J Mol Model (2013) 19:697-704
DOI 10.1007/s00894-012-1595-9

ORIGINAL PAPER

Molecular dipole effects on tuning electron transfer
in a porphine—quinone complex: a DFT and TDDFT study

Oana Cramariuc - Pekka J. Aittala -
Terttu 1. Hukka

Received: 27 June 2012 / Accepted: 30 August 2012 /Published online: 26 September 2012

© Springer-Verlag 2012

Abstract The effect of a strong electric field generated
by molecular dipoles on the ground state electronic
structure and the Q and B states as well as the lowest
charge transfer (CT) excited state of porphine-2,5-di-
methyl-1,4-benzoquinone (PQ) complex has been inves-
tigated theoretically. Density functional theory DFT and
time-dependent DFT (TDDFT) with the BH&HLYP hy-
brid functional have been applied in these calculations.
The molecular dipole effect was generated by imposing
one or two helical homopeptides consisting of eight o-
aminoisobutyric acid residues (Aibg) close to the PQ
complex. The molecular dipoles in a close proximity
to the PQ complex expose it to an electric field of the
order of magnitude of 10° V/m. The presence of the
ambient molecular dipoles affects mainly the energy of
the lowest CT state and barely the energies of the Q
and B states. The molecular dipoles affect the energies
of the excited states in a similar way as an external
electrostatic field. Hence, the electric field induced by
the molecular dipoles of the helical peptides could be
used analogously to the external electrostatic field to
control electron transfer (ET) in the PQ complex.
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Introduction

Inspired by natural photosynthesis and driven by the in-
creasing need for clean energy sources, the field of organic
solar cells based on artificial photosynthetic reaction centers
has seen an exponential growth in publications over the last
years. The initial steps in converting solar energy can be
described by elementary photophysical processes, the essen-
tial ones being absorption of light by a chromophore and
electron transfer (ET) from the photoexcited electron donor
to an acceptor. The initial ET is a starting point of several
subsequent electron transfer reactions which lead to long-
living charge-separated states [1]. In a previous study we
have shown that ET in an artificial photosynthetic reaction
center modeled by porphine and quinone can be tuned by an
external electric field to which the system has been exposed
[2]. It was proven by employing TDDFT/BH&HLYP and
approximate coupled cluster singles and doubles (CC2)
methods that field strengths of the order of 10° V/m can
be used to induce or prevent conical intersections (CIs)
between the locally excited porphine states and the energet-
ically lowest charge transfer (CT) state. Dipole-assisted
exciton dissociation is also supported by density functional
theory (DFT) calculations [3] in which the electronic struc-
ture has been investigated at a polymer/fullerene interface.
At the same time, experimental work on various photosyn-
thetic reaction centers, including porphyrin-fullerene dyads
[4], shows acceleration and deceleration of photoinduced
electron transfer rates by electric fields [5, 6].

In the present article we extend our previous study [2] by
using instead of an external electric field real molecules that

@ Springer



698

J Mol Model (2013) 19:697-704

presumably have a similar electric effect on ET between the
two moieties of the considered porphine-2,5-dimethyl-1,4-
benzoquinone (PQ) complex. Thus, we aim to answer the
question whether it is possible to design real molecular
systems in which the effect of an electric field is generated
by ambient molecules surrounding the artificial photosyn-
thetic reaction center models. As speculated in our previous
study [2] and suggested by some publications [7-10] deal-
ing with this subject, molecular dipoles of helical peptides
could be good candidates for creating the desired electric
field to which the PQ complex is exposed. The Aibg poly-
peptide, consisting of eight x-aminoisobutyric acid resi-
dues, was selected for this study because the Aib residues
are reported as strong helix formers in peptides. Two methyl
groups, which are attached to o-carbon of Aib, restrict the
conformational space of the residues and as a result the «- or
30-helix structure is usually favored [11, 12].

The geometry of the Aibg has been obtained from the
crystal structure of Z-(Aib);;-OrBu [11] by optimizing the
peptide chain at the level of density functional theory (DFT)
using the PBE functional, which has been shown to yield
good geometries for polyglycine [13]. The SV(P) basis set
(comparable to 6-31G*) was used in the DFT calculations,
because the 6-31G(d) basis set has been reported to provide
structural parameters already comparable to the larger 6-311
+G(d,p) basis set [13]. In addition, the calculated dipole
moments and electric fields were verified by using the larger
TZVP basis set.

While high level multi-configurational self-consistent
field methods are needed for an accurate description of ET
in the vicinity of Cls, even CC2 calculations proved to be
too demanding for the combined PQ and peptide system.
Especially since a relatively large basis set and active space
are needed in the CC2 calculations for achieving the correct
picture of the excited states [2]. Therefore, the present
calculations of the excited states have been carried out using
TDDFT with the BH&HLYP functional, which has been
shown to yield reasonable results for long range ET pro-
cesses, due to the larger portion of HF exchange [14]. The
SV(P) basis set has also been used in the TDDFT calcula-
tions. The validity of this basis set in the excited state energy
calculations of the PQ complex has been confirmed by
calculations with the TZVP basis set [2].

Computational methods

The ground state geometry optimizations and the single-
point dipole moment and molecular orbital (MO) calcula-
tions were carried out with density functional theory (DFT)
[15, 16]. The ground state geometry of the Aibg homopep-
tide was obtained by a following procedure. A chain with
eight Aib residues was extracted from the crystal structure
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of the Z-(Aib);;-OrBu [11]. The N- and C-termini were
capped with a hydrogen atom and a hydroxyl group, respec-
tively. Finally, the geometry of the Aibg was optimized by
using the GGA type PBE [17-20] functional. The DFT/
B3LYP/SV(P)-optimized ground state geometry of the
PQs,o complex reported in our previous study [2] was used
in the calculations. The electronic structures were studied by
performing single-point calculations with the “half-and-
half” hybrid functional BH&HLYP [17, 18, 21-23]
(BHandHLYP). The Karlsruhe split valence basis set with
one set of polarization functions for all atoms except for
hydrogen (SV(P)) [24] (roughly 6-31G*) was applied in all
DFT calculations employing PBE and BH&HLYP, while
larger triple-(, basis with polarization functions on all atoms
(TZVP) [25] (comparable to 6-311G**) was used to verify
the calculated dipole moments of the Aibg chain.

Vertical excitation energies were calculated with the
time-dependent DFT (TDDFT) [26-28] by using the
BH&HLYP functional with the SV(P) basis set. Only the
singlet states were considered. All calculations were per-
formed with the TURBOMOLE versions 6.0 and 6.1 [29].

Results and discussion
Geometries of the Aibg homopeptides

Some structural characteristics of the Aibg homopeptide opti-
mized at the DFT/PBE/SV(P) level are presented in Table 1
together with those of the crystalline Z-(Aib);;-OfBu [11] and
the infinitely long Aib 3¢- and x-helices (AibIH) calculated
with DFT using periodic boundaries (PBC) [12]. The defini-
tions of the angle 7 and torsion angles v, ¢, and w are
illustrated in Fig. 1.

The quite perfect 3;o-helix form of Z-(Aib),;-O7Bu is
distorted when the structure is optimized with DFT in vac-
uum. This is expected, because of the known shortcomings
of current DFT functional, for example such as the missing
van der Waals interactions, and because the structure of the
peptide is more tightly packed in a crystal than in vacuum.
In contrast to the crystalline structure, the DFT-optimized
Aibyg structure is slightly unfolded and the structure is actu-
ally an intermediate between the 3,o- and «-helices. The
residues per turn ratio 3.43 and the twist per residue ratio
104.96° of Aibg are closer to those of a perfect «-helix (3.6
and 100°) than those of a 3¢-helix (3 and 120°). However,
the dihedral angles 1 (-26.4°) and ¢ (—52.4°) as well as the
angle 7 (111.4°) of Aibg agree with the corresponding
parameters of the 3;-helical form of AibIH (-25.3°, —
51.3°, and 111.4°) better than with those of «-helical form
(-43.8°, =55.4°, and 109.9°). Only the dihedral angle w
(175.8°) of Aibg agrees better with that of the «-helical form
of AibIH (175.6°) than that of the 3¢-helix (177.5°). The
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Table 1 Some (average) optimized structural characteristics of the @ PQ+1P y PQ-2P
Aibg peptide. In addition, the characteristics of the infinitely long .
310~ and «-helices (AibIH) and of the crystalline Z-(Aib),,;-O7Bu are Xl S T ;2 & J’\
shown for comparison. Length is given in Angstroms and angles are =y \ - § <=
given in degrees he7 3@ |
Helix type Aibg®  AibIH® Z-(Aib),,-O1Bu®
C-terminus N-terminus C-terminus
310 o 310 b X / £
Al A P
length 18.724 : 1/ ' . -
number of turns 233 F| WY i 5 K | F
<residues / turn > 3.43 3.06 A Zl % {
e o { —
<rise / residue > 2.34 2.00 1.72 1.98 v | %
< helical twist / 104.96 117.73 oA X ?
residue > N-terminus ¢ C-terminus N-terminus

<> —26.4 -253 438 2744
<p> =524 =513 554 534 Fig. 2 Top-view a and side-view b of PQ+1P (left) and PQ-2P (right).
<w> 175.8 177.5 175.6 17943 The direction of the electric field induced by the ambient peptides is
<> 1114 1114 109.9 indicated by an arrow. Carbon atoms are gray, oxygens red, nitrogens

 Calculated at the DFT/PBE/SV(P) level of theory
® Calculated at the PBC/DFT/PBE/6-31G(d) level of theory, see ref.
[12]

¢ Experimental values from ref. [11]

4—1 hydrogen bonding observed in Aibg is characteristic
for 3p-helices. The unfolding lengthens the peptide chain as
can be seen from the rise per residue values of 2.34 A and
1.98 A for Aibg and Z-(Aib);;-OBu, respectively. Apart
from the unfolding, the structure of the Aibg remains well
defined as can be seen from Fig. 2.

Because it is the internal electric field of the Aibg that is
expected to perturb the electronic structure and the excited
states of the PQ complex and the electric field is induced by
the dipole moment of the peptide, the calculated dipole
moment is actually more interesting than the optimized
geometries of the peptide. In agreement with the previous
investigations [9, 30], the computed dipole is oriented along
the helix axis and points from the C-terminus to the N-
terminus, as sketched in Fig. 2. The dipole moment computed
at the PBE/SV(P) level is 31.0 D (1 D = 3.33564 x 10°° Cm),
which is slightly more than the 3.5 D value per amino acid
residue reported for «-helices [5]. Because the electronic

|

w|

R 0
SN
N-terminus o, R C-terminus
O R

Fig. 1 Schematic structure of a homopeptide chain illustrating the
angle T and torsion angles 1), ¢, and w. In addition, the directions of
the dipole moment p and the induced electric field F are shown. In Aib
polypeptides the substituents R are methyl groups -CHjy

blue, and hydrogens light gray

structure calculations of the PQ complex are carried out by
using the BH&HLYP functional with the SV(P) basis set, it is
also important to check the dipole moment at the same level.
The DFT/BH&HLYP/SV(P) calculations yield an estimate of
33.6 D for the dipole moment. However, the SV(P) basis set is
rather small and the basis set size may have a significant
influence on the calculated dipole moment [31]. Thus,
single-point calculations were carried out for the Aibg homo-
peptide also at the BH&HLYP/TZVP//PBE/SV(P) level in
order to verify the calculated dipole moment. The dipole
moment obtained at the BH&HLYP/TZVP//PBE/SV(P) level,
34.0 D, is only slightly larger than that obtained by using the
SV(P) basis set. Moreover, the orientation of the dipole mo-
ment is not affected by the basis set. Thus, in this particular
case the basis set and functional have only little influence on
the calculated dipole moment.

Strength of the electric field induced by the Aibg
homopeptides

The porphine—quinone—Aibg system was constructed from the
optimized geometries of the PQ complex and an Aibg homo-
peptide. Either one or two Aibg chains were placed next to the
PQ complex such that the helix axis is parallel to the axis
pointing from the geometric center of the porphine to the
geometric center of quinone. In addition, the C-terminus was
set either to the porphine or quinone side of the complex.
Consequently four different systems, denoted as PQ—1P, PQ-
2P, PQ+1P, and PQ+2P were constructed. In PQ—1P the N-
terminus of Aibg is on the quinone side of the PQ complex
such that the electric field induced by the peptide points from
quinone to porphine, see Fig. 2. Thus, it is expected that this
alignment would favor CT from porphine to quinone (the
direction of the electric field is defined as a direction of the

@ Springer



700

J Mol Model (2013) 19:697-704

movement of a positive charge). In PQ-2P, there are two
peptide chains with the PQ complex in the middle of them
and the orientations of the Aibg chains with respect to the PQ
complex are identical to that in PQ—1P. In PQ+1P and PQ+2P
one or two Aibg chains, respectively, are oriented such that the
N-terminus is on the porphine side of the PQ complex, see
Fig. 2. In these systems the electric field induced by the
molecular dipoles of the peptide chains is expected to prevent
the CT from porphine to quinone.

In order to estimate the field induced by the peptides
only, the strength of an electric field induced by the Aibg
homopeptides in PQ—1P, PQ-2P, PQ+1P, and PQ+2P sys-
tems was calculated without the PQ complex. The electric
fields, calculated at the DFT/BH&HLYP/SV(P) level of
theory at the location which would be in between the geo-
metric centers of porphine and quinone, were —1.100, —
0.580, +0.580, +1.100x 10° V/m in the PQ—1P, PQ-2P, PQ
+1P, and PQ+2P systems, respectively. Minus corresponds
to the direction from quinone to porphine and plus the
direction from porphine to quinone, just as in the case of
the external electrostatic field [2]. The calculated electric
fields induced by the Aibg homopeptides are of the same
order of magnitude (10° V/m) as the maximum proposed for
the helical peptides on the basis of vacuum electrostatics [9].

As expected on the basis of the dipole moment of Aibg, in
each system the direction of the induced field is parallel to
the helix axis of the peptides. In PQ—1P and PQ+1P the x (—
0.131x10° V/m) and y (+0.051 and —0.051x 10 V/m, re-
spectively) components have only a small contribution to
the norm of the field. Moreover, in PQ-2P and PQ+2P the x
and y components of the electric field practically cancel out
because of the symmetry. Hence it is the z components (—
1.100, —0.560, +0.560, +1.100x 10° V/m in PQ—1P, PQ-2P,
PQ+1P, and PQ+2P, respectively) that determine the direc-
tion of the electric field induced by the Aibg homopeptides.
Because the electric field induced by the Aibg helices is
parallel to the helix axis, in PQ-1P, PQ-2P, PQ+1P, and
PQ+2P the influence of the induced field is the highest
possible and any change in the alignment of the Aibg chains
with respect to the PQ complex would decrease the effect of
the ambient peptides.

The accuracy of the electric fields calculated with the
SV(P) basis set was verified by further calculations with
the TZVP basis set. The strengths of the electric fields
in the PQ-1P, PQ-2P, PQ+1P, and PQ+2P systems
calculated at the BH&HLYP/TZVP level, —1.104, —
0.586, +0.586, and +1.104x10° V/m, respectively, are
in excellent agreement with those obtained by using the
SV(P) basis set. In addition, the z components (1.104, —
0.567, +0.567, +1.104x10° V/m) calculated with the
TZVP basis set agree with those calculated with SV
(P). Thus, the SV(P) basis set was used throughout
the remaining calculations.
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The influence of the molecular dipoles of the ambient Aibg
peptides on the electronic structure of the PQ complex

The influences of the electric fields induced by the ambient
peptide chains on the molecular orbital (MO) energies of the
PQ complex were studied by performing single-point calcu-
lations at the DFT/BH&HLYP/SV(P) level of theory for the
PQ-1P, PQ-2P, PQ+1P, and PQ+2P systems. The PQ com-
plex with the intermolecular distance set to 5.0 A (PQs.),
here referred to just as PQ, was chosen for a closer inspec-
tion because the influence of an external electric field
increases when the intermolecular distance increases [2].
The influence of the molecular dipole of the ambient pep-
tides on the energies of the two highest occupied and three
lowest unoccupied MOs of the PQ complex calculated with
BH&HLYP is presented in Fig. 3a. In addition, the influen-
ces of the external electrostatic fields of 0.5 and +1.0x 10°
V/m are shown for comparison in Fig. 3b. The isoamplitude
surfaces of HOMO-1, HOMO, LUMO, LUMO+1, and

a PQ + Peptides

_ ::>._<|L
2 l L+1,L+2

MO Energies (eV)

-6 "'\.\.\.\'
H,H-1

PQ-2P PQ-1P  PQ

PQ+1P PQ+2P

b 0 PQ + Electric Field
-1
L
S 2 I:/././- L+1,L+2]
)
3 -3
o
S
2 s
6 In H,H-1
-7
-1 -0.5 0 +0.5 +1

Electric field (10° V/m)

Fig. 3 The influence of a the ambient peptide chains and b the static
external electric field (adopted from ref. [2]) on the orbital energies in the
PQ complex calculated at the DFT/BH&HLYP/SV(P) level of theory. See
Fig. 2 for the structures of the systems and for the directions of the
induced electric fields in PQ-2P, PQ-1P, PQ+1P, and PQ+2P. The static
external electric field is aligned perpendicular to the porphine and qui-
none planes, i.e. along the z-axis defined in Fig. 2



J Mol Model (2013) 19:697-704

701

LUMO+2 of the PQ—-1P system are presented in Fig. 4. In
other systems the localization of the MOs is similar to that
of PQ-1P shown in Fig. 4 and thus the MOs of the other
systems are not shown.

An external electrostatic field was shown to affect the
energies of the orbitals localized mostly on quinone, whereas
the orbitals localized entirely on porphine were affected hardly
atall [2]. However, depending on the system, the Aibg peptide
influences the MOs localized either on porphine or on qui-
none. In the systems where the induced field is directed from
quinone to porphine, that is, PQ—1P, PQ-2P, the field affects
the energies of the MOs localized on quinone (LUMO) more
than the energies of the MOs localized on porphine (HOMO-
1, HOMO, LUMO+1, and LUMO+2). On the contrary, in the
systems where the induced field is directed from porphine to
quinone, that is, PQ+1P, PQ+2P, the field affects the energies
of the MOs localized on porphine whereas the energies of the
MOs localized on quinone are affected less. This different
behavior as compared to the external electrostatic field sug-
gests interaction of the peptide molecules with the PQ com-
plex and eventual coupling of their MOs.

The HOMO, HOMO-1, LUMO+1, and LUMO+2 ener-
gies of PQ-1P are only 0.06 eV larger than those of PQ.
Furthermore, in PQ-2P the energies of these MOs are 0.07—
0.10 eV higher than in PQ-1P. In contrast, the energy of
LUMO in PQ-1P and PQ-2P is 0.23 and 0.44 eV lower,
respectively, than in PQ. Consequently, the HOMO-LUMO
gap is 0.34 and 0.70 eV smaller in PQ-1P and PQ-2P than
in PQ (4.11 eV). The molecular dipoles of the peptides
influence the HOMO-LUMO gap of PQ-1P and PQ-2P
more strongly than expected on the basis of the strength of
the induced electric field (—0.580 and —1.100x 10° V/m,
respectively) because the static electric fields of —0.5 and —
1x10° V/m decrease the HOMO-LUMO gap only by 0.23
and 0.46 eV, respectively (see Fig. 3).

In PQ+1P the energies of HOMO, HOMO-1, LUMO+1,
and LUMO+2 are 0.17 eV smaller than those in PQ. Further-
more, the energies of these MOs of PQ+2P decrease by 0.22
eV from those of PQ+1P. However, the energy of LUMO is
0.05 eV higher in PQ+1P than in PQ. Moreover, the energy of
LUMO is the same in the PQ+1P and PQ+2P systems. As a
result, the HOMO-LUMO gap is 0.18 and 0.35 eV larger in
PQ+1P and PQ+2P than in PQ (4.11 eV), respectively, which

HOMO-1 HOMO

LUMO

is less than expected on the basis of the strength of the induced
electric field (+0.580 and +1.100x10° V/m, respectively)
because the static electric fields of +0.5 and +1x10° V/m
increase the HOMO-LUMO gap by 0.23 and 0.46 eV, respec-
tively. However, in both cases, i.e. with the external electro-
static field and the field induced by the peptides, the HOMO
level crosses the LUMO+1 and LUMO+2 levels roughly at
the same field strength, that is, at slightly over +0.5x 10° V/m.
As a conclusion, the external electrostatic field affects only
the energies of the MOs localized on quinone whereas the
ambient peptides affect the MOs localized both on porphine
and quinone. However, both the external electrostatic field
and the peptides affect the relative energies of the MOs of the
PQ complex localized on porphine and quinone in a surpris-
ingly similar way. Therefore, on the basis of the preceding
MO analysis, it seems possible to use high electric fields
induced by peptides to control the CT states of the PQ systems
analogously to controlling by external electrostatic fields.

The influence of the molecular dipoles of the ambient Aibg
peptides on the excited states of the PQ complex

The energies of the Qy, Qy, By, and By states as well as that
of the lowest CT state of the PQ complex in the PQ-1P, PQ—
2P, PQ+1P, and PQ+2P systems calculated by using TDDFT
with the BH&HLYP functional are presented in Table 2. The
corresponding excitation energies of the PQ complex calcu-
lated in a zero field and in the presence of external electric
fields of £0.5 and 1.0 x 10° V/m are shown for comparison.
The Qy, Qy, By, and By states of PQ-1P, PQ-2P, PQ+1P, and
PQ+2P were confirmed as the locally excited porphine
states by calculating the electron density difference between
the ground state and the excited state. In addition, the
electron density difference between the ground state and
the proposed lowest CT state show how the charge is shifted
from porphine to quinone, see Fig. 5.

Molecular dipoles of ambient Aibg homopeptides and ex-
ternal electrostatic fields have somewhat similar effects on the
energies of the excited states of the PQ complex. The electric
field induced by the ambient Aibg peptide chains affects the
energies of the localized porphine (Qy, Qy, By, and By) states
slightly, contrary to the external electrostatic field, which has
hardly any effect on these states. However, the changes in the

LUMO+1 LUMO+2

Fig. 4 Some of the orbitals of the PQ-1P system calculated at the BH&HLYP/SV(P) level of theory. The isoamplitude surfaces of the orbitals
presented are 10 % of the maximum positive (red) and minimum negative (blue) amplitudes of the wave functions

@ Springer



702

J Mol Model (2013) 19:697-704

Table 2 Excitation energies (eV) of the Qy, Q,, By, and By states as well as of the lowest CT state of the PQ complex in zero field, in the presence
of an external electric field®, and in the presence of the ambient Aibg homopeptides®

State PQ° PQ+electric field PQ+peptides

Zero field -1 -0.5 +0.5 +1° PQ-2P PQ-1P PQ+1P PQ+2P
Qx 2.26 2.26 2.26 2.26 2.26 2.25 2.26 2.26 2.25
Qy 2.45 245 2.45 2.45 2.45 2.43 2.44 2.44 243
CT 2.92 2.46 2.69 3.15 3.38 2.22 2.56 3.10 3.27
By 3.61 3.61 3.61 3.61 3.61 3.56 3.59 3.59 3.56
B 3.73 3.73 3.73 3.73 3.73 3.67 3.70 3.70 3.67

* £0.5 and £1x10° V/m
® Calculated at the TDDFT/BH&HLYP/SV(P) level of theory
¢ From ref. [2]

energies of the Q and B states are small compared to the
changes in the energy of the lowest CT state, see below.
Moreover, the relative order of the states is the same both
under the influences of the fields induced by the ambient
peptides and of the external electrostatic fields of similar
strengths.

The energies of the Q and B states of the PQ-2P, PQ-1P, PQ
+1P, and PQ+2P systems are 0.06 eV smaller than those of the
isolated PQ complex at most. When the peptides are present the
energy difference between the orbitals involved in the one
electron excitations, i.e. from HOMO to LUMO+1 and HO-
MO-1 to LUMO2, which form the Q and B states, respective-
ly, decreases. Contrary to this, as mentioned above the external
electrostatic field hardly influences the energies of these orbitals
and therefore of the states, see Fig. 3a and “The influence of the
molecular dipoles of the ambient Aibg peptides on the electronic
structure of the PQ complex.” In the presence of peptides, the
energy difference between the almost degenerate HOMO and
HOMO-1 and the almost degenerate LUMO+1 and LUMO+2

Fig. 5 Electron density difference between the ground state and the
lowest CT state in the PQ—-1P system. Blue represents areas with more
negative charge in the ground state as compared to the CT state, while
red represents areas with more negative charge in the CT state
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is 0.02 eV smaller in PQ—1P and 0.01 eV smaller in PQ+1P than
in PQ. This energy difference decreases further by the same
amount in the cases of PQ—2P and PQ+2P, i.e. by 0.04 and 0.02
eV, respectively, in relation to PQ.

Molecular dipoles of ambient peptides affect the energy of
the lowest CT state in a similar way as the external electro-
static field. The presence of the peptides decreases the energy
of the CT state in PQ—1P and PQ-2P compared to the unper-
turbed PQ complex as in the case of a negative external
electrostatic field. However, the quantitative decrease of the
energy of the CT state is bigger than in the cases of the —0.5
and —1.0x 10° V/m static fields, see Table 2. Thus, the ambient
Aibg chains influence the PQ-1P and PQ-2P systems more
strongly than expected on the basis of the strengths of the
electric fields induced by the peptides (—0.580 and —1.100 x
10° V/m in PQ-1P and PQ-2P, respectively). However, the
energy of the lowest CT state decreases by precisely the same
amount as the HOMO-LUMO gap in PQ-1P and PQ-2P in
relation to the gap of the unperturbed PQ complex, namely by
0.36 and 0.70 eV, respectively.

The energy of the CT state is higher in PQ+1P and PQ+2P
than in the unperturbed PQ complex just as in the case of the
positive external electrostatic field. However, the external elec-
trostatic fields of +0.5 and +1.0x 10° V/m increase the energy
of the CT state of the PQ complex more strongly than the
ambient Aibg chains in PQ+1P and PQ+2P. As in the case of
the PQ-1P and PQ-2P systems, the molecular dipoles of the
peptides increase the energy of the lowest CT state in PQ+1P
and PQ+2P by the same amount as that of the HOMO-LUMO
gap, that is, by 0.18 and 0.35 eV, respectively, in relation to the
unperturbed PQ complex.

The influence of the molecular dipoles of the ambient Aibg
peptides on the electron transfer in the PQ complex

We have previously shown that it is possible to control the
crossings of the locally excited porphine states (Q and B)
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and the lowest porphine-to-quinone CT state by applying an
external electric field of the order of magnitude of 10° V/m
[2], see Fig. 6. These crossings can correspond to the CI
between the states which would facilitate an efficient ET
from porphine to quinone when either the Q or B state of the
porphine moiety is photoexcited. As discussed in “The
influence of the molecular dipoles of the ambient Aibg
peptides on the excited states of the PQ complex,” the
electric field induced by the Aibg homopeptides is of the
same order of magnitude and has a similar effect on the
excited states of the PQ complex as the external electrostatic
field. Thus, analogously to the case of the external electro-
static field, it would be possible to control the crossings of
the PECs of the locally excited porphine states (Q and B)
and the lowest CT state by using the perturbation created by
the ambient Aibg chains. In the current investigation we
have found that one Aibg chain orienting the N-terminus
to the quinone side of the PQ complex has roughly the same
effect as the external electrostatic field of —0.8x 10° V/m. At
the same time, because the presence of one or two Aibg
chains orienting the C-terminus to the quinone side
decreases the energies of the B states and increases the
energy of the CT state slightly, one Aibg chain orienting
the C-terminus to the quinone side has roughly the same
overall effect on the gaps between the CT and B states as an
external electrostatic field of +0.4x10° V/m.

The PECs of the Q states and the lowest CT state calcu-
lated with BH&HLYP cross under the influence of an ex-
ternal electrostatic field strength of ca. —1x10° V/m (Fig. 6).
Thus, already two ambient Aibg chains (PQ-2P) are enough
to shift the PEC of the lowest CT state close to the PECs of
the Q states and cause crossing of these states, see also
Table 2. The PECs of the B states and the lowest CT state
cross under the influence of an external electrostatic field
strength of +2.0x 10° V/m. Because, according to the cal-
culations employing BH&HLYP, one Aibg chain in PQ+1P
and PQ+2P has a milder effect than the external electrostatic
field of +1x 10° V/m on the energy of the lowest CT state, it
would require four or even more Aibg homopeptides in
close proximity to the PQ complex to induce the crossings
of the B states with the lowest CT state.

Comparison to the PECs obtained with the CC2 method
has shown [2], however, that BH&HLYP underestimates the
CT energy. On the basis of the PECs calculated at the CC2/
TZVP level of theory under the influences of external elec-
trostatic fields of various strengths it seems that already the
presence of one Aibg homopeptide would be enough to
induce the crossings of the B states with the lowest CT state
because the PEC of the CT state lies very close to the PECs
of the B states already in zero field (see Fig. 6). Further-
more, because one Aibg chain orienting the N-terminus to
the quinone side of the PQ complex has roughly the same
effect as the external electrostatic field of —0.8x10° V/m,

Energy (eV)

Energy (eV)

0 1 1
3 4 5

Foq (A)

Fig. 6 PECs of the ground state (GS), the Q,, Q,, By, and B, states,
and the energetically lowest CT state of the PQ complex as a function
of the intermolecular distance Rpq calculated in zero field. Addition-
ally, the PECs of the lowest CT state calculated under the influences of
external electric fields of £1 and +2x10° V/m are shown. The curves
are adopted from ref. [2] and have been calculated at the TDDFT/
BH&HLYP/SV(P) and CC2/TZVP levels of theory

which is in agreement with the TDDFT/BH&HLYP calcu-
lations, the CC2 calculations predict that the perturbation
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created by two peptides would induce the crossings of the
CT and Q states.

As a conclusion, according to the calculations performed
in this study it would be possible to select a locally excited
state (either Q or B) whose photoexcitation leads to ET from
porphine to the quinone moiety of the PQ complex. This
could be achieved by introducing one or two ambient Aibg
homopeptides in close proximity to the PQ complex and by
changing the orientations of the ambient homopeptides with
respect to porphine and quinone, that is, PQ—-1P (Q states)
versus PQ+2P (B states).

Conclusions

In this article we have investigated the influence of the electric
field induced by molecular dipoles of one or two short ambi-
ent helical Aibg homopeptide chains on the ground state
electronic structure and the excited states of the porphine—
quinone complex by using DFT and TDDFT with the
BH&HLYP functional. Two different relative orientations of
the ambient Aibg chains with respect to the PQ complex have
been studied: the first one in which the C-terminus is on the
quinone side of the PQ complex and the field induced by the
peptides is directed from porphine to quinone and the second
one in which the orientations are opposite.

The electric field induced by the molecular dipoles of the
ambient peptides from their N-terminus to the C-terminus is of
the order of magnitude of 10° V/m and is practically parallel to
the helix axis. The overall effect of the peptide-induced elec-
tric field on the energies of the MOs of the PQ complex is very
similar to that of the external electrostatic field. However,
depending on the relative orientation with respect to the PQ
complex the molecular dipoles of the ambient peptides affect
either the MOs localized on porphine or quinone, whereas the
external electrostatic field affects the energies of the MOs
localized on quinone only. Additionally, the molecular dipoles
of the peptides influence the HOMO-LUMO gap energy
more strongly in PQ—1P and PQ-2P and more weakly in PQ
+1P and PQ+2P than expected on the basis of the strengths of
the electric fields induced by the molecular dipoles of the
ambient helical peptides.

The ambient Aibg peptides generate perturbations which
affect the energies of the locally excited porphine Q and B
states clearly less than that of the lowest CT state of the PQ
complex. One Aibg chain orienting the N-terminus to the
quinone side of the PQ complex has roughly the same effect
on the energy of the CT state as the external electrostatic
field of —0.8x10° V/m, whereas one Aibg chain orienting
the C-terminus to the quinone side has roughly the same
effect as the external electrostatic field of +0.4x10° V/m.
Because the induced electric field has a similar effect on the
excited states of the PQ complex as the external electrostatic

@ Springer

field, it would be possible to control the crossings of the
PECs of the locally excited porphine states (Q and B) and
the lowest CT state by using the perturbation created by the
ambient Aibg peptide chains. Hence, the ambient Aibg
homopeptides can be used analogously to the external elec-
tric field to control the ET in the PQ complex.
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