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Abstract

In the framework of a dynamic vibronic model, we report the influence o f b oth l ocal a nd nonlocal 
vibronic coupling on the vibronic energy levels for organic mixed-valence systems, and then evaluate 
their contributions to photoelectron spectroscopy of a realistic molecule as an example. Our results 
demonstrate that the variation of nonlocal vibronic coupling constant in the dimeric model doesn’t 
influence the relative positions of vibronic energy levels. For the spectrum simulated, it tries to maintain 
the constant difference 2 t0ab b etween the splitting energy l evels corresponding to two p eaks o f the first 
ionizations.

Key words: mixed-valence system, organic semiconductor, vibronic coupling, UPS.

The understanding of electron transfer (ET) process is of

fundamental importance, which is the most active research area

in chemistry, biology, and physics. ET is a dynamic process; the

electronic motion accompanies a change of nuclear configuration,

and the electronic and vibronic couplings (VC) are essential to the

problem. However, in spite of extensive efforts, reaching a complete

understanding of ET is still unsatisfying.

Organic mixed-valence (OMV) systems are of immense interest,

since they are the simplest “dimeric” model compounds in

studies on ET processes [1–7]. These compounds consist of only

two charge-bearing “monomers” (Ma and Mb) which can be

linked directly or via a bridging ligand BL. Many optoelectronic

properties of OMV compounds are mainly determined by

electronic coupling between the monomers and vibrational

reorganization energies. This electronic coupling between the

monomers is described by transfer integral

tab = ⟨φa|Ĥ|φb⟩,

where Ĥ is the molecular Hamiltonian, and two localized states φa

and φb are corresponding to two valence structures Ma−BL−M+
b

or M+
a − BL − Mb in the absence of any coupling between the

monomers. The reorganization energies are classified into the

local intra-monomer (λ) and nonlocal inter-monomer (L) parts,

which is similar with the case of organic crystals [8]. Electronic

coupling and reorganization energies in OMV systems are usually

estimated by several experimental methods. According to Hush’s

semiclassical formalism [9], electronic coupling and reorganization

energies can be predicted by analyzing the inter-valence charge-

transfer (IVCT) band. Another experimental method widely

applied to probe the electronic coupling is based on ET rate

between the monomers measured by electron spin resonance

(ESR) spectroscopy [10–12]. Electronic coupling can be also

measured using gas-phase ultraviolet photoelectron spectroscopy

(UPS) directly [13, 14]. Previous theoretical studies systematically

investigated the effects of several important factors (such as

electronic coupling, reorganization energies, and temperature)

on IVCT bands of the typical OMV compounds by employing

dynamic vibronic model combined with quantum chemical

calculation [15–17]. Meantime, they also simulated their ESR

spectra successfully [14]. Nevertheless, the contributions of

vibronic coupling to UPS in OMV systems aren’t still studied

to date. Even in the polaron cluster model extensively studied

[18, 19], the role of nonlocal VC in UPS remains unclear.

Therefore, these points are our focus in this work.

In this Communication, to clarify the contributions of VC

to UPS in OMV systems, their effects on vibronic energy levels

of these molecules should be firstly discussed. Within localized

φa and φb electronic bases, these systems are described by the

following vibronic Hamiltonian:
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Here, P is nuclear momentum; Q+ and Q− are the

symmetrized dimensionless coordinates of the intra-monomer

vibration with the energy ℏωL; QNL is the dimensionless

coordinate of the inter-monomer vibration with the energy ℏωNL;

the dimensionless VC constants g (local) and α (nonlocal) are

given by reorganization energies λ (λ = g2ℏωL) and L (L =

α2ℏωNL), respectively [8, 20]. t0ab is the transfer integral at the

equilibrium geometry.

The solutions of the vibronic Hamiltonian, Eq. (1),

are numerically obtained by expanding its νth eigenstate

Ψν(r;Q+, Q−, QNL) in terms of a direct product basis of localized

electronic states as well as three harmonic-oscillator eigenfunctions

χm(Q+), χn(Q−) and χq(QNL):

Ψv(r;Q+, Q−, QNL)

=φa

∑
mnq

Cν
a;mnqχm(Q+)χn(Q−)χq(QNL)

+ φb

∑
mnq

Cν
b;mnqχm(Q+)χn(Q−)χq(QNL) (2)

where r is electronic coordinate. By setting the vibrational quanta

numbers (m, n and q) in this expansion, the solutions of this

dynamic vibronic problem could be obtained with any arbitrary

accuracy. Therefore, Lanczos algorithm is employed to diagonalize

vibronic Hamiltonian numerically, and the number of vibrational

bases is set to 60 × 60 × 60 in all cases here. Note that the

harmonic oscillator approximation is only valid in the low energy

regime around the equilibrium geometry, and, the higher the

energy, the stronger the anharmonic effect, especially for the

low-frequency modes. For example, for linear absorption and

emission spectra, anharmonicities can lead to frequently observed

asymmetries between absorption and emission spectra [21, 22].

To simplify the calculation of eigenenergies of the vibronic

Hamiltonian matrix, the item

ℏωL

2
(P 2

+ +Q2
+) + gℏωLQ+

is dropped in the diagonal term because it can’t influence the

positions of eigenenergies relative to the lowest level. According to

the previous study results on OMV systems [15, 16], effective inter-

monomer vibrational energies are larger than the intra-monomer

ones, which is different from the case of organic crystals. Thus, in

the present work, the effects of VC on vibronic energy levels are

studied in the case, γ = ℏωNL/ℏωL = 20.1 (see Figure 1). For

comparison, another case, γ = 1.1, is also considered. To avoid

any artificial overlap of electronic, local vibrational, and nonlocal

vibrational energy levels, the relevant ratio values such as γ and
t0ab

ℏωNL

are set to fraction values. From Figures 1 (a) and (c), it can

be found that when g = 0.0, the increase of nonlocal VC constant

from 0.0 to 2.0 for different transfer integral values doesn’t change

the relative positions of vibronic energy levels. It is consistent with

the two-site semiclassical picture. Actually, it is well-understood

from the adiabatic potential energies related to the ionization of

a dimer in Figure S1. When an excess charge is added into the

dimer, two delocalized states appear

Ψ± =
1
√
2
(φa ± φb)

with energies

E± =
ℏωL

2
(QNL ±

√
2α)2 − α2ℏωNL ± t0ab

Obviously, due to the polaron effect of nonlocal VC, the increase

of α value leads to the decrease in the bottom of the two vibronic

energy surfaces for E+ and E− by the same quantity. Noted that

the result obtained in our two-site case is not in agreement with

the one obtained in many-sites case [20, 23].

It should be mentioned that the same conclusion is also

obtained in another case γ′ = ℏωL/ℏωNL = 20.1 corresponding

to the case of organic crystals (like as pentacene). From Figure 1,

it can be also found that the tuning roles of local and nonlocal VC

in vibronic energy levels show a competitive relationship.

Noted that nonlocal VC tries to keep the constant difference

value ∆E = E+ −E− between the splitting energy levels, that is,

2t0ab. In spite of t0ab > λ′

2
or t0ab < λ′

2
, the same trend can be still

observed.

Here, it should be mentioned that the change of the adiabatic

parameter (t0ab/ℏα) also doesn’t affect this behavior.

Now, this methodology is applied to a realistic OMV

molecule A as an example (see Figure 2). We focus on its

vibronic photoionization transitions in order to understand the

characteristics of its experimental UPS spectrum. The spectral

intensity I(E) of the transition from the initial state Ψi,m with

energy Ei,m to the manifold (2) of final vibronic states Ψf,ν with

energies Ef,ν is given in the framework of the Fermi golden rule:

I(E) = 2π
∑

ν

∑
m P (Ei,m)

∣∣∣⟨Ψi,m|T̂ |Ψf,ν⟩
∣∣∣2 δ(E − (Ef,ν − Ei,m)) (3)

T̂ is an operator describing the interaction between photo and

electron; P (Ei,m) is the probability distribution of the initial state

Ψi,m occupied. To reproduce the experimental UPS spectrum, the

parameters in Eq. (1) are taken from the correlative literatures.

The energy ℏωNL of the inter-monomer vibrational mode was

set to 1050 cm−1, a value that falls in the region of the C–N

stretching in triarylamine molecules [24]. The energy ℏωL of the

intra-monomer vibrational mode has been taken as 500 cm−1.

This choice for the ℏωL energy is justified by the fact that ℏωL

is an effective mode that accounts for the overall effect of the

low energy solvent modes and of all the intramolecular modes

coupled to the ET process. In previous studies, the selection of the

above parameter values brought very consistent results with the

experiments [16]. Due to much larger energies of these vibration

modes than the room temperature kBT value (≈ 200 cm−1), only

the transition from the ground state Ψi,0 of the neutral molecule
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Figure 1. Change trends of the eigenenergies E relative to the lowest level Eg for different local and nonlocal vibronic coupling constants

in two cases γ = 20.1 and γ = 1.1: (a) and (c) g = 0.0, (b) and (d) g = 1.0.

is taken into account in UPS spectrum. The VC constants and

transfer integral are also obtained accordingly.

The spectrum simulated are given in Figure 2. The spectrum

have been simulated assuming Gaussian line shape

δ(E − (Ef,ν − Ei,m)) =
1

Γ
√
π
exp

(
− [E − (Ef,ν − Ei,m)]2 /Γ2

)
for each vibronic transition. Γ is set to be the same for all vibronic

transitions. When the parameters are taken as t0ab = 2.0(ℏωL),

g = 2.24, α = 0.87 and γ = 2.1, our theoretical result is very

close to the experimental UPS spectrum. For comparison, the case

with only local or nonlocal VC is also shown in Figure 2. It can be

found that both local and nonlocal VC can significantly reduce the

intensity of spectrum, and simultaneously broaden the spectrum.

We further analyze the respective roles of local and nonlocal VC in

UPS spectrum by tuning VC constants (see Figure S2). Regardless

of local or nonlocal VC, the increase of coupling constants results

in the shift of the photoionization peaks toward the high-energy

region. As expected by us, the variation of nonlocal VC constant

doesn’t change the difference between the splitting energy levels

corresponding to two peaks of the first ionizations in Figure S2(a),

i.e. ∆E = E+ − E− is exactly equal to 2t0ab. From Figure S2(b),

our result supports the recent theoretical result obtained in optical

absorption that the increase of local vibronic interaction should

yield a smaller electronic coupling value if we try to reproduce the

experimental spectrum [16]. When t0ab/ℏωL < 1 in Figure S2(c)

and (d), the same conclusion is also obtained.

In summary, we employ a dynamic vibronic model to study the

effects of VC on the vibronic energy levels in OMV systems, and

then evaluate their contributions to UPS spectrum of a realistic
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Figure 2. Calculated UPS spectrum profiles of the OMV molecule

A for the following sets of parameters, t0ab = 2.0(ℏωL), g = 2.24,

α = 0.87 and γ = 2.1 (solid lines); t0ab = 2.0(ℏωL), g = 0.0,

α = 0.87 and γ = 2.1 (dashed lines); t0ab = 2.0(ℏωL), g =

2.24, α = 0.0 and γ = 2.1 (dot lines). Red and black lines

indicate the transition from the initial state Ψi,0 to the final

delocalized state Ψ− and Ψ+, respectively; Blue lines indicate the

total photoelectron spectrum of the first ionizations. E00 is the

transition energy from the ground state of the neutral molecule to

the ground ionized state.

molecule taken as an example. Our results have indicated that the

variation of nonlocal VC constant in the dimeric model doesn’t

influence the relative positions of vibronic energy levels. For UPS

spectrum simulated, it tries to maintain the constant difference

(2t0ab) between the splitting energy levels corresponding to two

peaks of the first ionizations. Both local and nonlocal VC play

very important role in broadening the UPS spectrum.

Supporting Information

The following supporting information can be downloaded at:
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Figure S1, Schematic diagram of the adiabatic potential energies

related to the ionization of a dimer; Figure S2, Calculated UPS

spectrum profiles for the following sets of parameters.
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