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Abstract

The efficiency of OSCs is controlled by elementary processes occurring within the donor 

and acceptor domains and at their interface. Herein, we introduce a fully quantum 

mechanical, first-principles framework for quantitatively predicting the rates of these 

elementary electronic transitions with high accuracy and at an affordable computational 

cost. The approach integrates Fermi’s Golden Rule with density functional theory (DFT), 

enabling direct evaluation of both radiative and non-radiative transition rates from the 

knowledge of equilibrium nuclear configurations and vibrational frequencies and normal 

modes. It has been shown that the method yields excellent agreement with experiments and 

provides new insights into the role of electronic coupling and vibronic interactions in voltage 

losses. Here we apply it for evaluating the internal conversion and intersystem crossing rates 

of IDIC, Y6, and PC70BM.

Introduction

Organic solar cells (OSCs) are among the most attractive photovoltaic technologies owing to their 

potential to provide lightweight, flexible, large-area, low-cost devices,1–6 reaching efficiencies of 

almost 20%.7–9 Their operation principles are somewhat different from those of inorganic solar 

Page 1 of 24 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 1
:5

0:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

DOI: 10.1039/D6FD00012F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6fd00012f


2

cells: light absorption in organic semiconductors produces tightly bound Frenkel excitons as a 

consequence of the low dielectric constant of these materials.10,11 Therefore, as in natural 

photosynthesis, efficient photoinduced charge dissociation relies on a donor-acceptor 

heterojunction, most commonly realized in the bulk-heterojunction architecture, which provides 

the pathway for ultrafast exciton dissociation and efficient charge separation.12–14

For many years, fullerene derivatives served as electron acceptors in OSCs. However, the 

entire class of fullerene acceptors suffers from many problems due to their weak and narrow 

optical absorption, limited tunability of their electronic structure, morphological and

thermal instability, and high voltage losses, which ultimately limit device performances.15,16 The 

introduction of non-fullerene acceptors (NFAs) has allowed many of these drawbacks to be 

overcome: NFAs offer strong and tunable absorption, adjustable energy levels, and improved 

stability, leading to significant increases in short-circuit current density and open-circuit 

voltage.17–21 These recent achievements could completely turn the situation around,

making OSCs able to compete with other photovoltaic technologies.22,23

Despite these advances, OSCs are still characterized by low open-circuit voltage (Voc), which 

has been attributed to the presence of non-radiative charge recombination processes.24 The 

maximum achievable open-circuit voltage is obtained when recombination occurs exclusively 

through radiative pathways.25 In practice, OSCs operate far from this radiative limit, as 

demonstrated by the low electroluminescence quantum yield of OSC materials.

For OSCs to compete with other photovoltaic technologies those non radiative charge 

recombination paths have to be identified and suppressed. Theoretical computations can be of 

great help in this task, especially because in the last years robust theoretical approaches able to 

reliably predict the rates of non-radiative elementary processes from first principles have been 

developed.26–29 Here, we discuss a theoretical approach for the reliable evaluation from first 

principles of the rates of elementary non-radiative processes, commonly occurring in bulk 

heterojunctions OSCs. This methodology has already been successfully employed to investigate 
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internal conversions in the azulene molecule.30 Here, we shortly review the main steps of 

derivation and provide a novel rate expression, which, although completely equivalent to the 

previous one, is simpler to implement. The approach will be then applied to the possible decay 

paths of small organic molecules used as acceptors in OSCs, the real novelty of the present paper, 

with the attempt of providing a deeper understanding of their photophysics.

Evaluation of non-radiative decay rates.

At the first-order of the Time-Dependent Perturbation Theory (Fermi’s Golden Rule), the rate of 

an elementary transition between the electronic states |m> and |n> is:

2 ( , )mnK F E Tp
=

h
(1)

with
2

, , ,
ˆ( , ) | | ( ) ( )n m m mn n mF E T H w T E E E En m m n m

m n

d¢= - + -åå (2)

where H’ is the perturbation which causes the transition between the two electronic states,

Emn the electronic energy difference, Emµ and Enν the vibrational energies, and wmµ the population 

of the initial vibronic states:

,
( )

mE

m
m

ew
Tr

mb

m r b

-

= (3)

with β = 1/kT and ρm(β) the density operator for the vibrational motion in the initial

electronic state |mi:

) |( |m

m

E
m m m

nu

e nlr l n n- >= <å (4)

In order to avoid the infinite summations of Eq. 2, it is convenient to evaluate the Laplace 

transform of F(E,T):31
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(5)

with E¯ = E −Emn. Introducing the Born-Oppenheimer approximation and integrating over the 

electronic coordinates:

( Tˆ ˆ( ) ( ) ) / ( ),rmn n nm m mf TrH Hl r l r b l r b¢ ¢¢= - , (6)

which can be recast in the form:31,32

ˆ ˆ( ) | ( ) ( )| / ( )mn n nm m mf d H H Trl r l r b l r b¢ ¢= < - >ò Q Q Q (7)

where Q denotes a complete set of vibrational coordinates.

The density matrices ρm(β − λ) and ρn(λ) in the coordinate representation can be evaluated 

adopting the harmonic approximation for nuclear motions and making use of the well-known 

formula for the density matrix of the one-dimensional harmonic oscillator with frequency ω and 

unit mass:

1/2

2 2

| ( )| (2 sinh( ) / )

exp[ ( / 4 )tanh( )( ) ( / 4 )coth( )( ) ]

q q

q q q q

r l p b w w

w b w w b w

-< >=

- + - -

h h

h h h h
(8)

The density matrix for a molecular system consisting of N harmonic oscillators is obtained by 

simply taking the product of eq. 9 over all normal modes. The normal coordinates of one 

electronic state are then projected over those of the other state by using Duschinsky’s 

transformation:
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Qn = JQm + K (9)

where J is called the rotation or the Duschinsky matrix and K is the displacement vector.27,33,34

Equation 8 no longer contains computationally demanding summations over vibrational 

states, so that the approach allows evaluating f(λ) in an extremely effective way, including in 

calculations the entire set of vibrational coordinates and the effects of the temperature, without 

limits on the number of vibrational states to be included. The price to pay is the mandatory use 

of the harmonic approximation. Harmonic approximation proved to be sufficiently accurate for 

reproducing spectral band shapes in several compounds.35 Anharmonic effects are relevant for 

transitions occurring between two electronic states characterized by a large displacement of the 

nuclear equilibrium positions, as it occurs in the photoelectron

spectrum of ammonia.36,37 Use of internal rather than Cartesian coordinates can already mit-

igate the impact of anharmonicity, even in these difficult cases.36,38,39 In this work, we have 

adopted the Cartesian coordinates, because of the small equilibrium position displacements 

predicted by DFT calculations.

Once f(λ) has been evaluated, the physically meaningful quantity F(E,T), which allows to 

evaluate the rate via Eq. 2, can be obtained by resorting to numerical inverse Laplace 

transformation:

1( , ) ( )exp( )
2

F E T f E d
i

l l l
p

= ò (10)

The above procedure has been developed for different cases: i)  independent of nuclear 

coordinates,40 an useful approximation for evaluating the shapes of absorption and emission 

bands,35 often used in electron transfer processes too; , i.e. the case of the 

Herzberg-Teller terms in spectroscopy (  iii) the case of nonadiabatic 

couplings,30 in which only the terms involving the first derivative of the electronic wavefunction 

with respect to the vibrational coordinates are retained, while their dependence on the nuclear 

coordinates is neglected:
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(11)

Herein, we will use the case of  independent of nuclear coordinates, for which

(12)

and the case of non-adiabatic couplings, for which:

f(λ) = Θexp[−∆†TnA−1Tm∆]

S (13)

with

𝛥 = ― 𝐉―1𝐊          
(14)

                                                  𝜃 = {det[4𝜋2ℏ2(2sinh(𝛽ℏ𝛀𝑚/2))―2𝛀―1
𝑚

× sinh((𝛽 ― 𝜆)ℏ𝛀𝑚)𝛀―1
𝑛 sinh( ― 𝜆ℏ𝛀𝑛)]}―1/2                                         

(15)

                                                        𝐓𝑚(𝛽 ― 𝜆) = 𝛀𝑚

ℏ
tanh((𝛽 ― 𝜆)ℏ𝛀𝑚/2)                                               

(16)

                                                       𝐂𝑚(𝛽 ― 𝜆) = 𝛀𝑚

ℏ
coth((𝛽 ― 𝜆)ℏ𝛀𝑚/2)                                                

(17)

                                                                   𝐓𝑛(𝜆) = 𝐉†𝛀𝑛

ℏ
tanh(𝜆ℏ𝛀𝑛/2)𝐉                                                       

(18)

                                                                    𝐂𝑛(𝜆) = 𝐉†𝛀𝑛

ℏ
coth(𝜆𝛀𝑛/2)𝐉,                                                       

(19)

                                                                 𝐀 = 𝐓𝑚 + 𝐓𝑛  𝐁 = 𝐂𝑚 + 𝐂𝑛                                                     
(20)

(21)
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and

                                                      0| |( )
mi

j Q
j mj

S i m n
Q
¶

= - < >
¶åh                                      (22)

Expression 14 is different from that given in our previous work, because here we used a slightly 

different procedure to derive it, which leads to a simpler and more compact expression. 

Numerically, the results obtained by the two expressions are undistinguishable.

Results and Discussion

In organic solar cells nonradiative decay can occur either during exciton diffusion within the 

donor (D) or acceptor (A) domains or at the A/D interface, after the charge transfer (CT) state has 

been formed. The latter case has already been investigated in some depth, both for fullerene and 

non-fullerene acceptors,43,44 so that here we will focus on the former case. We will consider only 

decay processes which involve the first excited singlet S1, assuming that either sunlight does not 

induce excitation to higher energy states or that non-radiative transitions from those states 

rapidly lead to populate only S1. As decay paths we will consider the direct internal conversion 

(IC) to the ground state and the intersystem crossing (ISC) to one of the triplet states that is at 

energy lower than S1.

We have selected two non-fullerene acceptors, Y6 and IDIC, which proved to be among the most 

efficient acceptors in blend with polymer donors,45,46 and PC70BM, a historical fullerene derivative 

acceptor, which has long been used in bulk heterojunction solar cells.44,47 The chemical structures 

of the selected fullerene and NFAs are shown in Figure 1. The calculated F(∆E,T) functions for the 

S1 → S0 transitions are reported in Figure 2. For Y6 and PC70BM the F(∆E,T)s are narrow and decay 

rapidly within 5000 cm−1, as expected from the energy gap law. The significant contributions to 
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the density of states at negative wavenumbers correspond to transition involving initial excited 

vibrational states, populated according to Boltzmann statistics. In contrast, the F(∆E,T) of IDIC is 

significantly broader, extending over more than 10 000 cm−1. The resulting IC rate of IDIC is 

approximately three orders of magnitude larger than that of PC70BM and about two orders of 

magnitude larger than that of Y6, see Table 1, where the calculated rates are reported, together 

with computed and experimental energy differences (∆E), and the magnitudes of the K and S, cf. 

eq.s 10 and 22, vectors.

Figure 1: Chemical structures of selected fullerene acceptors and NFAs.

The pronounced rate differences can be primarily attributed to variations in the components of 

the K vectors. As shown in Table 1, the magnitude of the equilibrium position displacement 

vector for IDIC is substantially larger than those of Y6 and PC70BM, which exhibit comparable 

values. The situation is somewhat similar to that characterizing IC in azulene, where the fast S1 

→S0 transition is mainly promoted by large displacements between the equilibrium geometries 
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of the two states,30 while the slowness of the S2 →S1 transition is attributed to a narrow F(E,T), 

mainly due to the fact that the equilibrium geometries of the two states are similar each other.

Figure 2: F(∆E,T) at T = 298 K of the S1 → S0 internal conversion of Y6 (blue), IDIC (red), and 
PC70BM (black) acceptors.

As concerns Y6 and PC70BM, the difference in IC rates can instead be ascribed to differences 

in the nonadiabatic couplings (NACs). Indeed, the magnitude of the S vector (Table 1) indicates 

stronger nuclear kinetic coupling between the involved states in Y6 compared to PC70BM, 

accounting for its comparatively faster internal conversion. For PC70BM, both K and S are 

comparatively small, resulting in the slowest IC rate.

Table 1: Computed and observed energy differences (B3LYP/DFT level) between S1 and S0 (∆E, 
eV), magnitude of the equilibrium displacement vector (K, Å× amu1/2) , magnitude of non 
adiabatic couplings vector (S, bohr−1× amu−1/2 ), and calculated IC rate (kic, s−1) for each selected 
acceptor.

Acceptor ∆E |K| |S| kic ∆Eexp (eV)

PC70BM 1.8 1.17 0.23 1.7 x 107 1.9
Y6 1.6 0.95 0.42 1.4 x 108 1.6a

IDIC 1.7 1.99 0.40 1.8 x 1010 1.8a
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a Ref.48

The calculated Jablonski diagrams for the Y6 molecule is reported in Figure 3. Here, at variance 

of Table 1, we have reported CAM-B3LYP results. For Y6, two triplet states lie at lower energy 

than S1 after full geometry optimization of all three states. The calculated spin orbit couplings 

(SOC) for ISC from S1 to the lowest energy triplet states are reported in Table 2. The calculated 

SOC values refer to S1 equilibrium geometry; their coordinate dependence has been neglected 

here.

In order to evaluate the ISC rates we have calculated the Franck-Condon weighted densities of 

states (FCWDS) via Eq.s 13 and 11. The results are shown in Figure 4 for the S1 → T1 and the S1 → 

T2 transitions of Y6. Figure 4 shows that the S1 → T1 transition does not exhibit a favourable 

FCWDS, because the energy difference between S1 and T1 is large, while the FCWDS is narrow, 

as it would be expected from the computed value of the reorganization energy for the S1 → T1 

transition, 64 meV, which has been reported in Table 2, together with the calculated SOC values 

and the resulting ISC rates. Vice versa, the ∆E for the S1 → T2 transition fall well within the width 

of the corresponding FCWDS, which is slightly wider than the S1 and T1 one, because of the 

larger reorganization energy. Both the FCWDS and SOCs favours the S1 → T2 transition, so that 

the latter one is predicted to be slightly faster than the S1 → T1 one, see Table 2.

Both ISC transitions are predicted to be very slow, of the order of 105 s−1, because of the
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Figure 3: Calculated Jablonski diagrams of Y6; energy differences from CAM-B3LYP calculations.

Table 2: Different parameters calculated for S1 → T1 and S1 → T2 transitions in Y6 and IDIC.
Molecule Transition SOC (cm−1) ∆E (eV) FCWD (cm) k (s−1)

Y6 S1/T1 0.058 0.81 1.14 x 10−5 4.5 x 104

S1/T2 0.099 0.56 2.19 x 10−5 2.53 x 105

IDIC S1/T1 0.102 1.0 0.0 0.0
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Figure 4: Franck-Condon weighted densities of states for the S1 → T1 and the S1 → T2 transitions 
of Y6 as a function of the energy difference between the initial and final state at T=298 K; the 
vertical line indicates the calculated (CAM-B3LYP) ∆E value.

very small values of the calculated SOCs. To the best of our knowledge experimental values for 

the ISC rates in Y6 have not been reported so far, but the observed high fluorescence quantum 

yields49 is in line with the low ISC and IC rates predicted here. As noted above, our analysis neglect 

the coordinate dependence of SOCs; the latter could be included using the formulation of f(λ) 

for perturbation which linearly depend on nuclear coordinates, but that task would require a very 

demanding computational effort. However, limited to our previous experience with the 
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benzophenone molecules,50,51 for which our approach yields a quantitative prediction of the 

experimental rates,52 we believe that in such rigid molecules as Y6 and also IDIC and BC70BM the 

coordinate dependence of SOC should not play a significant role.

The calculated Jablonski diagram for IDIC and the SOCs for ISC from S1 to T1, calculated at the 

S1 equilibrium geometry, are reported in Figure 5 and Table 2, respectively. Two triplet states are 

found to lie at lower energy than S1 after full geometry optimizations of the lowest two singlet 

and three triplet states. For one of them, T2, the calculated SOC is vanishingly small, so that only 

the S1 → T1 transition is predicted to be possible.

The FCWDS for the S1 → T1 transition is shown in Figure 6 as a function of the energy difference 

between the initial and final state; the vertical line indicates the calculated (CAMB3LYP) ∆E. Even 

in this case the ∆E of the transition falls well outside the energy range in which the FCWDS is 

significantly different from zero, which, considering also that the calculated SOC is very small, 

makes the transition rates to be vanishingly small.

To the best of our knowledge, even for IDIC experimental values for the ISC rates have not 

been reported in the literature. The fluorescence quantum yield has been reported to be ca. 1%;53 

such a low value can be well explained by the comparatively high IC rate of Table 2, without the 

necessity of invoking fast ISC decay processes.

As concerns ISC in PC70BM, the situation is much more complicated because at the S1 

equilibrium geometries seven triplet states are predicted to lie below S1, without performing any 

geometry optimizations of the triplet states. The calculations of the ISC rates
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Figure 5: Calculated Jablonski diagrams of IDIC; energy differences from CAM-B3LYP calculations.

Figure 6: Franck-Condon weighted density of states for the S1 → T1 transition of IDIC as a function 
of the energy difference between the initial and final state; T=298 K. The vertical line indicates 
the calculated (CAM-B3LYP) ∆E value.
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would therefore require a tremendous computational effort, which is far beyond our actual 

capabilities.

Conclusions

In conclusion, we have presented a theoretical approach based on Time-Dependent Perturbation 

Theory and the use of the density matrix for vibrational motion for treating, in the limits of the 

harmonic approximation,4,30 quantum dynamics of IC and ISC processes. These processes 

commonly occur in organic solar cells, so that the approach represents a potentially powerful 

tool for investigating in silico the efficiency of novel organic molecules to be used in devices, 

enabling a quantitative evaluation of how vibronic interactions control the efficiency of decay 

paths, and allowing for going beyond qualitative interpretations of excited-state dynamics. The 

approach has then been applied to the calculation of IC and ISC rates of a set of fullerene and 

non fullerene acceptors, IDIC, Y6, and PC70BM, in the attempt of better understanding their 

photophysics. For IDIC and Y6 the results are in line with experimental observations,49,53 which 

assign to Y6 a much larger fluorescence quantum yields than IDIC.

Computational Details

The equilibrium geometries, normal modes, and vibrational frequencies of both fullerene and 

NFAs were obtained at the DFT level using the B3LYP functional, including Grimme’s D3 

dispersion,54 with the 6-31+G(d,p) basis set, which has been proved to yield sufficiently accu-

rate results, and energies in line with experimental values.30,44,46,55–57 The Gaussian package have 

been used for electronic wavefunction computations.58 Time-dependent DFT (TDDFT) has been 

used for all the excited states. All (3N-6) real frequencies have been obtained in all cases. In the 

molecules under study, all alkyl substituents have been replaced by methyl groups, as usual.59–

62.
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The solvent contribution in both ground and excited states has been included by using the 

Polarizable Continuum Model (PCM)63 as implemented in the same software. Non adiabatic 

coupling elements have been computed at S1 geometry for all the systems at DFT level with the 

same functional and basis-set using the Q-Chem software.64 The SOC matrix elements have been 

computed at the TD-DFT level at the S1 state geometry, using the RI-JK approximation as 

implemented in ORCA 6.065

F(∆E,T)s have been computed by using a development version of the MolFC package, 

available on request from the authors.26 f(λ)s were sampled over a wide interval of 8 x 105 cm−1 

using 210 time steps and a four-term Blackman-Harris window function, necessary to avoid 

boundary and spectral leakage problems. The inverse transforms have been carried out using the 

inverse Fast Fourier transform (FFT) algorithm implemented in MATLAB.
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All data supporting the findings of this study are included within the article, its figures and tables. 
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