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The mechanism of protonic relaxation is shown to take place in molecular systems containing hydrogen
bonds. The mechanism arises from the proton redistribution between two stable states on hydrogen
bond lines. This redistribution occurs due to changes of hydrogen bond double well potential, brought
about by changes of the electronic state of a molecular system. A characteristic of the relaxation process
is that it takes place due to the proton tunneling along hydrogen bonds. The charge shift causes
electrostatic potential variation in the electron localization area, which leads to the shift of molecular
system energy levels and changes its redox potential. The characteristic time of the protonic relaxation
is shown to depend essentially on hydrogen bond bending strain, which increases with the temperature
rise and decreases abruptly the efficiency of proton redistribution. Hence, the rate of this process
decreases with temperature, in contrast to the activation process. This relaxation process is shown to be
responsible for energetic characteristics of recombination reaction P+QA

- → PQA (free energy difference
DG and/or reorganization energy l), temperature dependence in Rhodobacter sphaeroides RC.

Introduction

Electron transport in macromolecular biosystems is a funda-
mental physical process, based on the tunneling effect. Protein-
pigment complexes of purple bacteria photosynthetic reaction
centers (RCs), the spatial structure of which was obtained using
X-ray technology more than 20 years ago,1,2 are striking examples
of systems carrying out such a process. Photoactivation of isolated
R. sphaeroides RCs causes rapid (t ª 150–200 ps) electron transfer
within the system of pigment cofactors integrated into apoprotein:
bacteriochlorophyll dimer (P) → bacteriopheophytine (I) →
primary quinone (QA). Then the electron hops to secondary
quinone (QB) in 150–200 ms3 In case of the absence of external
electron donor and chemically blocked electron transfer to QB,
or when QB is extracted from the RC structure, the process
of photooxidised P+ reduction takes place as a result of the
recombination reaction:

P+QA
- → PQA. (1)

The reaction (1) is a subject of multiple investigations so far.4–11

The reaction rate temperature dependence is of particular interest,
since it gives one an opportunity to study various relaxation
mechanisms that take place within macromolecules as a result
of change in electron spatial localization. Within this context the
process of electron transfer can be considered as some kind of
probe that enables one to get an insight into the mechanisms of
molecular machinery functioning.

At room temperature this reaction rate is approximately 10 s-1.
During the samples cooling the rate of this reaction is character-
ized by anomalous temperature dependence—it exhibits a 4–6 fold
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increase during temperature decrease to cryogenic temperatures.
The major change in the rate of the process occurs in the
temperature gap 225–175 K.4–7 It was shown in reference 4 that
recombination rate temperature dependence can not be described
using conventional theories,8,9 and additional assumptions should
be made to achieve agreement between theory and experimental
data. One of the possible assumptions4,7 that free energy DG
of the reaction (1) or reorganization energy l of this process
are temperature dependent. Similar assumptions were made in
reference 7 to interpret temperature dependence of recombination
rate between P and secondary quinone QB. In reference 4 a possible
temperature dependence of media reorganization energy for reac-
tion (1) was obtained empirically. However, authors in references
4 and 7 pointed out that experimental data do not permit one to
distinguish which parameter varies with temperature: DG or l. It
can be said confidently only that its sum (DG + l) is temperature
dependent.

The molecular mechanism which is responsible for the temper-
ature dependence of DG or l is unknown. In this situation the
character of this dependence in the temperature gap 175–225 K
is of particular interest.4,5 Obviously experimental behavior of
reaction (1) rate temperature dependence is due to some relaxation
processes, coupled to electron transfer. In this connection possible
conformational changes within protein cofactor environment were
discussed in reference 5. In reference 11 an approach taking
account of the soft vibration modes in Frank–Condon factor,
related to hydrogen bonds dynamics in the primary quinone
surrounding, was suggested. We would like to point out that
the study of the role of hydrogen bonds in various biological
systems is an issue of the day, since these bonds make an essential
contribution to structural organization as well as functional
operation of molecular systems. The role of hydrogen bonds in
photosynthetic RC functioning was fruitfully studied using a site

This journal is © The Royal Society of Chemistry and Owner Societies 2009 Photochem. Photobiol. Sci., 2009, 8, 181–195 | 181



directed mutagenesis approach. An influence of hydrogen bonds
formed by dimer P and its environment on P redox characteristics
and electron transfer efficiency was studied,4,7,12,13 as well as
electron density distribution between bacteriochlorophylls in the
dimer.14 The influence of hydrogen bonds on redox potential
of another system, namely iron–sulfur clusters was studied in
reference 15 and 16.

In the present paper we suggest a relaxation process mechanism,
which we use for interpretation of temperature dependence of DG
or l in reaction (1). This relaxation mechanism is possible only
in the case of the molecular system containing hydrogens bonds,
and is due to proton redistribution between two stable positions
on the double well potential energy surface of a hydrogen bond.
This redistribution occurs on changes of hydrogen bond double
well potential, stipulated by change of molecular system electronic
state, which we regard as appearance or disappearance of an
electron in its localization area. A feature of the redistribution
process is that it takes place due to tunneling of protons along
hydrogen bonds and depends essentially on hydrogen bond
bending strain. Temperature rise causes hydrogen bond bending
strain to increase due to atoms’ thermal motion, and causes
abrupt decrease of proton redistribution efficiency. This causes the
relaxation process slow down with temperature rise, in contrast to
the activation process.

Proton tunneling in the double-welled potential along the
hydrogen bond line is equivalent to a charge shift at a distance of
0.6–0.8 Å. Such proton shift influences electrostatic potential, gen-
erated by itself in electron localization area. Since a system redox
potential is determined by the interactions of valence electron with
environmental charges, change of electrostatic potential in electron
localization area should cause system redox potential change.
Hence the considered mechanism is a process of equilibration
in a self consistent system containing an electron and a hydrogen
bond proton. Whether this system will reach the true equilibrium
or not is determined by the ratio of the system relaxation time,
which is referred further as t , and electron life time at electron
binding center t e. We will show that the relaxation time t may
vary by many orders of magnitude with temperature variation.
Electron life time at primary quinone QA is below 0.1 s in case of
reaction (1).4 Hence the true equilibrium within the system will not
always be reached during time t e. In this connection, the reaction
(1) can proceed both as adiabatic and non-adiabatic process at
various temperatures. We consider this aspect thoroughly in the
appropriate part of our paper.

In the final part of the paper we discuss a possible interpretation
of electrostatic interaction energy change in the system electron–
hydrogen bond proton during relaxation. On one hand, this energy
can be considered as a part of free energy difference DG, and on the
other hand, as a part of reorganization energy l for the reaction
of recombination P+QA

- → PQA. Finally we compare calculated
and empirical4 reorganization energy temperature dependence. In
this part we shall also discuss certain questions important for the
correct application of our theory to the concrete reaction (1) that
takes place in RC of Rhodobacter sphaeroides bacteria. First, it
concerns the possibility that hydrogen bonds between QA

- and
His M219 and also Ala M260 have double well potential. Indeed,
recently it has been found that the H-bond between QA

- and His
M219 is strong,21 hence it is likely that it is a single well H-bond.
This problem is closely related to QA

- the head group rotation effect

that has been observed23 recently. We discuss also the possible role
of the H-bonds between P+ and its environment and some other
questions. In conclusion, we consider the isotope effect with the
H-bond’s proton substituted for deuteron.

I. Relaxation mechanism

A. Electrostatic potential variation upon proton transfer along
hydrogen bond

Let’s consider a molecular system containing hydrogen bonds.
The potential energy cross-section profile along a hydrogen bond
may contain one or two minima on it.17,18 In the latter case the
profile is called double-welled, and one would say, the hydrogen
bond possesses double well potential. A hydrogen bond double
well potential is essential for proton transfer along this bond. This
process is due to the possibility of tunneling and/or active proton
transition between potential wells. In Fig. 1 schematic double well
potential energy surface profile along hydrogen bond line is shown.
Coordinates of minima are labeled as x1 and x2, and correspond
to proton stable positions 1 and 2 on the hydrogen bond line.

Fig. 1 Schematic depiction of double well profile of potential energy
surface crossection along hydrogen bond line x. In case of proton
localization at the first minimum (x1) the ground state energy is E1, in case
of proton localization at the second minimum (x2) it is E2. The distance
between the potential minima d = |x2 - x1|. Proton tunneling occurs in
the state with energy Er, which is equienergetic for both proton positions
at hydrogen bond line. Difference of the energies of the equilibrium proton
positions is denoted as u = E2 - E1. In order to attain the state with energy
Em the proton should receive the energy U1v from thermostat, when it
is localized at the first minimum, or the energy U2v when it is localized
within the second potential minimum. The lower part of the figure presents
radius vectors r1 and r2, drawn from the centers of proton localization to
an observation point A, located within the molecular system. The angle
contained by radius vector r1 and hydrogen bond line is denoted as a.

Proton transition from one potential well into another corre-
sponds to charge +e (e, elementary charge) transition at distance
d = |x2 - x1| along the hydrogen bond line. This charge shift
causes change of electrostatic potential magnitude at some point
A, which is at distance r1 from the first minimum and r2 from the
second one (Fig. 1). Further we suppose that electron is localized
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about point A. In this figure a denotes an angle contained between
the vector r1 and hydrogen bond line. Due to partial screening
by electron density of a covalent bond, to the external observer
proton charge appears to be equal to some quantity ep, the so called
effective partial charge. In most cases partial charge ep belongs to
an interval 0.3e ≤ ep ≤ 0.5e. When the proton is localized in j-th
(j = 1, 2) minimum, it produces electrostatic potential

j
ej

p

j

=
e

r
, (2)

where e denotes media permittivity.
Let’s denote populations of the first and the second potential

wells as n1(t) and n2(t). These quantities depend on time t and de-
scribe the probability of proton localization in the corresponding
minimum. Electrostatic potential generated by the proton charge
at point A can be expressed as

j(A,t) = n1(t)j1 + n2(t)j2. (3)

To get an explicit form of function (3) one should find an
explicit form of n1(t) and n2(t) time dependencies. In Fig. 1
bold horizontal lines denote energy ground levels of the system
in case of proton localization in the first (E1) and second (E2)
potential wells. Energy difference of these states is denoted as
u = E2 - E1. The proton can transit between the wells only when
the energy difference u is compensated as a result of interaction
between proton and environment. For example, the compensation
may be due to interaction between the proton and vibrations of
the molecular system. Proton tunneling between wells can be
qualitatively described as follows (see Fig. 1). At the starting
moment the proton localized in the first well gains additional
energy U 1v due to interaction with vibrational modes of the
molecule and reaches some intermediate state with energy Er =
E1 + U 1v, which is equi-energetic to state with energy Er =
E2 + U 2v in case of proton localization in the second well. This
intermediate state satisfies the resonance condition for energy
levels, i.e. is degenerate. Under this condition the proton tunneling
from the first well to the second one is possible. The probability
of proton tunneling per time unit is denoted as k0. The quantity
t 0 = (k0)-1 denotes an average life time of the proton within a
well. If a transitional state lives long enough compared to t 0,
the quantum oscillations will arise and proton will hop between
the wells back and forth. These oscillations correspond to proton
delocalization between these two positions. If proton life time
within the second well is enough for dissipation of excessive energy
U 2v, for example due to interaction with vibrational modes of
the system, the proton will be localized in the second well with
energy E2.

Let us point out, that vibrational energy U 1v absorbed by the
proton can not be less than the energy u, i.e. U 1v ≥ u. Since
we do not make any assumptions concerning the magnitude of
U jv (j = 1, 2), the processes of vibrational energy absorption
and emission by the proton due to interaction with environment
should be considered as a multi-phonon process.19 It permits one
to use the Boltzmann distribution to calculate the population of
the corresponding states, at a good level of approximation.

As a result, kinetic of proton tunneling between potential wells
can be described using a conventional approach, describing this
process as a forward and backward reaction with rate constants

k1 and k2, respectively. In case of potential presented at Fig. 1,
forward reaction (1) → (2) rate constant k1 and backward reaction
(1) ← (2) rate constant can expressed as follows:

k1 =k0exp(-U 1v/kbT), k2 = k0exp(-U 2v/kbT), (4)

where k0 is the above mentioned factor, accounting for the rate
of proton tunneling, or in other words, a probability of proton
transition per time unit in case of energy balance (i.e. when the
system is in a state with energy Er), kb Boltzmann factor, T absolute
temperature.

Populations n1(t) and n2(t) are related due to normality condi-
tion:

n1(t) + n2(t) = 1 (5)

Expressions for populations n1(t) and n2(t) can be found by
solving the following system of equations:

�

�
n k n k n

n k n k n
1 1 1 2 2

2 2 2 1 1

= - +
= - +

Ï
Ì
Ó

, (6)

where the point denotes time differentiation. Using eqn (6) and
entry conditions n1(0) = n01, n2(0) = n02, one can find:

n1(t) = n01exp{-t/t} + (1 + K)-1(1 - exp{-t/t}), (7)

where K = k1/k2 = exp(-u/kbT) is an equilibrium constant, t =
(k1 + k2)-1 is relaxation time. The expression for n2(t) can be easily
obtained using (5) and (7). Relaxation time t , which plays an
essential role in further discussion can expressed as:

t = k0
-1(1 + exp{-|u|/kbT})-1exp(mph/kbT). (8)

Here mph = U 2v denotes an energy of absorbed phonons
(vibrational quantum), which is required by the proton to reach the
state with energy Er, when it is located within the well with higher
energy level. Let us point out that contrary to the expression for
equilibrium constant, expression (8) contains modulus |u|. This is
dictated by the ease of use of the equation (8) for different potential
energy profiles, since the state with energy Er, which is essential
for tunneling, is always an activation process no matter which of
the potential wells is the deepest one. Finally one has to calculate
the constant k0, to determine relaxation time, and we address this
problem in the next section.

Now let us pay attention the fact that the potential energy
profile of a hydrogen bond can vary.11 This can happen, for
example, upon change of the electronic state of the molecular
system, which we regard as appearance or disappearance of an
electron in its localization area at QA molecule. These changes
may influence energetic parameters of the potential as well as its
shape. Hydrogen bonds between primary quinone QA and histidine
(His(M219)), and QA and dipeptide (Asn(259)–Ala(M260)) were
shown11 to change the shape of their potential energy profiles from
single-welled to double-welled upon primary quinone reduction.
Difference u of the equilibrium energies of the system during
proton localization within different wells, is an energy parameter
that characterizes possible changes of hydrogen bond potential.
Further we use this difference to characterize possible change of
the hydrogen bond potential and denote it as u1 in the initial state
of the system, and u2—in the final state, that is—after change of
an electronic state of the system. There are two possible relations
between these parameters, which determine qualitative as well as
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quantitative differences of protonic kinetics: (1) u1 > 0, u2 > 0;
(2) u1 > 0, u2 < 0. In the first case, the first potential well is
deeper than the second one at the initial state as well as after the
change of the system electronic state, however energy levels E1 and
E2 probably shift relative each other, since generally u1 π u2 (see
Fig. 4a,b). In the second case, the second well becomes deeper than
the first one upon change of the system electronic state, while the
first well is deeper at the initial state (Fig. 4d,c). Cases (3) u1 < 0,
u2 < 0 and (4) u1 < 0, u2 > 0 differ from the cases discussed above
only in placement of the observation point A relative the hydrogen
bond, which is determined by the value of angle a (Fig. 1). In
cases when a < p/2, the first variant takes place, in cases when
a > p/2 it is the third one. The same rule applies to variants 2 and
4 respectively.

Using eqn (7), one can write an expression for n1(t) time
evolution upon change of the system electronic state. Let us denote
the difference of the proton energy levels within different wells as
u1 at the initial state, and u2 after change of the system electronic
state, then:

n1(t) = (1 + K1)-1exp(-t/t ¢) + (1 + K2)-1(1 - exp{-t/t ¢}), (9)

where n1(0) = (1 + K1)-1, K1 = exp[-u1/kbT ] is an equilibrium
constant at the initial state, and K2 = exp[-u2/kbT ] is an equi-
librium constant at the final state. The expression (9) is obtained
under condition of the instantaneous change of the electronic
state. Therefore, t ≤ 0 corresponds to the equilibrium populations
of n10 and n20 in the initial electronic state, i.e. according to eqn (7),
n10 = n1(•) = (1 + K1)-1. After the change of the electronic state,
i.e. t > 0, the evolution of the populations in this final electronic
state proceeds. In general in the final electronic state the values
of parameters u and uph also changes. Hence, in this cause the
magnitude of t ¢ can differ from the t value in (8), as well. In
view of this remark we subsequently shall keep symbol t for the
relaxation time.

Taking into account eqn (7), we can now express the electrostatic
potential (3), generated by the proton charge at the observation
point:

j(A,t) = n1(t)(j1 - j2) + j2. (10)

It should be noted that potentials j1 and j2 are independent of
the electronic state according to its definition in eqn (2).

Let’s suppose that the electron localizes within some area
centered at point A, for example it localizes at primary quinone
QA. The redox potential, which characterizes system electronic
structure, includes the energy due to interaction between the
electron and the proton:

Em = -ej(A,t) (11)

An electron traveling the electron transfer pathway lives at this
center for the finite time t e. So, redox potential Em(t e), which
relaxes during time t e due to environment relaxation, may be
different from its equilibrium value Em(t → •) = Em0, i.e. in
general case Em(t e) π Em0. The relation between these values is
determined by the relation between the environment relaxation
time and electron life time at this accepting center. If it takes place
the inequality t e << t is valid and then the electron transfer is an
non-adiabatic process; in the opposite case, t e >> t , this process
is adiabatic. As is well known this classification is connected with
the nuclear tunneling. We address this problem below.

According to eqn (10), we express the value of electrostatic
potential at observation point at time t relative its value at this
point at the starting moment:

Dj(A,t) = Dj(A,t) - j(A,0) = (j2 - j1)�(1 + K1)-1 - (1 +
K2)-1�[1 - exp{-t/t}]. (12)

The quantity DEm, which equals

DEm = -eDj(A,t) (13)

determines shift of the electron accepting center energy levels, due
to interaction between this electron and hydrogen bond proton.
This is an essential parameter which can play a key role in the
process of the system fine tuning for establishing an electron
tunneling between accepting centers (from donor at acceptor).
Below we address this aspect thoroughly, as well.

B. Proton tunneling within two well potential (calculation of k0)

In order to complete the description of electrostatic potential
evolution during protonic relaxation, one should find an explicit
expression for the parameter k0, which determines the probability
of proton tunneling between the wells within hydrogen bond
double well potential. In order to calculate the value of k0 in case
of symmetric model potential, which corresponds approximately
to the state of a hydrogen bond with the energy Er, we consider
model double well potential U(x), which is defined as follows:

U x
U x m x x

U x m x x

d

d
( )

( ) ( ) , ,

( ) ( ) , ,
=

= + £

= - ≥

Ï
Ì
Ô

ÓÔ

1
1
2

2
2

2

2
1
2

2
2

2

0

0

w

w
(14)

where m denotes a proton mass, w frequency of a proton vibrations
within potential well, ± d

2
the locations of the potential minima

on a hydrogen bond line (the starting-point of coordinate system
is the middle of segment x1x2 (Fig. 1)). According to (14) the
model potential U(x) is a superposition of two hemiparabolas.
We suppose that the proton energy within either well satisfies the
condition Er << U(0) = 1/2mw2(d/2)2, i.e. is much less than
the height of the potential barrier separating the wells. Under
this assumption we can describe proton localization within a
separate well as if it were localized within a pure parabolic well.
Furthermore, for the sake of simplicity we suppose the energy of
the proton to be equal Er = 1/2�w, i.e. energy of the harmonic
oscillator ground level. Since the solution of the Schroedinger
equation describing the harmonic quantum oscillator is a well
known result, we can write out this solution for the wells 1 and 2
in case of isolated harmonic potential wells:

ĤjW j = e0y j, j = 1, 2, (15)

where Hamiltonian Ĥj = T̂ + Uj, T̂ denotes an operator of kinetic
energy, e0 = Er = 1/2�w is a quantum oscillator ground state
energy. At ground state, eigenfunctions of operators Ĥ j are as
follows:

y x p x d y x p x d1
1 4 1

2
2

2
1 4 1

2
2( ) exp ( ) , ( ) exp ( ) ,/ /= - +( ) = - -( )- - (16)

where x = x
x0

is a dimensionless coordinate, d = d
x
/ 2

0
is a dimen-

sionless position of the potential minimum on x axis, x
m0 = �

w is
the magnitude of the proton zero-point oscillations.

For the complete system of joined potential wells the following
expression for the Hamiltonian holds

184 | Photochem. Photobiol. Sci., 2009, 8, 181–195 This journal is © The Royal Society of Chemistry and Owner Societies 2009



Ĥ = T̂ + U 1 + U 2 = Ĥ1 + U 2 = Ĥ1 + U 2 = Ĥ2 + U 1. (17)

Since wave functions (16) are not eigenfunctions of Hamiltonian
(17), the states described by them are stationary, i.e. they change
with time. In order to find time dependence of these states, we
consider non-stationary Schroedinger equation with Hamiltonian
(17)

i
t

H�
∂
∂

=
y

yˆ . (18)

We express wave function y as a linear combination

y (t) = a1(t)y 1 + a2(t)y 2. (19)

Coefficients aj(t) in states superposition (19) are the weight factors,
that determine the probability pj(t) of state y j realization: pj(t) =
|aj(t)|2. Using the standard method of variations we obtain the
following expressions for pj(t) (see Appendix A):

p t a k t

p t a k t

1 1
2 1

2 0

2 2
2 1

2 0

1

1

( ) | | cos( ,

( ) | | cos( ,

= = +( )
= = -( )

Ï
Ì
Ô

Ó

p

pÔÔ
(20)

where

k 0
22

ª ¥ -
n
p

d dexp( ). (21)

Here n ∫ nH = w/2p denotes frequency of proton linear oscillations
within a well, and d = d

x
/ 2

0
(d/2 is equal to the half distance between

two minimums of the double well potential). If a hydrogen bond
is formed by deuterium D then other parameters provided being
the same the frequency is n nD H= 1

2
.

Formula (21) is an approximate expression for proton tunneling
probability, since, first, we did not take into account excited
states of the oscillator, and, second, the real potential can be
approximated by a harmonic one only in the vicinity of the poten-
tial minimum. Hence, the values of k0, calculated using formula
(21) should be regarded as order of magnitude estimations. The
expressions (21) and (8) fully determine relaxation time t within
hydrogen bond double well potential.

C. Hydrogen bond strain

We have considered the process of proton tunneling along a
hydrogen bond within double well potential. We also have made a
default assumption, that the proton locates on the line connecting
two electronegative atoms, which form the hydrogen bond. This is
the case of the so-called strainless hydrogen bond. In this case it is
the most strong hydrogen bond.17 However, in real environments
thermal motion of atoms or conformational changes may cause
reorientation of molecules or their fragments. This may cause a
relative shift of molecule fragments, forming a hydrogen bond.
As a result, the hydrogen bond is strained or even torn. We are
interested in hydrogen bond bending strain, which corresponds to
the shift of a proton from the line connecting two electronegative
atoms which form the bond (Fig. 2). This strain causes changes
in hydrogen bond parameters, hence altering the probability of
proton tunneling and relaxation time.

One of the most evident consequences of hydrogen bond
bending strain is an increase of distance between double well
potential minima. In other words, hydrogen bond strain increases
the width of energy barrier separating potential wells. Fig. 2

Fig. 2 Schematic depiction of a strained hydrogen bond O ◊ ◊ ◊ H–N,
formed by the electronegative oxygen O and nitrogen N atoms. Notation:
l, covalent bond length H—N; 2d0, the distance between the potential
minima of strainless hydrogen bond; q, angle of hydrogen bond strain.
Circles labeled with p, two proton localization areas. Dark circle, current
proton localization. Dashed line Op denotes hydrogen bond. Coordinate
planes (x¢, h¢) and (x¢¢, h¢¢) describe the space of two-dimensional harmonic
oscillations of a proton within localization area (see in text).

presents the scheme of strain of a hydrogen bond formed by
molecular fragments R1–O–H–N–R2 (R1 and R2 are not shown, O,
H, N denote oxygen, hydrogen and nitrogen atoms respectively).
The following notation is used in the figure: circles p¢, p¢¢ denotes
proton localization area within double well potential of strained
hydrogen bond; gray circle p¢¢ denotes an area where the proton is
being localized now; l is the length of H–N covalent bond; 2d0 is the
distance between potential minima in case of strainless hydrogen
bond; 2d is the same distance in case of strained hydrogen bond; q
is strain angle, i.e. angle contained by covalent bond H–N and line
connecting proton and nitrogen atom ON. Using triangle Op¢¢N
(Fig. 2) one can obtain an expression for the distance 2d between
potential minima as a function of angle q:

d q d d q( ) ( ) sin ( / ) .= + + ¥ÈÎ ˘̊
0
2

0
2

1

22 2l l (22)

Since expression (22) is an exponential factor of expression (21),
even slight variations of angle q may cause considerable increase
of characteristic tunneling time of a proton, and hence increase of
relaxation time (8).

Note that expression (21) was obtained for the case of one-
dimensional potential (coordinate is x or x) along hydrogen bond
line. This potential is a potential energy surface profile cross-
section which can be obtained as a result of potential energy
surface dissection along hydrogen bond line (reaction coordinate).
In general, we should consider the tunneling process in three-
dimensional space in case of a strained bond. Suppose that proton
is located within three-dimensional harmonic potential well (x,
h, z are spatial coordinates), and proton vibrations along each
coordinate are of the same frequency. In this case the problem of
proton tunneling in three-dimensional space is analogous to the
problem considered above. Though in this case potential energy
dissection is made along the line, connecting centers of proton
localization, i.e. along the line p¢p¢¢ (Fig. 2).
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Now we discuss the problem of possible hydrogen bond defor-
mation mechanisms. The evident factor is a thermal motion of
atoms and molecules. Temperature is a measure of the intensity of
atoms motion. The increase in temperature always causes thermal
expansion of bodies (except some rare cases, for example water in
temperature gap 0–4 ◦C). It is a consequence of atom motion
intensification, which may be characterized as an increase of
average interatomic and intermolecular distances. The less strong
a bond the more elongation it undergoes. For example in case of
hydrogen the following equation holds:

d0(T) = d0(0)(1 + a tT), (23)

where at is a factor of thermal expansion, T the absolute
temperature.

Within a condensed medium, the types of molecular motions
that cause periodic changes of molecular groups relative ori-
entation are torsional and librational vibrations. These degrees
of freedom correspond to free molecules rotational degrees of
freedom. Average energy that falls at single degree of freedom
equals 1/2 kbT . Denoting hydrogen bond bending strain rigidity
as g ([g] = J rad-2), one can obtain an expression for average angle
of deviations of librational oscillator during its period

q ª
k T

g
b

2
. (24)

It follows from (23) and (24), that effective distance between
potential minima of a hydrogen bond under stress (effective width
of the barrier) changes with temperature of the medium. Hence
factor k0 (21) and protonic relaxation time t (8) are temperature
dependent.

As we have noted above, hydrogen bond deformation can
be caused not only by molecular thermal motion, but also by
conformational changes of molecular structure. Let us suppose
that in first conformation a hydrogen bond is strainless, and in
the second one it is distorted by angle qC . In this case, the state
of the bond is determined by the activative process of transitions
between the conformations. These transitions can be described
using a theory of transition complex. The kinetic scheme that
describes changes of conformational states populations N1 and
N2 is analogous to the scheme (6). Based on this, one can derive
an expression for parameter 〈d(qC〉:

〈d(qC ,t)〉 = N1d0 + N2d(qC) = d(qC) - N1(d(qC) - d0), (25)

where time evolution t r of population of conformational state 1
(i.e. conformation that corresponds strainless hydrogen bond) is
analogous to expression (7):

N1(t) = N10exp(-t/t r) + (1 + KC)-1(1 - exp(-t/t r)). (26)

Here KC denotes equilibrium constant of conformational tran-
sition, which is determined by free energy difference DGC of
corresponding states

KC = exp(-DGC/kbT). (27)

If a change of electronic state of a molecular system causes
change of a potential energy surface profile along conformational
coordinate, the expression (33) transforms to an expression
analogous to (9):

N1(t) = (1 + KC1)-1exp(-t/t r) + (1 + KC2)-1(1 - exp(-t/t r)), (28)

where KC1 and KC2 are constants of equilibrium (27) determined
by corresponding free energy differences DGC1 and DGC2.

The mechanisms of hydrogen bond deformation due to libration
of molecules and due to conformational changes are essentially
different from each other. The first one is universal by nature; it
takes place in any system and causes a wide range of hydrogen
bonds deformations. On the contrary, the second one occurs
only upon conformational change and causes deformation of a
distinct magnitude—the angle qC . We do not discuss thoroughly
the conformational mechanism of hydrogen bond strain here, since
we suppose to discuss it in separate paper. In the current paper
we confine the discussion to mechanism of librational distortions
only (24) taking into account media thermal expansion (23).

II. Parameters general analysis

The values of relaxation time t , electrostatic potential at a fixed
point of a system j and change of this potential during relaxation
Dj depend on many parameters. We are going to discuss them and
find the most critical.

A. Relaxation time s

According (8), (21)–(24) the value of protonic relaxation time
t depends on n, l, d0, at, g, u, uph, T. Now we discuss them
sequentially.

Frequency n of proton vibrations within the well corresponds
to the frequency of its valence vibrations. According experimental
measures its values belong the range 1.05–0.75 ¥ 1014 s-1. Hence,
the magnitude of proton zero-point vibrations belong the range
0.098 ≤ x0 ≤ 0.116 Å, so we take it to be equal x0 ª 0.107 Å.

The length of covalent bonds between hydrogen atom and
oxygen or nitrogen atoms (H–O, H–N) can be supposed to be
constant and equals l = 1 Å. Distance d between double well
potential minima can be assessed based on the data for distances
R between electronegative atoms forming the hydrogen bond.
Typical values are from 2.7 up to 3.1 Å. Hence distance d lies
within an interval 0.7 < d < 1.1 Å and parameter d0 = 0.5d/x0

belongs in the interval 3.3 < d0 < 5.1. For our estimations we take
d0 = 4.

According to data20 obtained using high resolution NMR
techniques, the linear thermal expansion factor of a hydrogen bond
equals a t = 1.7 ¥ 10-4 K-1. During a temperature increase from 0
to 300 K, hydrogen bond length increases only by 5%. Although
the effect is small it is worth accounting for, since parameter d is
contained in exponential factor of expression (21).

Hydrogen bond bending strain rigidity g is the most poorly
defined parameter. Estimation of its order of magnitude is based
on the data for frequencies of rotational and deformational
vibrations of molecules forming hydrogen bonds: g = Iw2, where I
denotes moment of inertia of a molecule and frequency w equals
either the frequency of rotational vibrations wt or the frequency of
deformational vibrations wb. Frequencies of rotational vibrations
belong an interval 27–9 ¥ 1012 s-1, and frequencies of deformational
vibrations are less than wb < 1.5 ¥ 1012 s-1. Broad absorption bands
corresponding to these vibrations are registered within various
media, for example in water. Using the value of the water molecule
moment of inertia we estimated the value of parameter g to be in
the range 10-21 ≤ g ≤ 10-19 J rad-2 (or 0.6 ¥ 10-2 ≤ g ≤ 0.6 eV rad-2).
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The value of the energy gap u as well as the energy of absorbed
phonons uph are also undefined variables. However parameter
u causes minor changes of relaxation time. Actually, according
(8), change of u from 0 to • causes only a twofold change of
time t . Hence we postpone the discussion of this parameter until
discussion of electrostatic potential, where it plays an essential role.
It is quite hard to tell something about uph value confidently. If the
condition uph >> kbT holds true, the value of uph may become
critical. Although, taking into account high spectral density of
vibrational modes of polyatomic systems we suppose it to be
comparable with kbT: uph ~ kbT. Since we estimate just the order
of magnitude of the relaxation time, this assumption is quite
reasonable. It is possible to give some arguments in favor of this
assumption. According to (8), (21), (22) and (24), the following
approximation at the condition q << 1 is true:

t dμ + +
Ê
ËÁ

ˆ
¯̃

exp ( )2
80 l l
k T

g

u

k T
b ph

b

The value of t is minimal at u
l l k T

g
k Tph

b
b=

+( )2

8
0d

. Hence, for

the process of protonic relaxation to be effective, it is necessary
to fulfil the condition uph < nkbT, where n is equal to several
units. If we accept that uph is constant we obtain non-monotonic
temperature dependence of the relaxation time. We have discussed
an analogous problem early.11

The last parameter, announced above, is a medium temperature.
In general, temperature is an important factor, which enables one
to make a qualitative comparison of calculated parameters with
experimentally measured ones and make some conclusions about
validity of used assumptions.

Fig. 3 presents the dependence of log 10(t/[s]) on the value
of hydrogen bond bending strain rigidity g (a) as well as on
temperature (b). Fig. 3(a) presents curves for four temperature
values: 1–30, 2–100, 3–200, 4–300 K. As one can see, relaxation
time t depends on hydrogen bond bending strain rigidity in a

Fig. 3 The dependence of log 10(t/s) (see in text) on the value of hydrogen
bond bending strain rigidity g (a) and on temperature (b). The curves in
subplot (a) are presented for four different temperature values: 1–30, 2–100,
3–200, 4–300 K. The curves in subplot (b) are presented for four different
values of parameter g: 1–1 ¥ 10-20, 2–0.8 ¥ 10-20, 3–0.5 ¥ 10-20, 4–0.3 ¥
10-20 J rad-2.

crucial fashion. For example, at temperature 300 K (curve 4)
change of g by 1 order of magnitude causes a change of t by
30 orders of magnitude. Even at T = 30 K (curve 1), protonic
relaxation time changes by several orders of magnitude. Thus the
process of protonic relaxation is very sensitive to this characteristic
of hydrogen bond.

Fig. 3(b) presents curves for three values of parameter g: 1–1 ¥
10-20; 2–0.8 ¥ 10-20; 3–0.5 ¥ 10-20; 4–0.3 ¥ 10-20 J rad-2. According to
the presented curves, temperature change from 5 to 350 K causes a
change of protonic relaxation time by several orders of magnitude.
For example, when g = 0.3 ¥ 10-20 J rad-2 relaxation time changes
almost by 15 orders of magnitude (curve 4). The more rigid the
hydrogen bond the less are the changes in protonic relaxation time
(see curve 1). When the rigidity is about 5 ¥ 10-20 J rad-2, relaxation
process due to hydrogen bond bending strain is virtually stopped.

Using these estimations, one can say that the most crucial
parameter is hydrogen bond bending strain rigidity g. Another
crucial parameter is a medium temperature T. The parameter uph

is not crucial, unless its value is larger than several kbT.

B. The electrostatic potential u

Now we discuss electrostatic potential (10) and (12). The value of
electrostatic potential at the observation point depends mainly on
the value of partial charge of the proton ep. We have already noted
above that the value of a proton partial charge is determined by
spatial electron density distribution of a molecule upon formation
of a covalent bond between electronegative atom and the proton.
According to quantum chemical calculations ep values varies from
0.3 e up to 0.5 e (e, elementary charge). For our estimations we
use the value ep = 0.4 e.

We suppose geometrical parameters r1, r2 and angle a, contained
by the vector r1 and the line of a strainless hydrogen bond, to be
temperature independent, since we suppose that the condition
|r1,2| >> d holds, where d denotes distance between hydrogen
bond potential minima (Fig. 1). These parameters are determined
by molecular structure and we suppose them to be constant. In this
connection it is worth noting that the most probable participants
of the relaxation process are hydrogen bonds within the closest
environment of an electron accepting center as well as hydrogen
bonds within water clusters in the neighbourhood of an electron
accepting center. Further we suppose that the closest environment
implies the structure contained by the spherical region with radius
15–20 Å and centered at the center of an electron localization
area. We also suppose that distances from electron localization
area center and protons of hydrogen bonds belong to the interval
3 ≤ |r| ≤ 15 Å. The angle a (Fig. 1) has any value. Hence we use

for numerical estimations the value cos2 1
2a = .

Media dielectric permeability e is also an important parameter.
In the case of biological molecular systems, dielectric permeability
implies static dielectric permeability. Its value is supposed to be
equal to some average macroscopic value, which characterizes
certain media. For example, in the case of water solutions it
is supposed to be equal to 80, and in the case of proteins or
membranes it is 2–5. However one should note that biological
media are highly heterogeneous. Hence local values of e may vary
considerably across the system. Furthermore, one should note,
that dielectric permeability of a biological medium due to dipole
orientational mechanism of polarization possess a dispersion in
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frequency interval from 107 to 1012 Hz. Hence in the case of
processes with characteristic times in pico- or nanosecond range
one should take into account medium inertia. Since a medium
inertia property depends on temperature, the value of e depends
on temperature as well. Hence e = e(r, w, T). In reference 10 it
was shown that the part of the medium reorganization energy lo

is compensated due to relaxation process of medium dielectric
permeability upon electron transfer reaction

l
e eo

s
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where e• denotes dielectric permeability at high frequencies; it is
often supposed to be equal e• = n2, where n denotes medium
optical refraction factor, which is due to electronic polarization of
molecules; es denotes static dielectric permeability; r1 and r2 are
the radii of the reactants; r12 is the distance between the centers
of the reactants. Thorough consideration of biological medium
polarization mechanisms goes beyond the limits of this paper, since
it demands a special discussion. Further we suppose dielectric
permeability to be constant and equal e = 4.

As we have noted above, the less defined parameter is the
parameter u, which characterizes energy difference between the
states when the proton is localized within different wells of a
hydrogen bond double well potential (Fig. 1). Fig. 4 presents
possible changes of a molecular system potential surface profile
along the hydrogen bond line upon change of the system electronic
state. The first case corresponds to a profile transition from shape
(a) to shape (b) (see Fig. 4). During this transition energy levels
shift, however the energy level of the first well remains the lower
one, i.e. the following condition for energy levels difference holds:
u1 > 0 and u2 > 0. The second case corresponds to profile transition
from shape (c) to shape (d) (see Fig. 4). In this case the energy
level of the first well shifts upward relative to the energy level of
the second well in reply to a change of system electronic state, i.e.

Fig. 4 The scheme illustrating possible changes of system potential energy
surface profile along the hydrogen bond, due to a change of system
electronic state. The first case corresponds to a profile transition from shape
(a) to shape (b). During this transition energy levels shift, however energy
level of the first well remains the lower one, i.e. the following condition
for energy levels difference holds: u1 > 0 and u2 > 0. The second case
corresponds to profile transition from shape (c) to shape (d). In this case
the energy level of the first well shifts upward relative to the energy level
of the second well upon change of system electronic state, i.e. u1 > 0 and
u2 < 0.

u1 > 0 and u2 < 0. These changes of a hydrogen bond potential
cause changes in a potential well’s populations relative to its initial
values, which is described by the formula (9). Numerical values
of parameters u1 and u2 are not limited by any condition. If
|u1,2| >> kbT, single well hydrogen bond potential exists. Ob-
servable variations of electrostatic potential (10) may take place
only under the condition |u2| <0.5 eV, while starting conditions,
i.e. the value of |u1|, do not play any role.

Let us illustrate the character of temperature dependence of
electrostatic potential variations at an observation point using
several examples. Fig. 5 presents an illustration of electrostatic
potential j(A) temperature dependence at observation point A,
which is 5 Å aside from the hydrogen bond proton (the angle
a = 30◦). The curves correspond to the first case of hydrogen
bond potential profile change, which corresponds to (a) → (b)
transition (Fig. 4): u1 = 0.1 eV → u2 = 0.05 eV. An electron
lifetime at electron accepting center, which limits the time of
protonic relaxation, equals t e = 0.1 s. Different curves correspond
to different hydrogen bond bending strain rigidity: 1, g = 0.1 ¥
10-20; 2, g = 0.3 ¥ 10-20; 3, g = 0.5 ¥ 10-20; 4, g = 0.7 ¥
10-20 J rad-2. Non-monotonic character of j(T) dependence is due
to a decrease of the second well population upon intensification of
backward proton transitions with temperature rise. At the same
time, due to hydrogen bond strain increase at high temperatures,
this curve gradually passes into the curve for small rigidity. At high

Fig. 5 The figure illustrates electrostatic potential j(A) temperature
dependence at observation point A, which is 5 Å aside from the hydrogen
bond proton (angle a = 30◦). The curves correspond to the first case
of hydrogen bond potential profile change, which corresponds to (a) →
(b) transition (Fig. 4): u1 = 0.1 eV → u2 = 0.05 eV. An electron lifetime
at electron accepting center, which limits the time of protonic relaxation
equals t e = 0.1 s. Different curves correspond to different hydrogen bond
bending strain rigidity: 1, g = 0.1 ¥ 10-20; 2, g = 0.3 ¥ 10-20; 3, g = 0.5 ¥ 10-20;
4, g = 0.7 ¥ 10-20 J rad-2. Non-monotonic character of j(T) dependence
is due to decrease of the second well population upon intensification of
backward proton transitions with temperature rise. At the same time,
due to hydrogen bond strain increase at high temperatures, this curve
gradually passes into the curve, that corresponds the case of small rigidity.
Hence, at high temperatures electrostatic potential varies mainly due to
relaxation under condition of strained hydrogen bond. This, in turn, is due
to considerable dependence of protonic relaxation time on hydrogen bond
bending strain and temperature (Fig. 3(a,b)).

188 | Photochem. Photobiol. Sci., 2009, 8, 181–195 This journal is © The Royal Society of Chemistry and Owner Societies 2009



temperatures electrostatic potential varies mainly due to relaxation
under condition of strained hydrogen bond. This, in turn, is due to
considerable dependence of protonic relaxation time on hydrogen
bond bending strain and temperature (Fig. 3(a,b)). With the rise
of parameter g value, the magnitude of potential change increases,
and curve maximum shifts toward high temperatures region. For
example, the maximum of curve 3 is located at 220 K, and the
value potential changes magnitude equals 3 mV.

Fig. 6 presents an illustration of electrostatic potential j(A)
temperature dependence at observation point A in the case of
hydrogen bond potential profile transition (c) → (d) (Fig. 4): u1 =
0.1 eV → u2 = -0.05 eV. An electron lifetime at the electron
accepting center, which limits the time of protonic relaxation,
equals t e = 0.1 s. Different curves correspond to different hydrogen
bond bending strain rigidity, just like in the case of Fig. 5: 1, g =
0.1 ¥ 10-20; 2, g = 0.3 ¥ 10-20; 3, g = 0.5 ¥ 10-20; 4, g = 0.7 ¥ 10-20 J
rad-2. In contrast to the first case (Fig. 5), in this case electrostatic
potential decreases with temperature monotonically. It is due to
an increase of protonic relaxation time with temperature. Same
as in the first case, at low temperatures the curves coincide,
which is due to fast protonic relaxation. The lower the value of
g, the more pronounced is hydrogen bond strain increase with
temperature. Thus, the more rigid is a hydrogen bond, the wider
is a temperature gap where the potential value is approximately
constant. The relation between u1 and u2 determines the steepness
of the transition to the case of highly strained hydrogen bond.

Fig. 6 The illustration of electrostatic potential j(A) temperature depen-
dence at observation point A in case of hydrogen bond potential profile
transition (c) → (d) (Fig. 4): u1 = 0.1 eV → u2 = -0.05 eV. An electron
lifetime at electron accepting center, which limits the time of protonic
relaxation equals t e = 0.1 s. Different curves correspond to different
hydrogen bond bending strain rigidity, just like in case of Fig. 5: 1, g = 0.1 ¥
10-20; 2, g = 0.3 ¥ 10-20; 3, g = 0.5 ¥ 10-20; 4, g = 0.7 ¥ 10-20 J rad-2. Contrary
to the first case (Fig. 5), in this case electrostatic potential decreases with
temperature monotonically, due to increase of protonic relaxation time
with temperature. Same as in the first case, at low temperatures, when
hydrogen bond strain is insufficient, the curves, corresponding to different
values of g, coincide. The lower the value of g, the more pronounced is
hydrogen bond strain increase with temperature. Upon reachingthe critical
value of bond strain, the process of protonic relaxation slows down. This
corresponds to descent to the values typical for the curves corresponding
to small values of g.

Fig. 7 illustrates temperature dependence of electrostatic po-
tential j(A) in case of g = 0.5 ¥ 10-20 J rad-2. The curves are
presented for different relations between u1 and u2. In all cases the
value of u1 is the same and equals u1 = 0.1 eV, while the value
of u2 varies from -0.05 eV to 0.05 eV: 1, u2 = 0.05; 2, u2 = 0.02;
3, u2 = 0.05; 4, u2 = 0; 5, u2 = -0.01; 6, u2 = -0.02; 7, u2 =
-0.05 eV. According to the figure, in the temperature gap from low
temperatures up to the temperature of steep decrease the curves
are symmetric relative to curve 4. This is a result of the mutual
symmetry of u1 and u2 parameters. When temperature reaches the
value which corresponds to the highly strained hydrogen bond
(approximately 230 K in case of the used value of g), all four curve
variations become the same. This results from protonic relaxation
slow down, i.e. considerable relaxation time t increase (Fig. 3).

Fig. 7 Electrostatic potential j(A) temperature dependence at observa-
tion point A, which is 5 Å aside from the hydrogen bond proton (the angle
a = 30◦), g = 0.5 ¥ 10-20 J rad-2. The curves are presented for different
relations between u1 and u2. In all cases the value of u1 is the same and
equals u1 = 0.1 eV, while the value of u2 varies from -0.05 eV to 0.05 eV:
1, u2 = 0.05; 2, u2 = 0.02; 3, u2 = 0.05; 4, u2 = 0; 5, u2 = -0.01; 6, u2 =
-0.02; 7, u2 = -0.05 eV.

An interesting aspect of potential j(T) variation temperature
dependence is the change of temperature value corresponding to
steep transition, which depends on electron life time t e at electron
accepting center. As we have noted above, this time confines the
time of protonic relaxation. Since the time of protonic relaxation
t depends on temperature and rises with temperature increase
(see Fig. 3b), at high temperatures the relaxation process can not
be completed during the given period of time. Fig. 8 illustrates
temperature dependence of electrostatic potential j(T) in different
cases of electron life time at accepting center t e. Observation point
A is located 5 Å aside of the hydrogen bond proton (angle a =
30◦), g = 0.5 ¥ 10-20 J rad-2. Presented curves correspond to the
second type of change of hydrogen bond potential profile ((c) →
(d), Fig. 4): u1 = 0.1 eV → u2 = -0.05 eV. Curves 1, 2, 3, 4, 5, 6
correspond the following values of t e: 10-3, 10-2, 10-1, 1, 10, 102

s. Such a trend of curves is determined by the relation of electron
life time at accepting center t e and relaxation time t , which is also
temperature dependent. For example, if the system temperature
value equals 250 K, full relaxation takes about 1 s. Hence, if t e <

1 s at this temperature, the system will not reach its equilibrium
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Fig. 8 Temperature dependence of electrostatic potential j(A) in different
cases of electron life time at accepting center t e. Observation point A is
located 5 Å aside of hydrogen bond proton (angle a = 30◦), g = 0.5 ¥
10-20 J rad-2. Presented curves correspond to the second type of change of
hydrogen bond potential profile ((c) → (d), Fig. 4): u1 = 0.1 eV → u2 =
-0.05 eV. Curves 1, 2, 3, 4, 5, 6 correspond the following values of t e: 10-3,
10-2, 10-1, 1, 10, 102 s.

state in terms of protonic relaxation, and the value of electrostatic
potential at point A will not reach its maximal value.

III. The temperature dependence of reaction (1) free
energy DG

Electrostatic potential j(A), generated by the molecular environ-
ment at electron localization area, makes a contribution to the
system energy state by shifting electronic energy levels. This causes
changes in system redox potential as well as free energy difference
of various molecular processes. One such process is the reaction
of recombination P+QA

- → PQA, which is an electron transfer
from the primary quinone at the bacteriochlorophyll dimer within
Rhodobacter sphaeroides RC. As it was noted in the introductory
part of this paper, it is impossible to justify this reaction rate
temperature dependence on the basis of conventional theoretical
approaches. In order to achieve a compliance of calculated values
with experimental ones, one should make some extra assumptions:
either energy of reorganization l, which accompanies this process,
or free energy DG of this process is temperature dependent.
Authors of papers devoted to the study of this problem, for
example references 4 and 7, point out, that experimental data does
not permit one to distinguish which of these parameters (either l
or DG) vary with temperature.

Now we turn to expression (13), which describes variation of the
energy of electrostatic interaction between an electron, localized
at point A, and partial charge at the hydrogen bond proton. Using
eqn (12), (21)–(24) and the values of corresponding parameters
one can calculate the shift of a system electronic level due to this
interaction. The shift of the corresponding electronic level implies
a change of midpoint redox potential of the system, i.e. change of
reaction free energy DG. Since Dj(A) is temperature dependent,
DG depends on temperature as well. According to (11) and (13)

the temperature dependence alteration of free energy difference
DG(T) is the following equation

D D DG T E E Tm m( ) ( ( )),max= - - (29)

where DE em
max ( )= - -j j2 1 . Using the equalities (12), (8) and also

(21)–(24), one can obtain the explicit expression for DG(T).
Fig. 9 presents the experimental results4 of reorganization

energy l(T) temperature dependence (circles) and fit results for
DG(T) using the expressions (12), (13), (8) and also (21)–(24)
(solid lines). The following generally accepted parameter values
were used: |r| = 4 Å, a = 0 rad, l = 1 Å, e = 3, n = 1014 s-1, u1 =
1 eV. Other parameters have somewhat different values: ep = 0.46 e,
uph = 0.01 eV, u2 = - 0.019 eV, g = 0.48 ¥ 10-20 J rad-2 and d = 0.8 Å
(almost weak H-bond) (curve 1); ep = 0.52 e, uph = 0.01 eV, u2 =
- 0.018 eV, g = 0.35 ¥ 10-20 J rad-2 and d = 0.7 Å (H-bond of
medium strength) (curve 2); ep = 0.63 e, uph = 0.014 eV, u2 =
- 0.016 eV, g = 0.27 ¥ 10-20 J rad-2 and d = 0.6 Å (strong short H-
bond) (curve 3). Also it was taken in to account that the primary
quinone QA forms two hydrogen bonds. As one can see, there is a
quite good agreement between calculated and experimental values.

Fig. 9 The experimental results4 of reorganization energy l temperature
dependence (circles) and fitting the results for DG(T) using the expressions
(12), (13), (8) and also (21)–(24) (solid lines). The following common
parameters values were used: |r| = 4 Å, a = 0 rad, l = 1 Å, e = 3,
n = 1014 s-1, u1 = 1 eV. Others parameters have different values: ep =
0.46 e, uph = 0.01 eV, u2 = - 0.019 eV, g = 0.48 ¥ 10-20 J rad-2 and d =
0.8 Å (almost weak H-bond) (curve 1); ep = 0.52 e, uph = 0.01 eV, u2 =
- 0.018 eV, g = 0.35 ¥ 10-20 J rad-2 and d = 0.7 Å (H-bond of medium
strength) (curve 2); ep = 0.63 e, uph = 0.014 eV, u2 = - 0.016 eV, g = 0.27 ¥
10-20 J rad-2 and d = 0.6 Å (strong short H-bond) (curve 3).

Two comments are appropriate here:
1. According to experimental results4 the rate constant value

of electron transfer in reaction (1) varies from 44 s-1 (10 K) to
11 s-1 (293 K) (wild type RC). Hence, the characteristic time t e

of this reaction lies between 0.023 s (10 K) and 0.09 s (293 K).
The temperature dependence of the protonic relaxation time t
(log10 (t)) for each DG(T) curve is presented in Fig. 10 (it is very
interesting that all lines intersect in a single point near 220 K).
It can be seen that t << t e if T < 150 K and, on the contrary,
t >> t e when T > 250 K for all cases. Therefore, according to
the standard classification the electron transfer process (1) is an
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Fig. 10 The temperature dependence of relaxation time (log10 (t/[s]) for
different type of the hydrogen bonds: 1, almost weak H-bond (d = 0.8 Å);
2, H-bond of medium strength (d = 0.7 Å); 3, strong H-bond (d = 0.6 Å).
For the values of others parameters see text or the legend to Fig. 9.

adiabatic process at T < 150 K and, in contrast; this process is
non-adiabatic at T > 250 K. In the temperature gap from 150 to
250 K the intermediate dynamical regime takes place.

2. The effect of isotopic replacement H → D. It is well known
that properties of hydrogen bonds can change if protons are
replaced by deuterons. The more obvious of them is the proton
vibration frequency (n), which for deuteron is decreased

√
2 times

as small. It was already noted above. The rigidity of H-bonds
(g) and the distance between minima of double well potential (d)
of these bonds also can change. According to literature data,17,18

these parameter values can vary by about 5–10%. Let us accept, for
example, that the rigidity is changed as: gH = 0.5 ¥ 10-20 J rad-2 →
gD = 0.55 ¥ 10-20 J rad-2 and also dH = 0.8 Å → dD = 0.76 Å.
Fig. 11 demonstrates possible changes of DGD(T) curve (labeled
by D2O) in comparison to DGH(T) curve labeled by H2O). For
the last, the following values of parameters were accepted: |r| =
3.6 Å, a = 0 rad, e = 3.5, n = 5 ¥ 1013 s-1, t e = 0.05 s, g = 0.5 ¥
10-20 J rad-2, uph = 0.0026 eV, u1 = 1 eV, u2 = -0.018 eV. In Fig. 11a
the right shift caused by changes of g parameter only is shown:
gH = 0.5 ¥ 10-20 J rad-2 → gD = 0.55 10-20 J rad-2. In Fig. 11b the
right shift caused by change of d parameter only is shown: dH =
0.8 Å → dD = 0.76 Å. In Fig. 11c the small left shift caused by

change of n frequency only is shown: nH → nD ( n n
D

H=
2 ). Finally,

in Fig. 11d the total effect of all these factors is shown. It leads
to the qualitative conclusion that the rate constant of electron
transfer reaction (1) in R. sphaeroides RC with D2O (ke|D(T))
would be some what higher in comparison to H2O (ke|H(T)) at
T > 180 K. This conclusion is in agreement qualitatively with
experimental observations.24

IV. Discussion

Above we have discussed one of the possible relaxation mecha-
nisms in a molecular system, which is due to proton redistribution
between two stable positions within a hydrogen bond double well
potential. This redistribution occurs due to changes of hydrogen
bond double well potential, caused by changes of the electronic

Fig. 11 Possible changes of DG temperature dependence in the case when
protons are replaced by deuterons: (a) the right shift of the curve is caused
by possible changing of the flexural rigidity of the hydrogen bond in D2O
only (gH = 0.5 ¥ 10-20 J rad-2 → gD = 0.55 ¥ 10-20 J rad-2); (b) in this
case also the right shift of curve takes place which is caused by possible
changing of the distance between two minima of double well potential only
(dH = 0.8 Å → dD = 0.7 Å); (c) the left shift of curve is caused by change

of frequency only (nH → nD ( n
n

D
H=
2

)); in this case the magnitude of

the shift is small and for better representation the temperature axis begins
at 150 K; (d) in this case all factors affect the shift of the curve.

state of a molecular system. A feature of the relaxation process
is that it takes place due to tunneling of protons along hydrogen
bonds and its efficiency depends essentially on hydrogen bond
bending strain, since it causes an increase in the efficient distance
between double well potential minima. The temperature rise
causes the increase in hydrogen bonds bending strain due to
the increase in atom thermal motion enhancement. Due to this
process, the efficiency of protons redistribution decreases abruptly.
Hence, the temperature rise slows down this relaxation process,
since, contrary to the activation processes, it is due to proton
tunneling along hydrogen bonds.

The most important factor which determines the magnitude
of the effect is a change of a hydrogen bond potential energy
profile due to the change of the system electronic state, which
implies either the appearance or disappearance of an electron
in the electron localization area. The most probable effect of
an electron appearance at the localization area (i.e. acceptor
reduction) is a deepening of the potential well minimum closest
to the electron localization area (Fig. 5). We considered this
case analyzing the reorganization energy temperature dependence,
presented in Fig. 9. At the same time we can not exclude
other possibilities, as noted above. Depending on the particular
situation, the equilibrium value of the system redox potential can
be either higher or lower than its initial value. This also determines
the trend of the temperature dependence j(T). According to Fig. 5,
the trend of this curve may be non-monotonic, while preserving
the general tendency to increase the potential with the temperature
rise. Another case corresponds to the temperature dependence
presented in Fig. 6. In this case the steep decrease occurs in the
narrow temperature gap, while at other temperatures the value of
the potential is almost constant.
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The important question is whether the realization of the
suggested mechanism in RC of Rhodobacter spaeroides is really
possible? As it is clear from the above material, the protonic
relaxation mechanism only takes place in the double well potential
hydrogen bond. Are H-bond potentials between Q-

A and HisM219
and AlaM260 double well potentials? Recently it has been found
that the H-bond between Q-

A and HisM219 is strong, hence,
according to the standard classification, this H-bond is quite likely
to be a single well potential.

The standard classification of the hydrogen bonds is based on
its strength and includes strong, medium and weak H-bonds.
The strong type of the H-bond is represented by a single well
potential or double well potential with low barrier. The distance
between heavy atoms of strong H-bond lies between 2.1 and 2.6 Å
whereas the hydrogen bond distance (H ◊ ◊ ◊ B) ranges from 1.2 to
1.6 Å. Hence, the parameter d which denotes the distance between
minima of double well potential should be d ≤ 0.6 Å. The medium
type of the H-bond is represented by highly anharmonic single
well potential compared to the non-hydrogen-bonded system.
The distance between heavy atoms in this case lies between 2.4
and 3.3 Å whereas the hydrogen bond distance ranges from 1.5
to 2.2 Å. Hence, the parameter d ranges from 0.5 to 1.2 Å
approximately. In the weak hydrogen bonds the potential is
characterized by an asymmetric double minimum in the general
case. The distance between heavy atoms is between 3.1 and 4.3 Å,
whereas the hydrogen bond distance ranges from 2.2 to 3.2 Å.
Hence, parameter d roughly ranges from 1.1 to 2.3 Å.

This classification presupposes that heavy atoms (or atomic
groups) of the H-bond are neutral (A–H ◊ ◊ ◊ B). However, if the
electronic state of the one of two heavy atoms changes then the
form of H-bond potential can essentially change in comparison
to the initial state (for example, in the case A–H ◊ ◊ ◊ B-). Therefore,
even if the H-bond is strong and has a single well potential curve in
a neutral state it does not mean that the form of this potential will
be retained as a single well after the change of the electronic state of
the molecular system. Moreover, there are many neutral molecular
structures with the strong and double well potential H-bonds.
For example, in the Zundel’s ion H5O2

+ or potassium hydrogen
carbonate (KHCO3) crystal the length of the H-bonds is 1.6 Å,
nevertheless these H-bonds have the double well potential.26 It has
been found that the compound 4-cyano-2,2,6,6-tetramethyl-3,5-
heptanedione has the shortest symmetrical O–H ◊ ◊ ◊ O hydrogen
bond with a double well potential.27 It also has been found28

that the proton occupies an asymmetric, double-well position
between oxygen atoms, confirming one of the shortest asymmetric
hydrogen bonds known in minerals with ROO = 2.464 Å.

In reference 21 it was found that in the neutral state the distance
R(O ◊ ◊ ◊ H) is equal to 2.05 Å for Ala and 1.9 Å for His whereas
in the reduced state (Q-

A) the distance R(O ◊ ◊ ◊ D) is equal to 1.73
and 1.6 Å, correspondingly. The geometry of both of these H-
bonds is non-linear and the form of the H-bond potential energy
surface can not be measured experimentally. It is very interesting
to compare these results with other experimental data, which was
published recently.23 For example, it has been shown that the head
group of QA

- undergoes a 60◦ rotation in the ring plane relative to
its orientation in the crystal structure (i.e. X-ray data). This result23

contradicts to the previous result.21 Indeed, such rotation means
that the H-bond between Q-

A and His is broken and it may be
that the H-bond between Q-

A and Ala is broken too. At the same

time, according to reference 21 these H-bonds are present in the
Q-

A state and, furthermore, are strong ones. We think that future
studies are needed to reveal the nature of the H-bond between Q-

A

and HisM219 and if it is a single well potential bond only.
In our ab initio calculations11,25 of the QA molecular model

it was shown that in the neutral state both H-bond potentials
between QA and HisM219 and between QA and AlaM260 are
medium asymmetric single well potentials. However, after the
reduction of QA (QA →Q-

A), potentials of both of these bonds
transform to the double well potentials and moreover the distance
between heavy atoms becomes shorter by 0.1 Å (2.8 → 2.7 Å).
The angle in N–H ◊ ◊ ◊ O is about 160◦ in both cases. The possibility
to apply the suggested protonic relaxation mechanism to concrete
RC R. sphaeroides processes was suggested on the ground of our
computational results.11,25

The P dimer is the second partner in the recombination reaction
P+QA

- → PQA. This cofactor has one H-bond with His L168
in the wild type RC. We carried out ab initio calculations of
the two molecular models: (P ◊ ◊ ◊ H–HisL168) (1) and (P+ ◊ ◊ ◊ H–
HisL168) (2) (atomic coordinates for the all RC’s molecules were
obtained from RCSB Protein Data Bank (PDB ID: 1AIJ)). In both
cases the H-bond potential is essentially a single well potential
(unpublished). It is quite clear that the energy of the ion pair state
(P–H+ ◊ ◊ ◊ His-) is higher than the initial state (P ◊ ◊ ◊ H–His) (model
(1)). This energy would be yet higher for the state (P+–H+ ◊ ◊ ◊ -His)
in comparison the initial state (P+ ◊ ◊ ◊ H–His) (model (2)). For the
H-bonds of the mutant RC the situation is obviously the same.
Since the protonic relaxation mechanism takes place only in the
double well potential we didn’t consider these H-bonds here.

Of course, an important role in this process belongs to protons
of hydrogen bonds formed by the electron accepting center
with its environment. However, it is quite likely that remote
hydrogen bonds, for example those within water clusters,22 can
also contribute. The electrostatic potential variation depends on
the hydrogen bond orientation relative to the electron localization
center and the distance r between the latter and the protons of
H-bonds. Evidently, the major effect is due to the radially oriented
hydrogen bonds. The total effect from the remote H-bonds can be
a large enough.

Charge recombination occurs at a different temperature than
charge separation. The difference between the two cases concerns
the initial state of the molecular system. In our model the initial
state is defined by the population value n1(0,T). In the initial (i.e.
neutral) state the H-bond potential is the asymmetric single well
potential, i.e. the parameter value u1 > 1 eV. Hence, n1(0,T) =
1 for any temperature. However, it is known5 that the cooling
of the RC in the light or in the dark from room temperature
to cryogenic temperature produces different electron transfer rate
constant values ke(T) of the reaction (1) and ke(T = cryogenic)
for cooling in the light RC approximately equals to ke(T = room).
It evidences conformation changes in the molecular structure of
the RC. The nature of possible conformation modifications in
the quinone site of RC R. sphaeroides are unknown and studied
actively now.23 If the conformation change modifies the quinone’s
H-bonds (and others) then such modification can be considered by
our theory. Indeed, the conformation change deforms of H-bond
and changes the parameter values d, u1, u2 and some others, and
hence, n1 and n2 change as well. If, for example, there are two stable
conformation states then it will be the two equilibrium values of
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d1 and d2. In this case the protonic relaxation mechanism occurs
coupled to the conformation relaxation, which can be described
using eqn (25)–(28). However, it is important to indicate concrete
conformation changes in the molecular structure of RC. Now we
continue ab initio calculations of a model molecular system of
the quinone’s site RC. Our model computations revealed possible
conformational transfer in the molecular structure of the quinone’s
environment following transition QA → Q-

A. However, the results
should be verified and therefore we haven’t discussed in detail this
question now. It is also important for the interpretation of the
mechanism of electron forward reaction Q-

AQB → QAQ-
B. For

example, this problem has been discussed in reference 23. It is
noteworthy that reactions P+Q-

A → PQA and Q-
AQB → QAQ-

B

are not coupled directly since the first reaction ends before the
second reaction starts at any temperature.

The third aspect which we want to discuss concerns a correlation
between l and DG. The change of the system electronic state
brings about the appearance of the H-bond double well potential
and causes some shift of the equilibrium position of the initial
potential well minimum. Taking to the account that the frequency
of proton vibrations within a potential well equals approximately
to 1014 s-1 (~3300 cm-1), this shift can be referred to as a
reorganization process of high frequency vibration modes in the
nuclear subsystem of a total molecular structure. According to
our computations,11 for the quinone’s H-bond this shift equals
approximately to Dx ª 0.16 Å. Using the well known expression

l w w= =
Ê
ËÁ

ˆ
¯̃

� �S
x

x
1
2

0

2
D

, where x0 is the magnitude of the zero-

point oscillations, the estimation l ∫ lL ª 530 meV is valid.
Note, in reference 4 the value of the high frequency part of
the reorganization energy is estimated as lL = 650 meV but the
frequency is equal to 1600 cm-1. This part of the reorganization
energy is temperature independent.

At the same time proton redistribution itself means that
the proton positions change. This reorganization occurs due
to the interaction with environment, which provides the energy
compensation equal to the energy lM = u2. Therefore, parameter
u2 can be considered as low frequency part of the reorganization
energy. At the same time the efficiency of the proton redistribution
process depends on the H-bond deformation, which in its turn
depends on temperature. Hence, it suggests that the protonic
relaxation process is a low frequency process of the medium
reorganization. It is necessary to note that the temperature
dependence of this reorganization process is determined by the
temperature dependence of the relaxation time t(T). In our model
lM = u2 ª 20 meV. Hence, the total reorganization energy is l =
lL + lM ª 550 meV.

The change of the electrostatic potential at electron localization
area, due to proton redistribution within the double well potential
of hydrogen bonds, causes the shift of the system electronic level. It
implies the change of the system redox potential, i.e. the change of
the free energy of the existing state. The temperature dependence
of the free energy difference, presented in Fig. 9, corresponds to the
temperature dependence of electrostatic potential at the electron
localization area, presented in Fig. 6. According to Fig. 6, the
absolute value of the electrostatic energy of the interaction between
hydrogen bonds protons and an excessive electron DE = |ej(T)|
decreases with the temperature rise. This implies the decrease of

the system redox potential (its electronic level shifts upwards). As
a result the free energy of the recombination (1) increases.

There is some doubt concerning the interpretation of the reor-
ganization energy itself. For example authors of reference 4 note
the following. If one supposes that an interaction that stabilizes
the state with separated charges increases with temperature, then
l should decrease and -DG should rise with temperature. On the
other hand, the same authors state that their experimental data
can be fitted using conventional theory, if one uses a single normal
mode 1600 cm-1, under the assumption that l decreases by several
hundred meV with the temperature rise. It will be recalled that the
experimental points, plotted in Fig. 9, were published in paper4 and
correspond to two-mode approximation of the theory in which the
reorganization energy rises with temperature. The mechanism of
protonic relaxation, discussed in our paper, corresponds to the
interaction, which stabilizes an electron at the accepting center
with the temperature decrease.

Appendix A

In order to find time dependence of these states, we consider the
non-stationary Schroedinger equation with Hamiltonian (17)

i
t

H�
∂
∂

=
y

yˆ . (A1)

We express wave function y as a linear combination

y (t) = a1(t)y 1 + a2(t)y 2, (A2)

of wave functions (16), taking into account phase factor

y y x y x
e

y y x y x
e

1 1 1
0

2 2 2
0

= = -Ê
ËÁ

ˆ
¯̃

= = -Ê

( , ) ( )exp ,

( , ) ( )exp

t i t

t i t

�

�ËËÁ
ˆ
¯̃

.

(A3)

Coefficients aj(t) in states superposition (A2) are the weight
factors that determine the probability pj(t) of state y j realization:
pj(t) = |aj(t)|2. These coefficients are related due to the normality
condition:

|a1|2 + |a2|2 = 1 (A4)

The condition a1 = 1, a2 = 0, corresponds to proton localization
within the first well, and condition a1 = 0, a2 = 1 to proton local-
ization within the second potential well. Intermediate conditions
correspond to proton delocalization between the wells.

Now we substitute (A2) into (A1), and multiply the result by y*1,
and integrate both parts of the equation over the spatial variable x.
Next we repeat the same manipulations except we multiply (A1) by
y*2. After these manipulations we arrive to the following system
of algebraic equations (here point denotes dime derivative)

i S a S a aV a V

i S a S a aV a V

� � �

� � �
( )( ) ,

( )( )

1

1
1 2 1 11 2 12

1 2 1 21 2 2

+ + = +
- + = + 22 ,

Ï
Ì
Ó

(A5)

where we use the following notation for matrix elements:

V U U dij i j= -
•

Úy y x*( )2 1

0

(A6)

and for overlap integral holds:
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S di j=
•

Úy y x* .
0

(A7)

Pay attention, that we integrate expressions (A6) and (A7) using
limits [0, •), and the difference equals U 2 - U 1 = -2�wdx. Due
to symmetry of the potential (14), the following relations between
matrix elements hold: V 11 = V 22, V 12 = V 21. Using these equalities
and starting conditions a1(0) = 1, a2(0) = 0, one can easily
find the solution of the system of eqn (A5). The expressions for
probabilities pj(t) follow:

p t a t

p t a t
1 1

2 1
2

2 2
2 1

2

1

1

( ) | | ( cos( )),

( ) | | ( cos( )),

= = +
= = -

Ï
Ì
Ô

ÓÔ

W
W

(A8)

where X denotes the frequency of proton quantum oscillations
between states y 1 and y 2 (the so-called Rabi frequency)

W =
-
-

V V

S
11 12

21�( )
. (A9)

As one can see from the expression (A8), the probability of
realization of state y j, which corresponds to proton localization
within the j-th well, varies periodically between 0 and 1 with
time period t 0 = p/X. Hence the probability of proton transition
between the wells per time unit can be expressed as follows

k
V V

S0
0

11 12
2

1

1
= =

-
-t p�( )

. (A10)

After evaluation of the integrals (A6) and (A7) using functions
(16), and assuming the overlap integral S to satisfy the condition
S = exp(-d2) 
 1, which is almost always true, one can express
the final result as follows

k 0
22

ª ¥ -
n
p

d dexp( ), (28)

where v = w/2p denotes frequency of proton linear oscillations

within a well, and d =
d

x

/ 2

0

. Note that the same result for the k0

was obtained using different approach in reference 19.
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