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First-principles study of photoinduced electron-transfer
dynamics in a Mg-porphyrin-quinone complex
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Germany
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Abstract

The photoinduced electron-transfer process between a magnesium-porphyrin
and a quinone in a model complex has been studied by means of quantum
dynamical methods. The microscopic parameters controlling the electron-
transfer process have been obtained using ab initio electronic structure cal-
culations. A quantum dynamical simulation for a reduced dimensionality
model, including only the totally symmetric vibrational degrees of freedom
of the quinone molecule, shows that the electron-transfer is fast, taking place
in a few hundreds of femtoseconds, in agreement with experimental results
for similar systems.

1. Introduction

Photoinduced electron-transfer (ET) reactions are the basic processes of
solar energy conversion both in living systems and in artificial molecular
machines.[1, 2] In the past decades, a large variety of model systems have
been experimentally investigated with the aim of understanding the detailed
molecular mechanisms of such processes. Amongst others, supramolecular
complexes consisting of porphyrin-type or phtalocyanine-type electron donors
and quinone-type electron acceptors have been widely used, mainly as sim-
plified models of the primary charge-separation process which takes place in
biological systems. The rates of ET in such systems can vary from a few
hundred femtoseconds a few hundred picoseconds depending on the relative
orientation and distance of the molecules, their electron affinities, ionization
potentials, and the properties of the medium in which the reaction takes
places.[2] Recently, Sobolewski and Domcke have shown that by introducing
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a chain of hydrogen-bonded water molecules, which hold together a por-
phyrin donor and a quinone acceptor, it is possible to trigger a sequence of
photoinduced electron-driven proton-transfer (EDPT) reactions, which ulti-
mately lead to splitting of water into hydrogen and oxygen, thus producing
a chemical fuel directly using solar energy.[3, 4]

Understanding the mechanistic aspects of ET in such models can be of
great importance for the design of new molecular devices capable of produc-
ing solar fuels. In particular, a better understanding of the role played by
intramolecular and intermolecular vibrations as well as by the solvent is es-
sential. This requires the development and assessment of theoretical models
based on a microscopic description of the electronic and nuclear properties of
the electron donor-acceptor pair. A full microscopic description of ET reac-
tions is quite challenging even for simple donor-acceptor pair systems, and,
notwithstanding the evolution of methodologies for studying exact quantum
dynamics in large systems,[5] applications to ET reactions of chemical inter-
est are at an early stage.[6, 7, 8, 9, 10, 11]

In this paper, we discuss a model Hamiltonian of photoinduced ET in a
porphyrin-quinone complex and provide preliminary results on the quantum
dynamics of the ET process. In particular, we determine the microscopic
parameters which control the nuclear motion in the photoinduced ET reac-
tion using high-level electronic structure calculations, and apply wavepacket
propagation methods to study its dynamical aspects. Our attention is mainly
focused on the role played by the intramolecular vibrations, deliberately ne-
glecting the effect of the surrounding medium and of any low frequency in-
termolecular motion, with the purpose of understanding to what extent the
intramolecular vibrational modes of the two redox partners can drive long-
range ET, and which of these are the most effective.

The structure of the complex considered in this work is shown in figure 1.
The planes of the two molecules are perpendicular to each other with overall
C, symmetry. The minimum atom-atom distance is about 4.5 A, whereas
the center-to-center distance of the two rings is about 6.5 A. The model
adopted in this work is based on that proposed in Ref. [3]. The rationale
behind this choice is to allow an easy extension of the present calculations to
the more complex case of ET reactions coupled to water oxidation processes,
which will be the subject of future research. We would like to emphasize that
although the arrangement of the donor-acceptor pair in the complex definitely
influences the ET rate, most of the analysis presented in this paper remains
valid for a large class of porphyrin-quinone complexes, independently from



the mutual orientation of the two moieties (vide infra).

INSERT FIGURE 1

2. Electronic-Structure Computations

ET in a weakly interacting donor-acceptor pair is most conveniently de-
scribed as a transition between two diabatic electronic states, corresponding
to reactants and products, respectively. A widely employed strategy for de-
termining diabatic states is based on the concept of maximizing the overlap
of the electronic wavefunctions with reference diabatic states, which have
been defined using some specific property of the system, or by chemico-
physical intuition. In this work, an ab initio quasi-diabatization procedure
has been implemented. In this procedure, the electronic eigenstates, {5}, of
the porphyrin-quinone pair at a very large distance (about 50 A), i.e. with a
vanishingly small interaction, are computed and taken as reference diabatic
states. Then, the porphyrin-quinone intermolecular distance is changed to
the value of interest, in our case 4.5 A, and a new set, {®;}, of adiabatic
electronic eigenstates is computed. Finally, diabatic states, {¥;}, are ob-
tained by a unitary transformation of the adiabatic states, {®;}. The unitary
transformation is determined by maximizing the overlap, (V;|®¢), between
the diabatic wavefunctions and the reference states. The technique used for
the overlap maximization is described in detail in ref [12] and [13] and im-
plemented in the Molpro software.[14] Once the unitary transformation is
determined, the adiabatic electronic Hamiltonian can be easily transformed
to the diabatic Hamiltonian, providing the energies and the the diabatic
coupling matrix element which is responsible for the ET process.

Electronic states have been computed using a state-averaged multi-configu-
ration self-consistent field (SA-MCSCF) method, with the standard Dunning
cc-pVTZ basis set.[15] The active space of the MCSCEF calculations includes
six orbitals localized on the Mg-porphyrin and three orbitals localized on the
benzoquinone.

The results of the MCSCF calculations show that the Mg-porphyrin-
benzoquinone complex has two quasi-degenerate locally-excited states of A’
and A” symmetry, which correlate with the Bs, and Bs, excited singlets of
the isolated Mg-porphyrin. The A’ state has a slightly lower excitation energy
than the A” state. The lowest CT state can be described almost exclusively
as a single excitation from the highest occupied orbital of the Mg-porphyrin



to the lowest unoccupied orbital of benzoquinone, and belongs to the A’
symmetry representation.

Since the transformation to the diabatic representation preserves the sym-
metry of the electronic wavefunctions, a purely electronic diabatic coupling
between the CT state and the A’ locally-excited state is allowed, whereas
the CT state and the A” excited state can only be coupled through a motion
along a vibrational mode with a” symmetry. In this latter case the inter-
action between the two states would be mediated by a conical intersection
(CI). Although it has been pointed out that Cls can significantly influence the
ET dynamics,[16, 17] a purely electronic coupling is very effective in driving
long-range ET processes, and is a widely used approximation for the study
of ET in systems of biochemical interest. Accordingly, we take into account
only the possibility of ET from the A" excited state which is believed to play
the major role. Work is currently in progress to include the effect of the A”
excited state. Excitation energies have also been computed at the CC2 level
with a split-valence basis set (SVP). The results are summarized in Table 3.

Equilibrium structures, normal vibrations and frequencies of porphyrin
and the porphyrin cation in their ground electronic states have been com-
puted in Dy, symmetry, with density functional theory (DFT), using the hy-
brid B3LYP exchange-correlation functional,[18, 19] and the 6-311G(d,p) ba-
sis set, whereas those of quinone and the quinone anion have been computed
in Dyj, symmetry at the CC2 level, using a cc-pV'TZ basis set augmented with
diffuse functions (aug-cc-pVTZ).[15] DFT calculations have been performed
using the Gaussian09 package,[20] and CC2 calculations have been performed
with the Turbomole software[21, 22]. Linear and quadratic vibronic coupling
parameters and Duschinsky transformations (vide infra) have been computed
using a modified version of the MolFC software.[23, 24]

3. Model Hamiltonian for Porphyrin-Quinone ET

Electronic-structure analysis show that the dynamics of the photoinduced
ET process in porphyrin-quinone complexes can be described by the following
diabatic model Hamiltonian

H = |P*Q>(T+Ue)<P*Q}+\P+Q—>(T+Uct)<P+Q—}+V\P*Q><P+Q—\+c.c(. |
1

where |P*Q> denotes the locally-excited state of the complex, i.e. in which
the porphyrin is in its first excited singlet state (S;), and the quinone in
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its ground state, P+Q*> is the charge transfer state, U¢ and U are their
respective potential-energy surfaces (PES), T' is the nuclear kinetic-energy
operator, and V' the diabatic electronic coupling. In the specific case under
examination, both the diabatic locally-excited state and the CT state belong
to the A" symmetry. In this work, we deliberately neglect any intermolecular
motion, and further assume that the the PESs of the diabatic electronic
states can be written as the sum of the PESs of the two separate molecules.
Finally, the harmonic approximation is employed. Using the normal-mode
representation, we can write the the PESs of the two diabatic states as

e 1 2 1 2
U® = B 21: wpiqp; + b z]: wWQ;idg; (2)

1 L 1 - o
Ue = 3 E Opidp; + B Zijqéj +AE (3)
i J

where gg;,wq; are the dimensionless normal coordinates and frequencies of
benzoquinone in its ground state, and ¢p;, wp; those of porphyrin in is first
excited state. Analogously, gg;,wg;, and ¢p;, Wp;, are the normal vibrations
and frequencies of the benzoquinone radical anion, (-, and of the porphyrin
radical cation, P-*. AE° is the driving force of the ET.

For computational purposes, it is often better to write the two PESs in
terms of the same set of variables.[25] To this end, a Duschinsky transforma-
tion can be used to express the normal modes of the CT state in terms of
those of the initial electronic state

qp = Jpqp + dp, do = Jouq + dg, (4)

where the vectors dp, dg represent the displacements of the equilibrium po-
sitions of the normal modes of vibration upon ET, and the linear trans-
formation matrices Jp, Jg (the so called Duschinsky matrices) account for
variations of directions and frequencies of normal modes. Then, by substi-
tuting equations (4) in equation (3), we obtain the transformed PES of the
CT state

U = AE, + Z KEapi+ Y Vhapiar + > RCdei+ Y Vadaeides,  (5)

i>j i i>j

;{P’Q}, and the Hessian matrices 7{P’Q}

where the linear vibronic couplings x i



are defined as

K =0piY Jegde K =00 ) Jaidaes (6)
J J
v = Z JpirwprJprj 7{(}2 = Z JQikwQrJQk; - (7)
k P
AE, = AE° + Ao + Ap (8)

and Ap, A\ are the reorganization energies of porphyrin and benzoquinone
respectively, defined as

Ap = %Zdéiwm, Ao = %Zcﬁ 90i-

AF, represents the vertical energy difference between two electronic states,
i.e. computed at the equilibrium geometry of the initial state. The linear
vibronic terms depend on the changes of the equilibrium geometries of the
molecules upon ET. Second-order terms depend only on the mixing of normal
modes, i.e. on the Duschinsky effect.

Finally, in the model under examination, the diabatic electronic coupling,
V', is approximated to be independent of the nuclear coordinates. This is an
ubiquitous assumption in the theory of ET reactions, which can be safely
applied here since, as already pointed out, both the excited state and the CT
state belong to the A’ symmetry representation, thus allowing for a purely
electronic coupling term.

4. Model Parameters

In order to determine the parameters of the model Hamiltonian, the nor-
mal vibrations of Mg-porphyrin in its first excited singlet state and of its
cation, as well as of benzoquinone and its anion must be determined. Low-
temperature electronic spectra of metalloporphyrins show that in the Q band
(i.e. in the S; state) the 0-0 excitation carries a very large fraction of the total
intensity.[26, 27] This suggests that the equilibrium geometries and normal
modes of Mg-porphyrin in the first excited state and in the ground state can
be assumed to be identical without significant loss of accuracy. This approx-
imation allows us to strongly reduce the computational cost by avoiding the
expensive calculation of the excited-state normal vibrations. Computational
details of the normal-mode calculations are reported in Section 2.
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The totally symmetric modes of the two molecules play a major role in ET
as they give rise to linear vibrational couplings, x;, which can efficiently drive
the E'T process. Non-totally symmetric modes, on the other hand, contribute
to the Hamiltonian only through quadratic vibronic couplings, 7;;, providing
a less efficient mechanism for energy transfer from electronic to nuclear de-
grees of freedom. The computed k; values for the totally symmetric modes
of porphyrin and benzoquinone are reported in Table 2. High-frequency
(w > 3000 cm™!) totally symmetric modes, which are mainly combinations
of CH stretchings, have a very low vibronic activity, and their contribution
to the reorganization energy is negligible and not reported. The computed
reorganization energy for reduction of benzoquinone (Q/Q~) is 3557 cm ™1,
whereas that of the oxidation of Mg-porphyrin (P/P*) is 771 cm™'. Thus,
the overall reorganization energy is 4328 cm ™, about 0.54 eV, in surprisingly
good agreement with values obtained from the measurement of ET kinetics
in cyclophane-bridged porphyrin-quinone molecules.[28] Tt is worth noting
that more than 80% of the total reorganization energy of the system can be
ascribed to just five vibrational modes of benzoquinone. These modes are
sketched in figure 2. Their strong vibronic activity is ultimately caused by
large variations of the benzoquinone geometry upon electron uptake. In par-
ticular, the computed geometries predict an elongation of the CO and CC
bonds of about 0.06 and 0.04 A, respectively, and an overall squeezing of the
six-membered ring. The elongation of the two bonds can be explained con-
sidering that most of the excess electronic charge of the anion is located on
the two CO bonds, causing their weakening. This also explains the variation
of the vibrational frequency of the symmetric CO stretching upon reduction,
as reported in figure 2. Changes in the other geometric parameters do not
have such an immediate interpretation. In Table 1, the Hessian matrix, 'yg,
for the five totally symmetric modes of benzoquinone is also reported. The
strong coupling between modes vy, 14, 5 are due to significant variations of
normal modes upon ET.

The vibronic activity of the Mg-porphyrin in the oxidation process is quite
complex to analyze. As is well known, the minimum-energy structure of the
ground state of Mg-porphyrin exhibits Dy, symmetry, whereas its cation has
a lower symmetry (Cyy). Indeed, both experiments and computations predict
an in-plane distortion of the porphyrinic ring of the cation along an as, mode
(ay in the Cyy, group).[29, 30, 31] This distortion is caused by a pseudo Jahn-
Teller (JT) interaction between the two lowest doublet states of the cation,
labeled as 245, and 24, in the Dy, group. In this work, we do not investigate
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the role of this pseudo-JT effect on the ET process, and assume that only the
lowest doublet state of the porphyrin cation, i.e. the 2A,, state, is involved
in the reaction. Further work is certainly required along this direction. The
in-plane distortion falls at 1375 cm™! in the neutral porphyrin, and, as can
be seen from Table 2, has a relatively strong vibronic activity. The computed
reorganization energy of porphyrin is about 771 cm™!, which clearly indicates
that the overall vibronic activity of the molecule is quite small compared to
that of benzoquinone.

The vertical energy difference AFE, is a very important parameter for ET
dynamics, as it controls the density of vibronic states which are actually
involved in the ET dynamics. Calculation of this parameter for the system
of Figure 1 at the CC2 level with a TZVP basis set gives a value of about 1.0
eV. From equation 6, and considering the computed reorganization energies,
the ET process would be endoergonic by about 0.5 eV and thus would not
take place in the isolated system. On the other hand, the main purpose of
our analysis is the description of the ET process in condensed phase, where
the stabilization of the CT state due to solvent polarization can be quite
significant.[2] Furthermore, the driving force of the ET can be adjusted by
introducing specific substituents on the porphyrin or quinone rings. This
would not significantly alter the dynamical properties of the system, leaving
the present analysis valid.[2, 32] In this work, we assume AFE, = 0, which
amounts to modeling a barrierless ET process with a driving force —AFE° =
Ao+ Ap of about 0.5 eV. This assumption, albeit ad hoc, has a sound physical
basis, as barrierless ETs have been widely documented in porphyrin-quinone
type complexes.[2, 28]

The diabatic coupling, V', between the excited state, {P*Q>, and the
CT state, |P+Q*>, computed by the diabatization procedure explained in
section 2, is 120 cm~!. Empirical estimates based on Marcus theory of ET
in metallo-porphyrin-quinone systems with a similar edge-to-edge distance
suggest values between 100-160 cm™!, and similar values can be obtained
using the Hopfield semiempirical formula.[33]

5. Electron-transfer dynamics

The model Hamiltonian described above has more than hundred vibra-
tional degrees of freedom. A complete numerical treatment of the nona-
diabatic dynamics is currently being addressed by using the ML-MCTDH
method.[5, 34, 35] However, since more than 80% of the reorganization en-



ergy arises from the five vibrations of the quinone, a reduced-dimensionality
model including only these modes should provide a qualitatively correct pic-
ture of the ET dynamics. Due to the relatively high frequency of the benzon-
quinone vibrations, we can neglect any temperature effects and can assume
that the system is initially in its vibrational ground state ‘0> Then, the
vibronic state of the system at any time t is given by

[W(t))) = e P*Q)|0), 9)

where H, is the diabatic reduced Hamiltonian, including only linear and
quadratic vibronic couplings of benzoquinone. The time evolution of the
wavepacket is computed using a Chebyshev propagator, combined with a grid
representation of the vibrational wavefunction.[36] The survival probability
as a function of time can be readily obtained from |¥(t)):

P(t) =Y (l(P Q¥ (1) (10)
where the summation is over all the vibrational states. The ET probability
is given by 1 — P(t).

In Figure 3, the electronic population dynamics of the photoinduced ET
process is shown. The system is initially found in the |P*Q> electronic state
whose population decays rapidly, reaching a value of about 0.2 in about 200
fs, which implies that the CT state is populated on the same timescale. P(t)
exhibits damped oscillations up to 2 ps. The recurrences are most likely
due to the limited number of degrees of freedom of our model thus allowing
transient back-transfer of the electronic population.

The results of the dynamics are in qualitative agreement with experi-
mental data on porphyrin-quinone complexes having similar structural pa-
rameters. In particular, we note that in cyclophane-bridged Zn-porphyrin-
quinone[28, 37|, ET kinetic constants between 3 x 10'? and 5 x 10 have
been measured, which corresponds to exponential decay times between 330
and 250 fs. In these cases, the estimated diabatic coupling was around 100
cm™!, and the ET process was considered barrierless, which is in close cor-
respondence with the main features of our ab initio based model.

6. Conclusions

We have developed an ab initio microscopic model of the photoinduced
ET process in a Mg-porphyrin-benzoquinone complex employing accurate
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electronic structure calculations. Our analysis shows that most of the vi-
bronic activity during the ET reaction is associated with nuclear motion
in the benzoquinone anion. This is due to large changes of the molecular
geometry upon reduction of benzoquinone. The computed intramolecular
reorganization energy is in good agreement with experimental estimates for
similar molecular systems. A reduced-dimensionality model, including the
five most active accepting modes of benzoquinone, has been used to simulate
the ET dynamics. The only empirical parameter is the vertical energy differ-
ence A F, which has been set to zero to account implicitly for the stabilization
of the CT state due to the solvent.

The results show that the ET is very fast and takes place on a subpi-
cosecond timescale, in line with experimental findings on systems with sim-
ilar structural parameters. This also shows that five intramolecular modes
of the redox partners are sufficient to efficiently drive the ET, a most impor-
tant result for quantum dynamical modeling of chemical processes in large
molecular systems. Accurate quantum dynamical simulations including all
the degrees of freedom of the system are currently being studied using more
powerful quantum dynamical methods. The present model does not include
nonequilibrium solvation effects, i.e. solvent reorganization. Although these
effects clearly contribute to the ET reaction, we expect them to play a minor
role for the short-time dynamics of the system (i.e. the first few hundred
femtoseconds). They may have a deeper impact on the long-time behaviour,
leaving our main conclusions unaffected.

It should be noted that our model includes the dynamical effects of both
equilibrium geometry changes and normal mode mixings (Duschinsky ro-
tations) upon ET. The latter effect is often neglected in vibronic models,
because it is quite difficult to be reliably computed and because it is believed
to play a secondary role in the overall dynamics. However, recent theoretical
analyses have shown that Duschinsky rotations can have a strong effect on
ET rates.[38, 39, 40, 41, 42]
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Table 1: Frequencies, linear and second-order vibronic couplings, of five totally symmetric
modes of benzoquinone. All numbers are in cm™!. The high-frequency totally symmetric

CH stretching modes have a negligible vibronic activity and are not reported.

Mode wiQ 'yg /4;?
vy 442.28 | 211.4 1126.3
Uy 77997 | =204  433.2 168.0
2 1144.41 | —26.5 68.7 571.9 838.8
Uy 1563.07 | =25.5 —106.6 —16.9 558.6 —1785.7
Vs 1637.61 | —10.2 —114.2 —-76 —-30.9 701.4|—1230.9

Figure 1: Structure of the Mg-porphyrin-benzoquinone pair as used in the electronic

structure calculations. The complex has Cs symmetry.
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Table 2: Frequencies and linear vibronic coupling terms x!” of the totally symmetric modes
of porphyrin. The high-frequency totally symmetric CH stretching modes have a negligible

vibronic activity and are not reported.

wi (em™) ky (em~)
363.24 -41.0
413.23 93.7
736.22 -181.6
810.23 -397.8
1017.31 322.6
1018.25 35.0
1084.52 -92.8
1172.51 -26.8
1344.12 -32.5
1375.87 -788.2
1387.59 279.8
1461.25 -693.8
1577.95 477.4
1586.62 -545.2

Table 3: Excitation energies and diabatic coupling of the Mg-porphyrin-benzoquinone

complex computed at the MCSCF /cc-pVTZ and CC2/SVP levels.

state | EQMCSCF) E(CC2)
S1(A") (P*Q) 3.08 2.50
S1(A") (P*Q) - 2.50
PtQ=(A) 4.13 3.48
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Figure 2: Totally symmetric normal vibrations of neutral benzoquinone and their vibra-
tional frequencies (in wave numbers) computed at the CC2 level with the aug-cc-pVTZ
basis set. The vibrational frequency of the corresponding mode of the benzonquinone

anion is given in parentheses.

Figure 3: Electronic population dynamics of the ET process. The curve represents the
probability of finding the system in the initial locally-excited electronic state at time ¢. A
fast decay of the initial state population, with a time constant of about 200 fs is visible.
Damped recurrences, presumably due to the reduced dimensionality of the model, are also

manifest.
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