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ABSTRACT. Great efforts have been made to mimic the efficient photoinduced charge separation and con-
comitant energy storage of natural photosynthetic systems via artificial (supra)molecular constructs as well
as to design molecules with potential use for application in molecular electronic circuits. Close packing
of such molecules introduces the problem of short-circuiting and cross talk between the separate molecu-
lar components. In the present paper the limits will be investigated to which such short-circuiting can be
prevented by the use of saturated hydrocarbon (alkane) type insulating structures. Furthermore, as will be
shown, several typically molecular scale operating principles such as orbital symmetry and spin multiplic-
ity control can allow the realisation of systems in which fast and efficient charge separation is combined
with very slow charge recombination even when the distance between the D(onor) and A(cceptor) moieties

is very small.

1. INTRODUCTION

Much interest exists in the study of molecules in which
electron transport over relatively large distances can
occur under the influence of an external stimulus. This
interest is on the one hand triggered by the relation
with electron transfer in natural systems [1, 2] includ-
ing photosynthesis but more recently also by the pos-
sibility [3] to bring such molecules in galvanic contact
with the “outer world” allowing them to be tested with
regard to properties indicated by mind boggling terms
like “molecular wires,” “molecular diodes,” “molecular
switches,” etc. In the latter cases one mainly concen-
trates on highly unsaturated and conjugated molecules
because the delocalisability of the extended pi-systems
they contain in principle warrants a rather easy elec-
tron transport. A remarkable example of such work
is e.g. constituted by the investigations of Dekker
c.s. [4] on the conductivity of single carbon nanotubes.
At the other extreme of a molecular conductivity
scale one expects to find fully saturated hydrocarbons
that also macroscopically (e.g. in the form of paraf-
fin and polyethylene) constitute very effective insula-
tors. However, one has to be careful in extrapolation of
macroscopic properties to molecular ones because the
distances within molecules are small enough to make
that the wave character of electrons comes into
full play.

As part of a long standing collaborative program we
have extensively investigated the consequences of this
wave character, and the ensuing electron transfer by
tunneling, in molecular systems that are build up from
an electron donor (D) and acceptor (A) connected by

”

a geometrically well defined alkane “bridge” the latter
being varied in length and shape [5-8]. These D-bridge-
A molecules were designed in such a way that elec-
tron transfer from D to A becomes energetically fea-
sible only after D has been brought in its first singlet
excited state by excitation with light (D + hv — D*).
From that excited state, which is about 3.8 eV above
the ground state, there is, depending on the length of
the bridge and especially on the polarity of the solvent
used, a driving force equivalent to a potential differ-
ence between 0.1 and 1.0 Volts to transfer one electron
from D to A, resulting in charge separation (k¢s) and
from thereon charge recombination (k) to restore the
initial state occurs with a driving force in the range of
2.8 to 3.7 Volts [8]. Thus, after excitation with light, two
sequential electron transfer processes can be studied
within these molecules (see Figure 1).

2. RESULTS AND DISCUSSION

2.1. Tunneling and electron transfer theory.
Electron transfer across the alkane bridges in our D-
bridge-A molecules must occur via quantum mechani-
cal tunneling because the electron affinity of the alkane
bridge is so low that it is impossible to localise an elec-
tron in/on that bridge. Already the basic WKB model
[9] for tunneling (see Figure 2) predicts that the rate
of electron transfer should decrease exponentially with
the length of the bridge (which is equivalent to the bar-
rier width, w, in Figure 2).

However, the situation in molecular systems is more
complex than in the WKB model, which describes tun-
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Figure 1. Schematic energy diagram of the consecutive exci-
tation, charge separation and charge recombination events
in the D-bridge-A systems under study.

neling between two continuum states across a sta-
tionary barrier. In that situation the tunneling parti-
cle can always retain the same energy while crossing
the barrier. In a molecular system, however, the tun-
neling occurs between two bound states each charac-
terised by discrete energy levels that in general do not
match between both sides of the barrier [10-14]. Ef-
ficient electron tunneling then requires that nuclear
reorganisation of the system as a whole (i.e. including
the eventual surrounding medium) occurs until “reso-
nant conditions” characterised by a symmetrical (elec-
tron) potential are established (see Figure 3).

As a result the rate of electron transfer is not only
influenced by the height and width of the barrier (that
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Figure 2. Original W(entzel), K(ramers), B(rillouin) descrip-
tion for tunneling of a particle with mass m between two
continua across a stationary barrier with height h and
width w.
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Figure 3. Schematic diagram indicating the effect of nu-
clear reorganisation in establishing “resonant conditions”
for electron tunneling.

govern the resonant level splitting indicated in Figure 3
by AE = 2Vpa , where Vp, is often called the “electronic
coupling”) but also by the energy required to induce the
nuclear reorganisation that establishes resonant condi-
tions. This consideration is inherent in the well known
Marcus theory of electron transfer [15, 16] that ex-
presses the reorganisational Gibbs energy of activation
(AG*) in terms of the overall driving force (~AG) and
the total reorganisation energy (A) assuming harmonic
potentials for the nuclear motions involved leading to:

_ (AG +A)?

#
AG n

(1)
2.2. Distance dependence of electron transfer
across extended alkane bridges. As discussed
briefly in the preceding section, the rate of electron
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transfer in D-bridge-A molecules depends both on the
electronic coupling Vpa and upon the Gibbs energy of
activation (AG¥) involved in establishing resonant elec-
tron tunneling conditions. In a large series of D-bridge-
A systems that we have studied [8], the D and A units
were designed in such a way [17] as to minimize the
influence of AG* (i.e. AG* ~ 0) on the photoinduced
charge separation. The rates of photoinduced charge
separation therefore should mainly or exclusively re-
flect how the electronic coupling Vpa is influenced by
the changes in the structure of the alkane bridge.

It should be noted that the condition AG* ~ 0 is
not met for the subsequent charge recombination pro-
cess and this is the main reason that in some cases
charge recombination occurs up to three orders of mag-
nitude slower than charge separation! The first thing we
started testing [5, 8, 18] then was the influence of the
bridge length on the rate of charge separation using a
series of structurally similar, rigidly extended alkane
bridges with lengths ranging from a few A up to about
20A. As predicted by basic electron tunneling theory
(see above) an exponential distance dependence was
observed, that after the latest additions [19] seems to
be quite well represented by equation (2), in which the
damping factor, 8, was found to be as low as 0.8 to 0.7
per A.

kes (in sec™) = 101 exp(—BR). )

This implies that even across a strongly insulating
bridge consisting of fully saturated hydrocarbon units
electron transfer can readily occur under conditions
that minimize the reorganisational activation energy re-
quired to achieve a resonant tunneling situation.

2.3. The influence of bridge bending. In the pre-
ceding section it was noted that across linear saturated
alkane bridges with an extended structure fast long
range electron transfer can be achieved with a typi-
cal exponential damping factor as low as 0.7-0.8 per
A. This is a very convincing example of how the wave
character of electrons allows them to pass via tunnel-
ing between regions of space separated by very high
energy barriers that would classically be expected to
act as total insulators. As schematised by the wavy
lines in Figures 2 and 3, such tunneling implies that
the wavefunction describing the electron has a very mi-
nor but non-zero amplitude inside the barrier region.
In other words, in our D-bridge-A molecules the elec-
tron transferred is almost completely localised on ei-
ther D or A but the molecular orbital in which it re-
sides still extends a minor “tail” into the bridge region
by mixing between the D or A pi-orbitals and one or
more bridge sigma orbitals of the proper symmetry
and energy . Such a mechanism is generally referred
to as through (sigma) bond interaction (TBI) [20]. It has
also been shown via e.g. quantum-chemical calculations

that TBI should be stronger via extended all-s-trans ar-
rays of sigma-bonds than via arrays containing one or
more gauche or eclipsed units leading to a more bent
or kinked overall bridge configuration.

While we have provided several examples support-
ing this prediction earlier [21-24], we have recently
been able to demonstrate it in a really dramatic fash-
ion and at the same time revealed an additional ef-
fect by comparing the rates of photoinduced charge
separation in a series (see Figure 4) of three D-bridge-
A systems in which the overall length of the bridge
was kept constant but its configuration was changed
from fully extended (D/A distance 13.4 A) to partly bent
(D/A distance 9.54A) and to strongly bent (D/A dis-
tance 7.5 A) [25].

Equation (2), that was derived employing a series of
linearly extended bridges, leads to the prediction that
the moderate bending from 13.4 A to 9.54 A should in-
crease the rate of electron transfer twentyfold. Instead
a ca. tenfold rate reduction was observed, thus dramat-
ically demonstrating the lower TBI ability of the bent
bridge and also indicating that on a molecular scale tun-
neling theories which only describe a barrier in terms
of its width and height are inadequate.

Interestingly, further bending of the bridge to reduce
the D/A distance to 7.5 A does lead to a significant rate
enhancement, although still less than the hundredfold

13.4A

Qm——————)

9.54A

9

v Q

L 75A

Figure 4. Schematic representation of a series of three D-
bridge-A systems with constant bridge length (i.e. 10 sigma
bonds) but increasing bridge curvature studied recently
to investigate the effect of such curvature on rates of in-
tramolecular electron transfer.
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increase predicted by equation (2). At the same time it
was found that in this strongly bent system the rate is
quite sensitive for the nature of the solvent employed.
The latter we propose [25] to be caused by the fact that
at 7.5 A a single solvent molecule fits snugly in the cleft
between D and A, thereby allowing through-solvent in-
teraction to add to the overall electronic coupling be-
tween D and A.

2.4. Can alkane insulators protect molecular
electronics from short circuiting? Our investiga-
tions on electron tunneling via saturated hydrocarbon
bridges briefly discussed above as well as related inves-
tigations by others [26] have indicated that in general
the electronic coupling via such saturated hydrocarbon
systems and thereby the rate of electron transfer across
regions occupied by saturated alkane structures fol-
lows an exponential distance dependence, but that the
damping factor B (see equation (2)) varies as a function
of the nature and configuration of the covalent coupling
paths provided by the sigma-bonds that constitute this
alkane medium. From the various structures investi-
gated by now it appears that a variation from § = 0.7
per A for alkanes optimally structured for through-
bond interaction along extended all-trans pathways to
B = 1.1 per A for those allowing only highly kinked cou-
pling pathways encompasses the whole range of alkane
“conductivity”.

It should be noted that even at the upper limit of
B = 1.1 per A this implies that alkanes allow amazingly
fast electron transfer across distances on a molecular
scale.

This is demonstrated in Figure 5, where the pre-
dicted (see equation (2)) tunneling time (T = 1/k) has
been plotted on a logarithmic scale for various values
of B and across distances up to 50 A. Clearly, even for
the best insulator of an alkane type these tunneling
times are less than a few minutes for an insulator thick-
ness of 40 A (4 nm) or less. This seems to imply that al-
though molecular scale components may become avail-
able that can act as parts of electronic circuitry, the
packing density in such circuitry will have to be lim-
ited to distances way beyond 50A. In this connection
it is important to note that in fact serious insulation
problems may arise much earlier in attemps to down
scale from the presently achievable ca. 100 nm packing
distances. This is because already at 100 nm the combi-
nation of miniaturisation of distances with the increase
of switching frequencies has been found to lead to se-
rious cross-talk of a capacitative and inductive nature.
Interestingly, low dielectric constant hydrocarbon insu-
lation instead of the common silicon dioxide insulation
is recently being applied to suppress such cross talk.

2.5. Slowing down electron transfer by orbital
symmetry control. As evident from what has been
discussed above even the high insulating capacity of
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Figure 5. Electron tunneling time predicted by equation (2)
for values of the damping factor ranging from B = 0.8
to1l.1.

alkanes cannot prevent electron tunneling over molecu-
lar distances. Nevertheless, inhibition of electron trans-
fer and in particular slowing down charge recombina-
tion is highly desirable in many applications. This not
only includes the insulation problem in densely packed
(molecular) electronic devices, but more in particular
also nearly every application in which it is attempted
to store light energy by conversion into an electri-
cal (or electrochemical) potential. In the latter field
the general trend is to borrow from nature by build-
ing complex molecular systems similar to those found
in natural photosynthetic units. In these systems an
initial photoinduced charge separation step across a
relatively small distance is followed by a sequence of
thermally driven charge transfer steps that increase the
charge separation distance enough to make recombina-
tion of the ultimately created hole/electron pair slow
because of the very small electronic coupling across
the large distance attained. Such schemes not only call
for large synthetic efforts, but also unavoidably imply
that much of the initial photon energy is wasted in
the sequence of down-hill charge separation processes.
In principle, molecular symmetry constraints in “sim-
ple” D-bridge-A systems provide another possibility to
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Figure 6. Two rigid D-bridge-A systems with opposite orbital symmetry constraints for the charge separation and charge
recombination processes together with the electron transfer time constants actually observed. Symmetry labels S and A
refer to the Cs molecular symmetry. Charge separation times measured in di-n-butylether (DBE), charge recombination in

acetonitrile (ACN).

combine fast and efficient charge separation with slow
charge recombination. This would require the design
of conformationally rigid systems in which photoin-
duced charge separation is symmetry “allowed,” while
at the same time charge recombination to the elec-
tronic ground-state is symmetry “forbidden”. Several
such systems have in fact been designed and tested
especially by us [27-29] and by Zimmt et al. [30]. Fig-
ure 6 shows two such systems studied by us together
with the shape of the appropriate frontier molecular
orbitals involved in the charge separation and recombi-
nation processes. In both systems the electron donor
1,4-dimethoxynaphthalene unit is separated from an
electronegatively substituted ethylene electron accep-
tor by a rigidly extended bridge with an effective length
of 8 sigma-bonds in such a way that an overall Cs molec-
ular symmetry is retained. Under these symmetry con-
ditions, and if one would simply assume that the first
excited state of the donor can be adequately described
by a one electron HOMO to LUMO excited configuration,
the photoinduced charge separation in 1[8] is in princi-
ple symmetry “allowed,” while that in 2[8] is symmetry
“forbidden”. Indeed a significant, although certainly not
dramatic, increase in the charge separation time (from
32 ps to 180 ps both in acetonitrile) was observed [27].
Regrettably, the charge recombination times of these
two systems are, however, nearly equal [27, 28] and

it even appears that charge recombination is slightly
faster under the symmetry forbidden conditions per-
taining in 1(8) than under the symmetry allowed condi-
tions in 2[8]!

The failure to control electron transfer rates via
symmetry effects becomes even more evident if we
take into account that the symmetry properties of the
lowest singlet excited state of the naphthalene donor
are probably opposite to that suggested by the over-
simplified HOMO to LUMO single electron configura-
tion scheme drawn in Figure 6 [27, 31] so that even
the small difference in charge separation times can-
not be attributed to symmetry effects. We note that
the major reason for the absence of significant sym-
metry effects on electron transfer rates may probably
be the “nonvertical” nature of these processes. Le., as
already discussed in Section 2.1, electron transfer is in
general coupled to significant nuclear distortion (reor-
ganisation) and the vibrational modes involved in this
reorganisation may significantly diminish or even fully
cancel the symmetry restrictions on the electronic in-
teraction matrix element Vps that one would expect
from the kind of (ground-state) equilibrium geometry
considerations presented in Figure 6.

In Figure 7 this problem is schematically illustrated
by drawing the familiar Marcus type parabolic poten-
tial energy diagrams for the electronic states involved
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Figure 7. Marcus type energy versus nuclear reorganisa-
tion diagram for the excitation, charge separation, charge
recombination cycle in D/A systems in which the average
nuclear configurations at which radiative or radiationless
electron transfer emerges have been marked.

as a function of the nuclear reorganisation pseudo-
coordinate. As indicated there, during both radiation-
less charge separation and charge recombination the
nuclear coordinates neither in the reactant state nor
in the product state correspond to an equilibrium sit-
uation for any of the electronic states. Interestingly,
and as also indicated in Figure 7, the eventual radia-
tive electron transfer pathways of charge transfer ab-
sorption and charge transfer fluorescence are charac-
terised by a situation in which at least the reactant state
has attained an equilibrium geometry. In fact both for
charge-transfer absorption and for charge transfer flu-
orescence very significant symmetry effects on the tran-
sition probability have been detected. With respect to
charge transfer absorption this refers for instance to a
number of electron donor/acceptor cyclophanes one of
us reported earlier [32], but in the compounds depicted
in Figure 6 this absorption is too weak to detect un-

der the stronger local donor absorption. However, for
both 1[8] and 2[8] charge transfer fluorescence could
be detected in low polarity solvents and from this it
was found [28] that the radiative rate constant in 2[8]
is about ten times that in 1[8], which is in good cor-
respondence with the symmetry allowed respectively
forbidden nature of charge recombination in these sys-
tems. It should be noted that these radiative recombi-
nation processes constitute only a very minor fraction
of the overall charge recombination for which the ra-
diationless pathway is overwhelmingly dominant, and
therefore the symmetry effects on the radiative path-
way cannot be detected in the overall recombination
rate constants, the latter being further complicated by
branching [33] to local triplet states. It should also be
noted that although the symmetry effects on the radia-
tive electron transfer processes thus appear significant,
in contrast to those on the radiationless pathways, they
still are not so strong that one might employ such sym-
metry effects as a very efficient rate control mechanism.

As will be discussed in the next section, the control
of the electron spin state appears much more promis-
ing in this respect.

2.6. Slowing down electron transfer by electron
spin control. In the preceding sections it has been
established that in bichromophoric D-bridge-A systems
very fast and efficient photoinduced charge separation
can be achieved even across rigidly extended saturated
hydrocarbon bridges up to > 20 A in length. The under-
lying mechanism of electron transfer in these systems
is electron tunneling enabled mainly by through bond
electronic interaction between D and A via the inter-
vening sigma bonds of the bridge, while in the case of
strongly bent bridges this interaction can be augmented
by through solvent interaction. It also became clear that
in such bichromophoric D-bridge-A systems fast pho-
toinduced charge separation is inevitably followed by
fast energy wasting charge recombination. The main
reason that this charge recombination is often slower
than the charge separation (see e.g. the numbers in
Figure 6) appears to be that the former process often
occurs deep into the Marcus “inverted region” where
the driving force (—AG) significantly exceeds the reor-
ganisation energy (A) thereby inducing a high reorgan-
isational barrier (see equation (1)). This explanation is
supported by the observation that the rate of charge
recombination increases dramatically upon increasing
the solvent polarity which diminishes the driving force
by stabilisation of the charge separated state and in-
creases the total reorganisation energy. Thus for the
compounds depicted in Figure 6 transfer from e.g. di-
n-butylether to acetonitrile diminishes the lifetime of
the charge separated state from > 40ns to the sub-
nanosecond domain. In the preceding section we have
also shown that the conceptually elegant application
of orbital symmetry restrictions does not provide an



Vol. 3

Photoinduced charge separation and recombination ...

85

3D*

/

LUMOacc e—

> 1.4 us in ACN
(1.4 million fold
retardation by spin
control)

dﬂ

OMe

ID*

<1ps
FNY

s [ UMOacc

~ 1psin ACN
~ 1ns in cyclohexane

EXCITE

COOMe

COOMe

DMN[3]DCME

Figure 8. Induction of a charge transfer triplet state in DMN[3]DCME via intermolecular sensitisation with benzophenone
in polar solvents allows charge separation in this D-bridge-A system to be maintained on a microsecond timescale whereas
charge recombination in the singlet manifold occurs on a picosecond timescale in the same solvent.

efficient method to increase the ratio of charge sep-
aration and charge recombination rates even in very
rigid D-bridge-A systems. An alternative way to achieve
this goal, that has been employed extensively in inter-
molecular charge transfer systems, is based on the fact
that the product of photoinduced charge transfer be-
tween closed shell systems always has the character of
a radical (ion)pair which can in principle either have
an overall singlet or triplet electron spin configuration.
While recombination from the singlet configuration to
the ground state is spin allowed, that from the triplet
is spin forbidden. Many problems arise, however, when
one envisages how to create a triplet charge separated
state in arigid D-bridge-A system. Inevitably direct exci-
tation of either D or A leads to a local singlet state from
which electron transfer to populate a singlet charge
transfer state is bound to occur rapidly. As a result, for
rigid D-bridge-A systems only in some isolated cases
charge transfer triplet states appear to have been pop-
ulated by employing a D or especially an A group that
undergoes extremely rapid intersystem crossing (isc) in
its locally excited state [34, 35]. One might consider the
possibility to improve the competition between local

isc and singlet charge transfer by increasing the length
of the bridge and thereby exponentially decreasing the
rate of charge transfer. However, this also leads to a sit-
uation in which the electronic coupling between D and
A becomes so small that an eventually formed triplet
charge transfer state is nearly degenerate with the cor-
responding singlet state thus allowing rapid hyperfine
interaction driven interconversion between singlet and
triplet thereby essentially nullifying their lifetime dif-
ference [36]. We have recently found a way around these
problems employing a scheme [37] in which the local
triplet state of one of the chromophores (in this case
the donor) is populated without invoking its singlet as
an intermediate. This can simply be achieved by excita-
tion of an added external triplet sensitiser of which the
singlet energy is below that of both the D and A chro-
mophores, but which has a triplet energy above that of
either D or A.

This method was applied [37] to the rigid D-
bridge-A system DMN[3]DCME (see Figure 8) with
benzophenone as a triplet sensitiser and in acetoni-
trile as a solvent. In the latter solvent direct excita-
tion of DMNI[3]DCME leads to a singlet charge sepa-
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rated state which recombines to the ground-state on
a (sub)picosecond time scale. This fast charge recom-
bination is to be expected in view of the strong elec-
tronic coupling across the short hydrocarbon bridge
and the small reorganisational barrier for charge re-
combination (as well as separation) prevailing under
polar solvent conditions (see above). Application of
equation (2) with R ~ 4A leads to an estimated
shortest electron transfer time of about 0.25 ps.

Upon sensitisation with benzophenone it was ob-
served by transient absorption spectroscopy that en-
ergy transfer from the benzophenone triplet to the
DMN donor chromophore occurs [33] followed by
triplet state charge separation [37]. The intramolecular
triplet charge transfer state was found to recombine
very slowly giving it a lifetime of about 1.4 microsec-
onds, i.e. more than a millionfold of that of the cor-
responding singlet charge transfer state. Whether this
slow recombination directly produces the electronic
ground state or involves (uphill) intersystem crossing
to the singlet charge transfer state that next recombines
very rapidly to the ground state cannot be decided at
the moment.

3. CONCLUSIONS

The construction of conformationally rigid D-bridge-
A systems containing a saturated alkane type bridge
and their photophysical investigation have allowed us
to reveal the degree to which (photoinduced) elec-
tron transfer can be mediated via such alkane bridges
in competition with mediation via the surrounding
medium. The structure and especially the configu-
ration of the alkane bridge significantly modify the
degree to which it is able to mediate “through-bond”
electronic interaction. However, even alkane bridges
that deviate strongly from the optimal configuration
for through-bond interaction can be predicted to medi-
ate electron transfer over remarkably large distances.
Thus, at molecular scale distances even saturated alka-
nes appear to be rather poor insulators, which may set
an ultimate limit to the packing density achievable in
(molecular) electronic circuits.

While molecular (orbital) symmetry constraints
might in principle allow the selective inhibition of elec-
tron transfer in rigid molecular systems, it appears that
at ambient temperature such symmetry restrictions can
provide only minor kinetic effects due to vibrational
coupling effects. Quite effective inhibition of electron
transfer over short distances is, however, possible by
control of the relative spin state of the excited charge
transfer state of a D-bridge-A molecule and the ground
state. The efficiency of the latter approach, however, re-
quires many conditions to be met simultaneously such
as the availability of an effective way to enter the charge
transfer triplet state (e.g. by sensitised excitation), a

large exchange interaction between the radical sites on
D and A in that state (to avoid rapid hyperfine inter-
action mediated intersystem crossing between triplet
and singlet), and the absence of local triplet states
with an energy below that of the charge-transfer triplet.
That these requirements can be met simultaneously has
been demonstrated convincingly via the study of the
rigid and compact DMN[3]DCME system.
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