
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Temperature dependence of the inelastic electron tunneling
H. Nishiokaa; T. Yamatoab; T. Kakitanic

a Department of Physics, Graduate School of Science, Nagoya University, Nagoya, Japan b CREST,
Japan Science and Technology Agency, Saitama, Japan c Department of General Education, Faculty of
Science and Technology, Meijo University, Nagoya, Japan

To cite this Article Nishioka, H. , Yamato, T. and Kakitani, T.(2006) 'Temperature dependence of the inelastic electron
tunneling', Molecular Simulation, 32: 9, 727 — 734
To link to this Article: DOI: 10.1080/08927020600835665
URL: http://dx.doi.org/10.1080/08927020600835665

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020600835665
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Temperature dependence of the inelastic electron tunneling

H. NISHIOKA†, T. YAMATO†‡ and T. KAKITANI{*

†Department of Physics, Graduate School of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan
‡CREST, Japan Science and Technology Agency, 4-1-8 Hon-cho Kawaguchi, Saitama 332-0012, Japan

{Department of General Education, Faculty of Science and Technology, Meijo University, Tempaku-ku, Nagoya 468-8502, Japan
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The property of the anomalous inverted region in the energy gap law which was found in the recent non-Condon theory of the
electron transfer (ET) in protein media is investigated in more detail in relation to the inelastic electron tunneling. The
physical aspect of the inelastic electron tunneling is theoretically discussed and schematically explained. Since it was
previously shown that the inelastic electron tunneling mechanism worked significantly due to an exponential-like decay of the
autocorrelation function of the electron tunneling matrix element with a small correlation time at 300 K, we investigated
whether the similar exponential-like decay of the autocorrelation function is obtained or not and how the correlation time is
changed at low temperatures. For this purpose, numerical calculations for the electron tunneling matrix element in the ET at
77 K from bacteriopheophytin (Bph) anion to the primary quinone in the reaction center of photosynthetic bacteria
Rhodobacter sphaeroides are made. The results are that almost exponential-like decay of the autocorrelation function was
obtained even at 77 K and the half decay time was of the similar magnitude to that at 300 K. Physical meaning of this
temperature dependence is discussed.

Keywords: Non-Condon effect; Conformation fluctuation; Electron transfer; Inelastic tunneling

1. Introduction

Electron transfer (ET) in biological systems takes place by

the super-exchange mechanism, enabling the long-

distance ET. In such case, electronic structures of the

(protein) medium play an important role. Thermal

fluctuation of the medium conformation affects the

electronic structure considerably, causing fluctuation of

the electron tunneling matrix element TDA in a delicate

way [1–14]. Therefore, it is not appropriate to treat TDA as

constant using the Condon approximation, but the non-

Condon theory is inevitable. So far, some kinds of non-

Condon theories for the ET rate were published [15–21].

Among them, we recently presented a systematic non-

Condon ET theory [21] which satisfies the detailed

balance condition for the forward and backward ET rates.

This theory has also an advantage of mathematically

partitioning the ET rate into contributions from the

inelastic and elastic tunneling mechanisms. The fluctu-

ation of TDA affects the ET rate through the inelastic

tunneling mechanism. This non-Condon theory predicted

that the Marcus inverted region [22] in the energy gap

dependence of the ET rate (called the energy gap law) are

remarkably modified by the inelastic tunneling mechan-

ism; the energy gap law obtained by the non-Condon

theory agrees with the Marcus parabola around the

maximum ET rate region but deviates greatly to the upper

value in the larger energy gap region, which we called an

anomalous inverted region [21]. Based on this theoretical

treatment, we discuss the physical meaning of the inelastic

tunneling mechanism in some detail.

In the previous study, we showed that the autocorrela-

tion function of TDA(t) at 300 K decayed by exponential

forms with rather small correlation time, about 70 fs [21].

The Fourier transform of the exponential function give a

Lorenz function with long tail. In such a way, the power

spectrum of the autocorrelation function of TDA(t) had a

long tail toward the large frequency. This is an origin of

the inelastic tunneling and it causes the anomalous

inverted region. In this respect, it is important to

investigate why the autocorrelation function decays by

exponential functions. To investigate its mechanism, it is

useful to examine the temperature dependence of the

autocorrelation function.

In this paper, we first review an essence of our non-

Condon theory [21], because it becomes a guiding
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principle in the numerical analysis. Then, we calculate the

autocorrelation function of the electron tunneling matrix

element by a combined study of molecular dynamics

(MD) simulation for the fluctuating medium at 77 K and

quantum chemical calculation of TDA for the ET from the

bateriopheophytin anion to the primary quinone in the

reaction center of the photosynthetic bacteria Rhodobacter

sphaeroides. We compare those results with those at

300 K. Based on these results, we discuss the physical

meaning of the long tail of the power spectrum.

2. Theory

We start from the Born-Oppenheimer approximation for

the initial and final state of the ET reaction. We adopt the

Fermi’s golden rule for the ET rate, since the electronic

interaction between donor and acceptor through the

medium is weak. The ET rate kDA is written as

kDA ¼
2p

�

X
v

Ciuðr;RÞjT̂
DAjCfvðr;RÞ

� �
r;R

��� ���2
*

£dðEiu 2 EfvÞ

+
T

; ð1Þ

where, the coordinates r and R are for electrons and

nuclei, respectively, Ciu(r, R) and Cfv(r, R) are the initial

and final vibronic wave functions, respectively as written

as,

Ciuðr;RÞ ¼ ciðr;RÞxiuðRÞ; ð2Þ

Cfvðr;RÞ ¼ cf ðr;RÞxfvðRÞ: ð3Þ

ci and cf are the electronic wave functions in the initial and

final state, respectively, xiu and xfv are the vibrational wave

functions in the initial and final state, respectively, T̂DA is the

electron tunneling operator. Eiu and Efv are the energies of

the vibronic states iu and fv. The brackets k lr,R and k lT
indicate the integral over r and R and the thermal average

over the initial vibrational state u at temperature T,

respectively. The d function represents that the energy is

conserved for the initial vibronic state and final vibronic state

namely at the time when the electron tunneling takes place.

Following the method of the group of Nitzan [23,24]

and the group of Rossky [25,26], the ET rate is written in

the time representation and adopt the frozen Gaussian

model for the nuclear motion. Then, the ET rate kDA is

written as

kDA ¼
1

�2

ð1
21

dt T
q2c
DA ðtÞT

q2c
AD ð0Þ

� �
T
JðtÞ; ð4Þ

where T
q2c
DA ðtÞ is the time-dependent quantum–classical

electronic tunneling matrix element which was evaluated

along the nuclear trajectory on the initial diabatic surface

and is written as

T
q2c
DA ðtÞ ¼ ciðr;RðtÞÞjT̂

DAjcf ðr;RðtÞÞ
� �

r
; ð5Þ

where R(t) represents the center of the Gaussian

wavepacket of nuclei. The quantum nature of nuclear

motions is recovered when the thermal average is taken for

the time correlation function, which is the origin of the

notation q 2 c in the superscript. J(t) is the overlap of the

two nuclear wave functions that have the same initial

forms and propagate on the initial diabatic surface and the

final diabatic surface, respectively. Using the frozen

Gaussian model in the very short time after initiating the

propagation, J(t) is written as [26]

JðtÞ ¼ DðtÞ exp
i

�
ð2DG2 lÞt

� �
; ð6Þ

where D(t) is the Fourier transform of the Franck-Condon

factor F(2DG) for the ET reaction. 2DG and l are the

energy gap and the reorganization energy for the ETreaction,

respectively. In the case that only the solvent vibrations with

small frequencies are considered, F(2DG) is written as

Fð2DGÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plkBT
p exp 2

ð2DG2 lÞ2

4lkBT

� �
: ð7Þ

If the intramolecular vibrations with high frequencies are

considered simultaneously, F(2DG) is written as

Fð2DGÞ ¼
X1
n¼0

e2SSn

n!

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pl1kBT

p

£ exp 2
ð2DG2 l1 2 n�vSÞ2

4l1kBT

� �
; ð8Þ

where l1 is the reorganization energy of solvent modes and

n�vS is the reorganization energy of intramolecular

vibrations for the quantum number n.

We define the Fourier transform of kTq2c
DA ðtÞT

q2c
AD ð0ÞlT as

P(e). Taking into account the quantum nature of nuclear

motion by the method of Oxtoby [27], we can write P(e)

as follows [21]

PðeÞ ¼
2

1 þ exp 2e=kBT
� � 1

2p�

ð1
21

dt TDAðtÞTDAð0Þh iT

£ exp
ie t

�

	 

;

ð9Þ

where kTDAðtÞTDAð0ÞlT is the classical time-correlation

function of TDA with time-reversal property which is

obtainable by the classical MD simulation. The P(e) in

equation (9) is called the power spectrum, hereafter.

The energy gap dependence of the ET rate is written as

kDAð2DGÞ ¼
2p

�

ð1
21

dePðeÞFð2DG2 eÞ; ð10Þ

where F(2DG 2 e) is either equation (7) or (8). We

define the normalized autocorrelation function A(t) as

AðtÞ ¼
TDAðtÞTDAð0Þh iT2 TDAh i

2
T

T2
DA

� �
T
2 TDAh i

2
T

: ð11Þ
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Combining equation (9) with equation (11), we obtain

PðeÞ ¼ PelðeÞ þ PinelðeÞ; ð12Þ

where

PelðeÞ ¼ T2
DA

� �
T
dðeÞ; ð13Þ

PinelðeÞ ¼
2

1 þ exp 2e=kBT
� � T2

DA

� �
T
2 TDAh i

2
T

2p�

£

ð1
21

dtðAðtÞ2 1Þexp
iet

�

	 

: ð14Þ

Since PelðeÞ has an infinite value at e ¼ 0, we name PelðeÞ

as the power spectrum for the elastic tunneling. Since

PinelðeÞ has an finite value for all the values of e, we name

PinelðeÞ as the power spectrum of the inelastic tunneling.

Then, the ET rate is decoupled into two terms as follows

[21]

kDAð2DGÞ ¼ kel
DAð2DGÞ þ kinel

DAð2DGÞ; ð15Þ

where

kel
DAð2DGÞ ¼

2p

�

ð1
21

dePelðeÞFð2DG2 eÞ

¼
2p

�
T2

DA

� �
T
Fð2DGÞ; ð16Þ

kinel
DAð2DGÞ ¼

2p

�

ð1
21

dePinelðeÞFð2DG2 eÞ: ð17Þ

From equation (16), we find that the energy gap

dependence of the ET rate due to the elastic tunneling

mechanism coincides with that of the ET rate in the

current theory which was obtained by the Condon

approximation [22]. kinel
DA ð2DGÞ is the term newly

produced in the ET rate expression by considering the

non-Condon effect. We call this term the ET rate due to the

inelastic tunneling mechanism.

3. Method

We conduct the MD simulation for the reaction center of

R. sphaeroides. The initial configuration is obtained from

the Protein Data bank, entry code 1AIJ [28]. The 262

water molecules incorporated in the structure 1AIJ were

taken into account after optimization of their positions.

The number of atoms used for MD is 14,631. The MD

program PRESTO [29] was used with the AMBER force

field [30]. We adopted a dielectric constant of 2 and

approximated Coulombic potentials over 12 Å by the

PPPC method [31]. The harmonic restriction was imposed

on the heavy atoms in the surface residues of the protein.

The same restriction was imposed on oxygen atoms of

water molecules. The SHAKE algorithm [32] was used for

bond stretching of hydrogen atoms. In general, on cooling

the protein system to the low temperature, the protein

structure is frozen into a glass state. Under such situation,

protein can be trapped into different conformation

depending on the protein conformation just before cooling

and the manner of fluctuation in the electron tunneling

current may differ among the differently trapped state.

Then, many kinds of trajectories obtained starting from

different protein conformation must be addressed in the

analysis at low temperatures. Initially, MD simulation was

conducted at 300 K. An integration time step of 1 fs was

employed. After 160 ps of equilibration at 300 K, we

generated a trajectory for 515 ps at 300 K. Arbitrarily we

sampled 8 configurations from this trajectory. At each

configuration, we cooled the system to 77 K, and

conducted MD simulation of 100 ps at 77 K, confirming

that the total energy is reduced to a nearly constant value

within 100 ps. Then, we conducted further MD simu-

lations of 515 ps at 77 K for the eight samples. In such a

way, we obtained eight trajectories of 515 ps long starting

from different configurations at 77 K. In the calculation of

TDA for each protein conformation, we adopted a pruned

system which consists of bacteriopheophytin (Bph),

primary quinone (QA), and the three amino acids

TrpM252, MetM218 and HisM219. It was shown that these

three amino acids are sufficient to substitute the role of the

whole protein in the calculation of TDA of the ET from

Bph2 to QA [14]. The electronic states of the pruned

protein were solved at the extended Hückel level. We

referred to the FORTICON8 program [33]. We used a

ITPACK 2C [34] package for solving the secular

equations. To calculate electronic structures of donor

and acceptor, the PM3 method [35] in the GAUSSIAN

package [36] was used. The others are the same as before

[21].

4. Results

We calculate the time correlation function

kTDAðtÞTDAð0ÞlT using each trajectory. Then we calculate

the autocorrelation function A(t) using equation (11).

Figure 1 represents time-courses of A(t) for the eight

trajectories at 77 K. We found that these time-courses

display combinations of roughly exponential decays as a

whole. From the inset of figure 1, we find that A(t)’s

obtained by five trajectories show the similar time-courses

with a half decay of A(t) at 125–150 fs (solid lines), those

obtained by two trajectories show the similar time-courses

with a half decay of A(t) at about 60 fs (dotted lines) and

that obtained by one trajectory shows the time-course with

a half decay of A(t) at about 44 fs (dotted line). Namely,

there are three types of decay of A(t) among the eight

trajectories. We have plotted A(t) obtained by the MD

simulation at 300 K [21] in the same figure (broken line).

It was shown that this A(t) can be expressed by the

combination of three exponential functions, the largest

component of which has the shortest decay time.

Inelastic electron tunneling 729
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Therefore, two types of decay of A(t) at 77 K are faster

than that at 300 K while the other type of decay of A(t) at

77 K is about twice slower than that at 300 K. The three

types of decay of A(t) would reflect the existence of three

kinds of protein conformations at local energy minima,

which are hardly inter-converted by the thermal

fluctuation at 77 K but it can be inter-converted at 300 K.

We cannot deny a possibility that there are more kind of

protein conformations which may be trapped at 77 K,

since we examined only eight trajectories which were

obtained by the MD simulation starting from eight

arbitrarily chosen conformations at 300 K.

Next, we examine whether each trajectory of 500 ps

length can provide an ensemble of the local equilibrium

state at 77 K. For this purpose, we divided one kind of

500 ps length trajectory (corresponding to the curve 3 in

figure 1) into five trajectories with 100 ps length and

calculated A(t) using those short trajectories. The result is

plotted in figure 2. The five decay curves of A(t) fit rather

well to one another until about 130 fs but disperse

considerably after 130 fs. Therefore, we can say that a

500 ps trajectory does not provide an ensemble of the local

equilibrium state. In consistent with this, the decay curves

of A(t) for the five trajectories of 500 ps of type I disperse

considerably after 100 fs (curves 1–5 in figure 1). Judging

from these simulation results, it appears that the local

equilibrium state will not exist in the trapped confor-

mations at 77 K. Since the trajectories obtained at 77 K do

not correspond to ensembles of the local equilibrium state,

we can only approximately obtain the power spectrum

P(e) at 77 K. Under such reservation, we can calculate

PinelðeÞ from equation (14) using A(t) obtained above by

the simulation calculations at 77 K. We find that a general

form of jPinelðeÞj so obtained is rather similar to PinelðeÞ

obtained before at 300 K [21] even though the data are

masked by considerable noises at large frequencies.

5. Discussion

In this paper, we examined physical aspect of the inelastic

electron tunneling by investigating the temperature

dependence of the fluctuation of TDA(t), and especially

of the autocorrelation function A(t). In the present MD

simulation calculations at 77 K, we showed that A(t)

display some combinations of roughly exponential

functions with some variation for the different trajectories.

The half decay times at 77 K (44–150 fs) are dispersed

around the half decay time at 300 K (70 fs). These results

indicate that the protein conformation at 77 K is in a glass

state and the fluctuations of TDA(t) trapped at the different

local potential energy minima display some variations.

Except the detail, the general behavior in the decay curves

of A(t) at 77 K is similar to the decay curve at 300 K.

Therefore, it is expected that the inelastic tunneling

mechanism will work efficiently even at low temperatures.

Next, we investigate the electron tunneling route at low

temperatures. In the previous study [14], we showed that

TDA(t) obtained by the MD simulation at 300 K is almost

always positive when the dominant tunneling current

passes through TrpM252 (called Trp route), giving positive

value of kTDAlT ; while it is almost negative when the

dominant tunneling current passes through MetM218

(called Met route), giving negative value of kTDAlT :
Therefore, we can investigate how much the Trp route and

the Met route are used from the number of positive and

negative values of TDA(t) for each trajectory. In table 1, we

list the calculated fractions of TDA . 0 and TDA , 0 and

its ratio (fraction of TDA . 0/fraction of TDA , 0) for each

trajectory at 77 and 300 K. From this table, we find that the

fraction of TDA . 0 is much larger than the fraction of

TDA , 0 at 300 K. This tendency is much more enhanced

at 77 K except the trajectory 77(5). In the trajectory 77(5),

the ratio is larger than that of 300 K. From these results,

it appears that a special conformation is necessary to take

the Met route. In most cases, the Trp route is taken at low

temperatures.
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Figure 1. Plot of A(t)’s calculated from the 500 ps long trajectories
(1, . . ., 8) at 77 K. A(t)’s for 1–5 (solid lines) belong to the Type I, A(t)’s
for 6 and 7 (dotted lines) belong to the Type II, and A(t)’s for 8 (dotted
line) belong to the Type III. For comparison, A(t) calculated from the
500 ps long trajectory at 300 K is plotted by the broken line.
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Next, we investigate the character of the fluctuation of

TDA(t). We calculate the dispersion s 2(T) for the

fluctuation of TDA(t) defined by

s2ðTÞ ¼ T2
DA

� �
T
2 TDAh i

2
T : ð18Þ

In table 2, we listed the calculated dispersions and the ratio

of the dispersion for each trajectory at 77 and 300 K.

It should be remembered that if the fluctuation is in

thermal equilibrium, the ratio should be 77/300( ¼ 0.26).

The trajectories 1–5 at 77 K which belong to the Type I

have much larger values than the thermal equilibrium

value of the ratio. The trajectories 6 and 7 at 77 K which

belong to the Type II have the similar values to the thermal

equilibrium value of the ratio. The trajectory 8 at 77 K

which belongs to the Type III has considerably smaller

value than the thermal equilibrium value of the ratio.

Therefore, the fluctuation character is considerably

different among the different conformational substates.

As expressed in equation (4), the ET rate is determined

by the overlap integral between the time correlation

function of the electronic tunneling matrix element

kTq2c
DA ðtÞT

q2c
AD ð0ÞlT and the nuclear overlap term J(t)

propagating on the initial and final diabatic surfaces.

It should be noted that both of kTq2c
DA ðtÞT

q2c
AD ð0ÞlT and J(t)

are complex functions of time in general. The absolute

values of the two functions are decreasing functions of

time. Mathematically one may argue the following [20]: If

the decay time constant of jkTq2c
DA ðtÞT

q2c
AD ð0ÞlT j is much

larger than that of jJ(t)j, the integral in equation (4) is

mostly determined by J(t), indicating that the non-Condon

effect is not significant. On the other hand, if the decay

time constant of jkTq2c
DA ðtÞT

q2c
AD ð0ÞlT j is much smaller than

that of jJ(t)j, the integral in equation (4) is mostly

determined by kTq2c
DA ðtÞT

q2c
AD ð0ÞlT ; indicating that the non-

Condon effect is significant. However, this rule does not

hold when the functional forms of jkTq2c
DA ðtÞT

q2c
AD ð0ÞlT j and

jJ(t)j are not similar to one another and when the time-

dependences of the phase factors of kTq2c
DA ðtÞT

q2c
AD ð0ÞlT and

J(t) are not similar to one another. It is not easy to discuss

the case when the non-Condon effect is significant and to

analyze the inelastic tunneling mechanism in this time

space. Instead, we discuss the above problem in the energy

space. In equation (10), kDA(2DG) is expressed as an

integral of the overlap between P(e) and F(2DG 2 e). In

the elastic tunneling process, the energy gap is modified to

2DG 2 e . The shifted energy e comes from the

fluctuation of TDA(t), namely by means of the confor-

mation change of the protein environment. Based on this

fact, we consider that e is the energy difference between

the initial and final states which is related to the

dynamically coupled interaction of nuclei and electrons

under thermal fluctuations, in consistent with the

definition of TDA(t) in equation (5). The energy e on

which we focused in the power spectrum in the present

study is too large to be considered as vibrational or phonon

energy emitted or absorbed during the electron tunneling.

It should be a mixed energy of electron and nuclear

motions in the virtual process of electron tunneling

inherent to the non-Condon effect. Here, one should

remind of the fact that a reasonable reaction coordinate in

the ET is the energy difference between the initial and

final state [37]. The energy e is used to reduce the energy

gap (energy difference between the initial and final state)

in the inelastic tunneling mechanism. In this connection, it

should be remembered that the important physical

quantities in the ET reaction are the reorganization

energy, energy gap and reaction coordinate which work to

connect the two states; initial and final states.

In the following, we schematically explain how the

inelastic tunneling mechanism works in the ET rate. In

figure 3, we show the free energy curves for the initial (I)

and final (F) state by the solid line on the left and the

power spectrum P(e) on the right. These free energy

curves are drawn as a typical case of the inverted region of

the energy gap law. The form of the power spectrum P(e)

is tentatively drawn by using the data at 300 K obtained by

our previous study [21]. Corresponding to a value of e, the

energy gap is reduced by e. In figure 3, the final free

energy curve is drawn (dotted line) by shifting upward by

e in order to represent the reduction of the energy gap by e.

Each value of e ( – 0) opens the inelastic electron

tunneling channel. In the case of e ¼ 0, the elastic

tunneling mechanism works corresponding to the ET in

the ordinary Condon theory. The transition state for each

value of e is marked by a circle on the initial free energy

curve (represented by 1*, · · ·, 5*). The activation energy

DG ‡ for the reaction decreases in order of 5*, 1*, 2*, 3*

and 4* in figure 3. The contribution of each channel to the

ET rate is given by a product of P(e) and the activation

Table 1. Calculated fractions of TDA , 0 and TDA , 0 and its ratio for
each trajectory at 77 and 300 K. The number in the parenthesis indicates

the trajectory number at 77 K. The ratio is defined as fraction of
TDA . 0/fraction of TDA , 0.

Trajectory Fraction of TDA . 0 Fraction of TDA , 0 Ratio

77(1) 0.980 0.020 49.0
77(2) 0.986 0.014 70.4
77(3) 0.992 0.008 124
77(4) 0.989 0.011 89.9
77(5) 0.678 0.322 2.1
77(6) 0.937 0.063 14.9
77(7) 0.918 0.082 11.2
77(8) 0.994 0.006 166
300 0.820 0.180 4.6

Table 2. Calculated dispersion s 2(77) of TDA(t) and ratio for each
trajectory at 77 K. s 2(300) is the dispersion at 300 K. The ratio is defined

as s 2(77)/s 2(300).

Trajectory Dispersion s2( £ 1028 eV2) Ratio

77(1) 2.47 0.47
77(2) 2.65 0.51
77(3) 2.16 0.41
77(4) 2.57 0.49
77(5) 1.92 0.37
77(6) 1.17 0.22
77(7) 1.24 0.24
77(8) 0.96 0.18
300 5.24
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factor exp(2DG ‡/kBT). This activation factor is pro-

portional to the Franck-Condon factor F(2DG 2 e) in the

above discussion. P(e) has a large peak at e ¼ 0, decreases

rapidly in the small value of e(.0) and decreases slowly

in the larger value of e. P(e) decreases much rapidly for

e , 0. Therefore, when the activation energy is large as

represented by 1* in figure 3, the channel of the elastic

tunneling (e ¼ 0) does not work efficiently even if P(0) is

large but the channels through 4···3 of the inelastic

tunneling (e . 0) work efficiently. This non-Condon

effect causes the decrease of the activation energy in the

inverted region.

In our calculations, the decay time constant of A(t) at

77 K is almost comparable to that at 300 K. Similar results

for the ET reactions in Ru-modified arurin are reported by

Skourtis et al. [20]. In their simulations, the correlation

time of the calculated autocorrelation function of TDA at

3 K is almost comparable to that at 310 K [20]. These

results must suggest a significant physical implication for

the electron tunneling mechanism in protein environment.

Usually it is believed that the fluctuation of conformation

is weaken as the temperature is lowered. Indeed, this

expectation will hold true when one discusses the actual

energy flow over the barrier. However, it does not apply to

the electron tunneling matrix element. Even if the

conformation fluctuation is weaken by lowering the

temperature, the decay constant of the autocorrelation

function of the electron tunneling matrix element is not

significantly affected. This phenomenon will reflect the

fact that the rapid change of the electron tunneling matrix

element might be due to a sudden change in the

combination of interatomic tunneling current Jab

expressed by [38–40]

TDA ¼ �
X
a[VD

X
b�VD

Jab; ð19Þ

where a and b are the numbering of atoms, VD represents

the donor region where the whole space is divided by an

arbitrary plane j between donor and acceptor. The total

tunneling currents passing through any plane cut between

donor and acceptor is conserved by the continuity

condition. In order to satisfy this continuity condition

for any value of TDA corresponding to different

conformations, the amplitude and the phase of each Jab

must adjust itself all the way. As a result, each Jab must

change quickly and abruptly in accordance with a small

change of the protein conformation. Namely, the

amplitude and sign of Jab is not determined by the local

condition such as bond length and the bond angle nearby,

but is determined by the condition of the whole protein

conformation self consistently. This is done by readjusting

the overall electronic wave function to conform to the new

protein conformation. In such a way, the interatomic

tunneling currents Jab will vary almost randomly and

cause the diffuse property to the decay in A(t) as expressed

by exponential forms. When the electronic redistribution

is brought about by a minute conformation change, we

shall obtain A(t) which is almost independent of

temperature. Our simulation results of A(t) support this

possibility.

As found from the above discussion, the electron

tunneling matrix element is much sensitive to the protein

conformation. Therefore, this property can be used to

search conformational substates at low temperatures [41].

In figure 1, we found three conformational substates from

eight kinds of trajectories at 77 K by plotting the

autocorrelation function A(t). By choosing more kinds of

trajectories, we may find more conformational substates.

Namely, the calculation of the autocorrelation function

A(t) at low temperatures can be a powerful theoretical tool

for finding the hierarchy of conformational substates of

protein, as probed by the electron tunneling property.

Reaction coordinate ∆E ln P (e)
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Figure 3. Plot of the free energy curves as a function of the reaction coordinate for the initial (I) and final (F) state (on the left). Plot of ln P(e) calculated
from the A(t) obtained at 300 K (on the right). The broken curves on the left indicates the free energy curve of the final state shifted by e upward. The
circle represents the transition state for the reaction from the initial state to the final state shifted by e.
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In our study, we discussed that conformation fluctu-

ations in the time range of 10 fs play a significant role in

the ET reaction by the inelastic tunneling mechanism.

There may be a claim for this analysis that the uncertainty

principle will not be satisfied. The splitting energy due to

the electron tunneling, 2jTDAj, is too small to discuss such

a short time (10 fs) dynamics by the classical treatment for

the nuclear motion. Indeed, using the typical value of

jTDAj ¼ 1024 eV and Dt ¼ 10 fs, we obtain

jTDAj·Dt ¼ 3 £ 1023 �; ð20Þ

which does not satisfy the uncertainty principle

jTDAj·Dt . �: Under such situation, a quantum mechan-

ical treatment of nuclear and electron motions is

inevitable. We should mention that this problem is

overcome in our theory because we made quantum

correction for the motion of nuclei and electrons in

obtaining P(e) as shown in equation (9). Namely, even if

we treated the nuclear motion classically in the calculation

of TDA(t) for each protein conformation at each time, we

recovered the quantum mechanical property of the nuclear

and electron motion by an empirical method when we

calculate P(e).

6. Conclusion

In this paper, we investigated the temperature dependence

of the inelastic electron tunneling property by the

combined study of the MD simulations and calculations

of the electron tunneling matrix element TDA(t) by

quantum chemistry. We collected 8 trajectories of TDA(t)

which were obtained by the MD simulations at 77 K

started from the eight arbitrary protein conformations in

the equilibrium state at 300 K. We found that the

autocorrelation function A(t) decayed by almost exponen-

tial functions with half decay times of 44–150 fs,

depending on the trajectories. A slightly different property

of A(t) among the trajectories indicates that the protein

conformation is in the glass state at 77 K and the protein

conformation is trapped at the local energy minimum.

Analyzing the property of A(t) by splitting the trajectory

into some parts, we found that the local equilibrium is not

attained in each trajectory. The decay property of A(t) at

77 K roughly agrees with that obtained at 300 K. Although

the thermal equilibrium is not attained at 77 K, we can

approximately calculate P(e) using the above A(t). We

expect that the long tail in P(e) should be obtained, in the

similar way as 300 K. Combining these results with the

fact that the width of the Franck-Condon factor as a

function of the energy gap in equations (7) and (8)

becomes narrower at low temperatures, we expect that the

anomalous inverted region will become much easier to be

observed at low temperatures. Judging from the large

energy as much as 1–2 eV in the long tail of P(e), its

energy is not due to pure vibration or phonon, but it is due

to a mixed motion of electron and nucleus inherent to the

non-Condon effect. This mixed energy of electronic and

nuclear motions is not observable by itself but it

contributes to the electron tunneling process virtually by

means of shifting the energy difference between the initial

and final state. We schematically represented this virtual

process to visualize the inelastic electron tunneling

mechanism.
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