k-1� k1.

Considering the long interconversion mean lifetime

between the Ta triplet state and the singlet state, the reac-

tion path will relax along the Ta triplet state surface (black

line) passing through the singlet ground state before a spin

transition occurs (see inset B of Fig. 2, step 3). Once in the

singlet state (step 4), another ET (ET3):

ðFl�IþÞ ! ðFl IÞ

drives the system to the singlet ground state of the neutral

complex (step 5). An example of the energies associated

with ET3 is reported in Fig. 3, panel C, showing many

crossing events. The calculated kinetic constant of the

process is k3 ¼ 1:13� 1012 s�1: The free energy variation

ðDAÞ associated with this ET transitions results to be

DA ¼ �110� 11 KJ=mol:

Another reaction channel from step 4 is also the disso-

ciation of the ionic couple, characterized by the kinetic

constant k1. Analogously, from step 5, the neutral complex

can dissociate. The dissociation constant of the neutral

complex k4 was calculated with the same methodology

used for the calculation of k1, resulting to be k4 ¼ 5:5�
107 s�1: Note that the dissociation constant of the neutral

complex is about one order of magnitude smaller than the

one of the ionic complex. This is likely to depend from the

high polarizability of water: the two ionic species are

Fig. 3 Energy variation associated with the electron transfer reac-

tions labeled in the Sect. 4 as ET1 (Panel A), ET2 (Panel B),ET3

(Panel C). These energy profiles are representative of 500 ps of only

one of the 20 trajectories analyzed of the neutral complex
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indeed better solvated in water than the two neutral species.

The equilibrium of the ionic reactants will thus be more

shifted toward the dissociation with respect to the neutral

reactants, with consequent effects on the kinetic rates.

The association constant k-4 will be very similar to the

association constant of triplet Fl and I and will be thus

similar to the experimental quenching constant kq.

Spin interconversion transition and the effect of an

exogenous magnetic field.

In order to characterize the spin transitions, the eigen-

values and eigenvectors of the spin Hamiltonian matrix

were calculated (see Sect. 2). The four eigenvalues (for one

of the 20 trajectories analyzed) are reported in Fig. 4, panel

A. As a result of the definition of the perturbation operator

(see Sect. 2), one of the four eigenvalues corresponds to the

singlet state (red line in Fig. 4, panel A) being always equal

to zero, while the other three eigenvalues correspond to

three triplet states resulting from combinations of the T0,

T?1, and T-1 spin eigenstates used as basis set. As already

mentioned, these triplet Hamiltonian eigenstates will be

referred to as Ta (black line in Fig. 4), Tb (green line in

Fig. 4) and Tc (blue line in Fig. 4).

It can be observed from Fig. 4 that the Ta (black line)

and Tc (blue line) state eigenvalues do not cross with the

singlet state energy while several crossing events are

present between the Tb (green line) and the singlet state

S (red line) energies. The kinetic constant associated with

this transition was calculated with the same procedure used

for the calculation of the ET kinetic constants, resulting

kI ¼ 0:42� 1012 s�1:

Note that at step 3, the reactants are in the Ta triplet state:

spin transitions from this state to the singlet state are thus

crucial in the overall process. The corresponding kinetic

constants are indeed the step 3 to step 4 (and vice versa)

constants k2 (k-2) shown in the upper panel of Fig. 2.

According to previous estimates [2, 18, 58–60], the spin

interconversion between the triplet and the singlet state

results to be very slow (far beyond the simulation time):

lifetimes from tens of nanoseconds to a microsecond have

been hypothesized for spin interconversion processes

similar to the one studied here. It is worth to remark that,

according to previous studies [61], the dipolar interaction

seems to modulate such spin transitions. In fact, when the

dipolar coupling is considerably stronger than hyperfine

coupling (the driving interaction of spin interconversion

[17–21]), a significant energy separation of the spin

Hamiltonian eigenstates is present and hence no spin

transition can occur. In particular, the two radicals have to

be far enough apart in order to have a vanishing dipolar

interaction hence comparable with the hyperfine one.

According to the present calculations, the dipolar interac-

tion results to be comparable with the hyperfine coupling

(10-8 - 10-9 Hartree) at distances between the two radi-

cals larger than 1–1.5 nm (data not shown). Note that at

such distances, the two radicals can be still considered as a

spin interacting system.

To evaluate possible effects exerted by the presence of

an exogenous magnetic field on the energy levels associ-

ated with the four spin Hamiltonian eigenstates, the inter-

action with different field intensities was included as a

further perturbing term in the Hamiltonian (see Sect. 2). An

example of such effect is shown in Fig. 4 where the

application of a static 60 mT magnetic field clearly mod-

ifies the energy profiles. In particular, the presence of the

magnetic field results in a translation of the energy levels,

which is more pronounced for the Tb and Tc triplet states,

and a reduction in the amplitude of the energy fluctuations.

The energy levels’ variation obviously leads to a change

in the kinetic constants associated with the spin transitions.

The effect was quantified for the Tb-singlet transition,

resulting in a non-negligible variation of the kinetic con-

stant at field intensities higher than 40 mT with the dis-

appearance of the crossing events (within the simulated

time) at field intensities higher than 80 mT. The kinetic

constant of the Tb-singlet transition at 60 mT results to be

kIðB ¼ 60mTÞ ¼ 0; 072� 1012 s�1:

6 Kinetic model

Following the scheme of Fig. 2 (upper panel), the complete

kinetic model of the reaction was reconstructed and the

concentration of the ionic species was obtained as a func-

tion of time. Once normalized, such a concentration is

directly comparable with the spectroscopic signal used in

experimental studies to monitor the same species. The

Fig. 4 Time evolution of the four spin eigenvalues during one of the

20 trajectories analyzed of the ionic couple in the absence of an

exogenous magnetic field (Panel A) and in the presence of a 60 mT

exogenous magnetic field (Panel B). The red line (coinciding with

zero) corresponds to the singlet state eigenvalue. The black, green and

blue lines correspond to the three triplet states eigenvalues (Ta, Tb,

and Tc, respectively). Such triplet states result from combinations of

the T0, T?1, and T-1 spin eigenstates
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reaction studied here was experimentally investigated in a

negatively charged SDS micellar environment by Horiuchi

et al. [44], obtaining the absorption time profiles reported

in Fig. 5, panel A.

In order to compare the calculated results with the

experimental ones, some of the kinetic constants determin-

ing the overall kinetics of the reaction had to be modified to

mimic the micellar environment. It is known that micelles

behave as microreactors [62] where for the chemical pro-

cesses taking place only a limited dissociation of reactants

and products is allowed [58]. Surfactants act indeed as

reagent concentrators in the micellar environment, signifi-

cantly modifying the rate of the reaction events. The neutral

reactants will thus solubilize into the micelle, or rather at the

hydrophilic interface [63], leading to a conspicuous raise in

the active reactants concentration. As the micellar volume of

the experimental work [44] corresponds to 1% of the total

volume [64, 65], the active concentration will raise up to 100

times. As a consequence, the association/dissociation equi-

librium of the products (ionic couple) will be strongly shifted

toward the associated complex. The dissociation constants

will be thus strongly affected by the presence of the micelles,

resulting in a remarkable slowing down of the dissociation

process. A direct measurement of this slowing down has

been performed by Hubig [66]: in a SDS/acetonitrile solu-

tion, the dissociation results to be 10-folds slower than in

bulk acetonitrile. Considering the higher polarizability of

water and that, in the present case, the dissociating ions do,

by Coulombic force, attract rather than repel each other (as in

the case of the two dissociating positively charged ions of the

previously mentioned work [66]), such slowing down is

likely to be more pronounced when SDS/water and bulk

water are compared. On the basis of the previous discussion,

we can expect the ionic couple dissociation to be from 2 to 3

orders of magnitude slower in the micellar environment than

in the aqueous one. Sensitivity tests of the output signal were

thus performed for different values of the dissociation rate in

such a range, revealing that the proper choice of this

parameter is essential to reproduce the experimental output

[44]. From the results of the sensitivity tests, the ionic couple

dissociation was hypothesized to be 500 times slower in the

micellar environment than in the aqueous one.

The spin interconversion, as well as the ET reactions, is

on the contrary, not influenced by the presence of the

micelle. The quenching constant, determined mainly by the

association constant, was experimentally estimated both in

water and in micelle [44], resulting only slightly different

in the two environments: kq ¼ 2:2� 109 s�1 M�1 in water

and kq ¼ 2:9� 109 s�1 M�1 in micelle.

To complete the kinetic model, the spin interconversion

constant between the Ta triplet state and the singlet state is

needed. Moreover, the effect of an exogenous magnetic

field should be quantified in order to compare the products’

concentration resulting from the model with the experi-

mental results. However, as previously mentioned, such

spin transition is very slow (hundreds of nanoseconds). In

addition, the effect of the magnetic field results in a further

slowing down of the process. Nevertheless, several previ-

ous works [2, 18, 58–60] agree on the time range of such

spin transition lifetimes in different biochemical reactions

and in different molecular environments. An optimization

procedure was performed testing a set of possible values in

the range from hundreds of nanoseconds to a microsecond

resulting in no appreciable difference in the output of the

kinetic model. The actual spin interconversion lifetime

used in the kinetic model is 350 ns, corresponding to the

one estimated by Scaiano et al. [58] in a similar micellar

environment. Finally, hypothesizing that the exogenous

magnetic field may have similar effects for the Tb-singlet

and the Ta-singlet interconversions; for the latter, a lifetime

of 2.1 ls was used.

Comparisons of the calculated curves as obtained via the

complete kinetic model and the experimental data are

reported in Fig. 5 (panels A and B). From the figure, it can be

observed that the experimental output signal is well repro-

duced by the model, where both explicitly calculated and

semiempirically estimated kinetic rates have been used.

Indeed, the signal in the presence of the external magnetic

field is higher and the decay is slower than the ones at B = 0,

and the relative height of the two peaks (with and without the

magnetic field) is reasonably well reproduced.

It is worth to note that the methodology developed here

is a first effort of modeling spin interconversion transitions

and magnetic field effects on a biochemical reaction and

should be surely improved. However, it reproduces well the

essential features of the benchmark reaction chosen.

Fig. 5 Comparison between experimental and calculated data. Panel

A absorption time profiles (normalized to 1) experimentally obtained

by Horiuchi et al. [44] in the absence of an exogenous magnetic field

(continuous line) and in the presence of a 200 mT magnetic field

(dashed line). Panel B normalized concentration of the ionic reaction

species as a function of time obtained by the calculated kinetic model

and using the kinetic constants discussed in the Sect. 4. The kinetic

constants were set both hypothesizing the absence (continuous line)

and the presence (dashed line) of an exogenous magnetic field
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7 Conclusions

The comprehension at atomistic level of the biochemical

and biophysical processes underlying biologically relevant

reactions has long been the subject of researches in dif-

ferent scientific fields. In this paper, the ET reaction

between riboflavin and indole in aqueous solution that

involves also a spin-state relaxation of the radical pair was

theoretically investigated in order to model each reaction

step, in the absence and in the presence of an exogenous

magnetic field.

The energies associated with the ET process were cal-

culated by means of the PMM, a mixed QM/MM meth-

odology that already proved its reliability in describing this

class of reactions.

In this work, the dipolar interaction between the two

radicals was explicitly calculated by means of a perturbing

approach that allows to dynamically investigate the reac-

tion in a complex environment (solute ? solvent). The spin

energy levels were reported, both in the absence and in the

presence of an exogenous magnetic field, revealing that the

presence of a static magnetic field may act as an inhibitor

of the spin relaxation process. Even though the dipolar

interaction is only one of the terms determining spin

transitions, its effect has proved to be determinant and its

calculation is a first step toward the complete modeling of

these complex processes.

Moreover, starting from the calculated results, the

complete kinetic model of the reaction has been recon-

structed and the products’ concentration as a function of

time and magnetic field intensity was compared with

analogous data from an experimental study on the same

reaction. Such a comparison clearly shows a good agree-

ment between experimental and calculated data, indicating

that the theoretical model here employed, although based

on several approximations, captures the essential physical–

chemistry of the reaction considered.

Altogether, these results shed light on the atomistic

mechanism involved in this class of reactions and in par-

ticular of the magnetic field effects on biochemical reac-

tions, opening the way to further studies possibly leading to

a detailed description of the complex chemical–physical

processes involved in the interaction between electromag-

netic fields and chemical reactions.
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