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An eﬃcient method for estimating non-adiabatic coupling matrix
elements (NACME) and rate constants for internal conversion (kIC) is
presented. The method, based on Plotnikov’s theory, requires only
calculations of the electronic wave functions and the corresponding electronic excitation energies. Computationally expensive
calculations of the derivatives of the electronic wave function with
respect to the nuclear coordinates are avoided. When the main
accepting modes of the electronic excitation energy are X–H
vibrations, the present method can be used for estimating the
eﬃciency of the energy transfer between donor and acceptor
molecules. It can also be used in studies of the influence of
hydrogen bonding or solvent eﬀect on fluorescence quenching,
in studies of vibronic eﬀects of TADF (thermally activated delayed
fluorescence) emitters, and for calculating kIC. Here, kIC and NACME
are calculated for free-base porhyrin, magnesium porphyrin, azulene,
naphthalene, pyrene and fluorenone interacting with a solvent molecule. Reverse kIC and NACME are further calculated for the T1 - T2
transition of dibenzothiophene-S,S-dioxide (PTZ–DBTO2), which is
used in TADF applications. Finally, we estimate the efficiency of the
energy transfer between two large porphyrinoid dimers.

Knowledge about the lifetime of non-radiative electronic transitions is important for understanding photophysical and photochemical processes in diﬀerent areas of chemical physics and
physical chemistry.1 For example, fluorescence quenching
mechanisms,2,3 hydrogen bonding dynamics2–4 and the efficiency of energy transfer between donors and acceptors can all
be understood in terms of rate constants of non-radiative
electronic transition processes.2,3,5 Non-radiative transitions
between electronic states with the same spin multiplicity are
denoted internal conversions (IC), while transitions between
states with different multiplicities are denoted intersystem
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crossings (ISC).1 The lifetimes of IC and ISC processes or their
rate constants (kIC and kISC) can be calculated using quantum
chemical methods at different levels of theory.1,6 Calculations
of kIC are more difficult than the calculation of kISC, since the
calculation of kIC requires values for non-adiabatic coupling
matrix elements (NACME) as well as accounting for anharmonic
effects.6,7 Recently, we developed an algorithm for calculating kIC
including anharmonic effects.6 This algorithm can be applied to
rather large molecules, even though it is computationally expensive. The method requires calculations of the hessian of the initial
electronic state, the gradient of the final electronic state, and the
NACME between the two states.6 Using this approach, we showed
that in IC processes, the energy of the excited electronic state is
often transferred to the lower electronic state via X–H vibrational
modes due to their strong anharmonicity.7–9 The calculations
showed that the approximations introduced in Plotnikov’s theory
for photophysical processes are rather accurate.10 Plotnikov
derived an analytical expression for the NACME, and estimated
kIC by assuming that only the X–H vibrations are the accepting
modes of the IC process. Plotnikov’s expression for calculating the
kIC rate constant is10,11
D
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where jp is the wave function of initial electronic state, jq is the
wave function of the final electronic state, hjp|L|jqi is the
NACME between jp and jq, Epq is the energy difference between
jp and jq, and Apia and Aqjb are configuration interaction coefficients, where a, b are indexes of virtual molecular orbitals (MOs),
@U ðr; RÞ
and i, j are occupied MOs.
is the NACME operator. U(r,R)
@Ra
is the potential energy surface and Ra is the nuclear coordinate of
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the stretching of the a-th X–H bond (X = C, O, N or another atom
whose bond with H has a large anharmonicity) and r is electronic
coordinates. Qpq is a vibrational factor that depends on Epq, which
is associated with the product of Franck–Condon factors and the
@U ðr; RÞ
matrix elements of
between the vibrational wave func@Ra
6,11,12



tions of the p and q states. 
@U ðr; RÞ
j ! b
The matrix element
i ! a
can be
@Ra 
expanded as a linear combination of matrix elements of
@U
between the wv and wv 0 basis functions of the MO expansion
@Ra
 
 
@U ðr; RÞ

w 0
on either the X or the H atom. Thus, only the wv 
@Ra  v
matrix elements have to be calculated, which is much faster
than to calculate the whole NACME. These integrals either
vanish or are close to 0.1 a.u.10,11
The dependence of Qpq on Epq is a smooth function that can
be constructed by using two vibrational modes with wave
numbers of 400 cm1 and 1400 cm1 in the calculation of FC
factors as well as a vibrational energy of 3000 cm1 and a
dissociation energy of 4.5 eV for the X–H bonds in the calcula@U ðr; RÞ
tion of
between the vibrational wave functions of the p
@Ra
10
and q states. We have employed this function in our previous
studies and showed that accurate kIC values can be obtained for
many molecules when using it.6,8,9 The Qpq(Epq) function can be
fitted to an exponential expression.11,12 Previously, we used
l

Qpq ðEpq Þ ¼ NXH 10140:2Epq , where l = 103 cm and NXH is
number of X–H bonds in molecule.9 Thus, kIC can be easily
estimated using eqn (1) and (2). In this work, we introduce the
simplified expression in eqn (3) and (4) for calculating kIC,
where hcp|L|cqi2 including the electronic and nuclear parts of
the p and q states is calculated as
0
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Epq is given in 10 cm , and hcp|L|cqi is the NACME
(in cm1) between total wave functions that include electronic
and
nuclear
parts
of
the
p
and
q
states.
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of the wave functions of the initial and final states. NXH is the
number of accepting X–H modes in molecule. kIC(p - q) has
units of s1.
The expressions in eqn (3) and (4) are an eﬃcient method
for accurately calculating NACME, which can be used for
estimating kIC also for large molecules. The described method
has been implemented at the quantum chemical level and

This journal is © the Owner Societies 2021

applied to a number of molecular systems. The rate constants
obtained with eqn (3) and (4) are compared to available
experimental data below.
The first example is calculation of kIC for magnesium
porphyrin (MgP)13 and azulene,14 which exhibit anti-Kasha
emission from a higher excited state than S1 due to the large
energy diﬀerence between the lowest excited electronic singlet
states. The second example demonstrates the influence of
solvent molecules on the IC process of fluorenone (FN) with a
methanol (MeOH) molecule representing the solvent. The
hydrogen bond between the carbonyl group of FN and the
hydroxyl group of MeOH aﬀects the vibrational modes of FN,2,3
which increases kIC.2,3 In the third example, we calculate kIC in
order to estimate the eﬃciency of the energy transfer between
a donor and an acceptor, which is usually calculated
using Dexter’s and Förster’s theory.15,16 Here, we consider two
porphyrioid dimers (Osuka’s dimer and ZnFb) with diﬀerent
energy-transfer rates between a substituted zinc porphyrin and
a substituted free-base porphyrin, which are linked by a conjugated bridge.17 The dimer nomenclature is adopted from
ref. 17. The rate of the energy transfer is estimated by calculating kIC between the two states. As a fourth example, we calculate
the NACME and the reverse kIC rate constant between the T1
and T2 states of dibenzothiophene-S,S-dioxide (PTZ–DBTO2),18
which is a molecule used in organic light-emitting diode
(OLED) devices. The reverse kIC rate constants play a crucial
role for thermally activated delayed fluorescence (TADF)
processes.18 As a final example, we calculate the NACME
between the S1 and S2 states of pyrene and naphthalene. Recent
studies suggest that the non-adiabatic coupling between the
two states may be a reason for the simultaneous emission from
S1 and S2 leading to the complicated florescence spectra of
pyrene and naphthalene.6,19
For most molecules, we employ density functional theory
(DFT) and time-dependent density functional theory
(TDFFT)20,21 calculations using the B3LYP functional.22–24 In
the calculations on PTZ-DBTO2, we employed the extended
multi-configuration quasi-degenerate perturbation theory of
second order (XMC-QDPT2) method using the molecular structure of the T1 state optimized at the B3LYP level. The XMC-QDPT2
method was used in the calculations of the kIC rate constants for
the T1 - T2 and T1 - S1 transitions, because calculations of the
energy of excited triplet states are challenging at the TDDFT level
of theory.25 The complete-active state self-consistent-field
(CASSCF) calculations needed for the XMC-QDPT2 studies have
10 active electrons in 10 active orbitals. We mainly used the
6-31G(d,p) basis set. For H2P, we used the 6-31++G(d,p),
6-311++G(d,p) and cc-pVTZ basis sets to check the basis set
dependence of kIC. We found that the kIC values obtained with
the different basis sets differ by less than 1.1.
All electronic structure calculations were performed with the
Firefly software.26,27 Calculations of kIC take only 10–20 seconds
on a laptop when the electronic structure data calculated at the
TDDFT or CASSCF levels are available. The computational time
completely depends on the time spent in the electronic structure calculations at the TDDFT or CASSCF level.
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The molecular structures of the studied molecules.

The molecular structures of the studied molecules are shown
in Fig. 1. The results of the kIC calculations are summarized in
Tables 1–3.
The calculated value of kIC(S1 - S0) for free-base porphyrin
(H2P) is 6  107 s1, which agrees well with the value of 8  107 s1
that we obtained in our previous study, where we considered
anharmonic eﬀects and all contributions to the NACME
were calculated.6 The calculated kIC(S2 - S1) rate constant of
1  108 s1 for MgP is significantly smaller than for H2P, suggesting that MgP may fluoresce from the S2 state, if the rate constants
for intersystem crossing (kISC) from S2 to the lower-lying triplet
states are small enough.13 For azulene, the calculated kIC(S2 - S1)
of 9  106 s1 is small due to the large energy diﬀerence between
the S2 and S1 states. The calculated kIC(S2 - S1) can be compared to
the experimental rate constant for the overall non-radiative transition (knr(S2 - S1)) for azulene of 1  109 s1, which also contains
contributions from the intersystem crossing from S2 to lower-lying
triplet states (Ti). The experimental kIC(S2 - S1) must therefore be
smaller than 1  109 s1.
Calculation of kIC(S1 - S0) for fluorenone (FN) without the
hydrogen bonded MeOH molecule yielded a value of 2.6  106 s1.
Adding the hydrogen bonded MeOH molecule increases the
rate constant by a factor of five, yielding a kIC (S1 - S0) of
1  107 s1, which is concordant with conclusions drawn in an
Table 1 Calculated excitation energies (E in cm1), rate constants for
internal conversion (kIC in s1) and non-adiabatic coupling matrix elements
(NACME in cm1) for free-base porphyrin (H2P), magnesium porphyrin
(MgP) and azulene

Compound/electronic
transition
E(S1 - S0)
kIC(S1 - S0)
hj(S1)|L|j(S0)i
E(S2 - S0)
kIC(S2 - S0)
hj(S2)|L|j(S0)i
E(S2 - S1)
kIC(S2 - S1)
hj(S2)|L|j(S1)i

H2P

MgP
1

16 500 cm
6  107 s1
0.19 cm1
18 200 cm1
4  107 s1
0.16 cm1
1700 cm1
3  1010 s1
4.5 cm1

Azulene
1

16 600 cm
9  107 s1
0.45 cm1
25 200 cm1
2  106 s1
0.02 cm1
8600 cm1
1  108 s1
0.6 cm1
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19 500 cm1
1  106 s1
0.03 cm1
29 500 cm1
2  105 s1
0.01 cm1
11 000 cm1
9  106 s1
0.07 cm1

experimental study.3 The hydrogen bond formation opens a
new channel for fluorescence quenching, leading to a lower
intensity of the emitted light, which is also seen in the
experimental spectrum.3 The fluorescence peak is also redshifted, which leads to an increase in the NACME.
The calculations show that the two porphyrinoid dimers
have diﬀerent energy transfer eﬃciencies, as also found
experimentally.17 The energy gap between the S1 and S2 states
are almost equal the for the two dimers, whereas the NACME
between S1 and S2 diﬀer by a factor of 4 leading, to diﬀerent kIC
and diﬀerent eﬃciencies for the energy transfer.
The non-adiabatic coupling between the S1 and S2 states
may be the reason for the simultaneous emission from S1 and
S2 leading to the complicated florescence spectra of pyrene and
naphthalene.6,19 The calculations show that the calculated
NACME between the S1 and S2 states of naphthalene is
23 cm1, and the energy diﬀerence is 286 cm1 at the TDDFT
level of theory. Using perturbation theory, the mixing of the S1
and S2 states can be estimated from c = hj(S2)|L|j(S1)i/E(S2 - S1).6
We obtained a ratio of 0.08, which is very similar to a value of 0.1
obtained in a previous study, where anharmonicity was explicitly
considered in the calculation of the NACME.6 The large mixing
leads to a strong non-adiabatic coupling between the S1 and S2
states of naphthalene leading to a simultaneous emission from
them. For pyrene, the NACME value between S1 and S2 is 1.5 cm1,
yielding a small mixing with c = 0.001, which is very small as
compared to naphthalene. Thus, the adiabatic approximation is
valid of pyrene but not for naphthalene.
For PTZ–DBTO2, the XMC-QDPT2 calculations yield an
excitation energy of 2.59 eV for the S1 state. The excitation
energies of the T1 and T2 states are 2.44 eV and 2.56 eV,
respectively. The T1 state corresponds mainly to a local excitation, whereas the T2 state is a mixture of a charge-transfer state
and a local excitation, which agrees with previous studies.18,25
The hj(T1)|L|j(T2)i matrix element is 40 cm1, and the energy
difference E(T1 - T2) is 900 cm1. Previous calculations yielded
65 cm1 and 240 cm1 for hj(T1)|L|j(T2)i and E(T1 - T2),
respectively.18 The calculated rate constant for the reverse
internal conversion from T1 to T2 (kRIC(T1 - T2)) is 5  1010 s1,
when accounting for the Boltzmann factor (exp(E/kBT)), where
T = 300 K is the temperature. Thus, the calculations show that
TADF process T1 - T2 - S1 can occur due to the strong nonadiabatic coupling between the T1 and T2 states, which agrees well
with results obtained in previous work.1
The present approach has diﬃculties to estimate rate constants for internal conversion (kIC) for deuterated molecules or
other molecules lacking X–H moieties, because the approximation
is based on the assumption that vibrational modes involving the
X–H stretch is the main relaxation channel of the internal conversion. The calculated kIC for fully deuterated naphthalene
(d8-naphthalene) using the present method is kIC(S1 - S0) is
3  103 s1 which can be compared to the previously calculated
kIC(S1 - S0) of 8  102 s1 that was obtained using our more
sophisticated level of theory.6 The present kIC(S1 - S0) value of
3  103 s1 agrees on the other hand well with the previously
calculated kIC of 8  103 s1 for h8-naphthalene.
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Table 2 Calculated excitation energies (E in cm1), rate constants for internal conversion (kIC in s1) and non-adiabatic coupling matrix elements
(NACME in cm1) for fluorenone, fluorenone methanol, and the two linked porphyrin dimers. Experimental kIC from ref. 17 are also reported

Electronic transition

FN

FN-MeOH

Osuka’s dimer

ZnFb

E(S1 - S0)
kIC(S1 - S0)
hj(S0)|L|j(S1)i
E(S2 - S1)
kIC(S2 - S1)

19 500
2.6  106 s1
0.04 cm1
—
—

18 000
1  107 s1
0.08 cm1
—
—

hj(S2)|L|j(S1)i

—

—

—
—
0.17 cm1
1146 cm1
1  109 s1
2  109 s1 [17]
1 cm1

—
—
—
1150 cm1
1  1010 s1
4  1010 s1 [17]
4 cm1

Table 3 Calculated excitation energies (E in cm1), rate constants for
internal conversion (kIC in s1) and non-adiabatic coupling matrix elements
(NACME in cm1) for pyrene, naphthalene and dibenzothiophene-S,Sdioxide (PTZ–DBTO2). Literature values are also reported

Electronic transition

Pyrene

Naphthalene

PTZ–DBTO2

E(S2 - S1)
kIC(S2 - S1)
hj(S2)|L|j(S1)i

1739
4  109
1.5

—
—
—

E(T1 - T2)

—

286
4  1011
23
250[6]
—

kRIC(T1 - T2)
hj(T1)|L|j(T2)i

—
—

—
—

900
240 [18]
5  1010
40
65 [18]

Conclusions
We have derived a simple model for calculating non-adiabatic
coupling matrix elements (NACME) and rate constants for internal
conversions (kIC). Since the main accepting modes for most IC
processes are the X–H vibrations, most of the vibrational modes can
be neglected, leading to fast calculations of kIC. The method can
therefore be used in calculations of kIC for electronic transitions of
large molecules. The applicability of the method has been demonstrated by calculating the kIC rate constants between states of
large molecules that are of importance in many areas of physical
chemistry and chemical physics. We have calculated the kIC rate
constants between excited states as well as for ground state transitions. We studied the rate constants for the energy transfer between
donors and the acceptors, and investigated how hydrogen bonding
to solvent molecules influences fluorescence quenching. The rate
constant of the reverse internal conversion between two
excited triplet states of a TADF emitter was calculated. The
present applications of the computational method, suggest
that the accuracy is about one order of magnitude for kIC,
which is usually enough for the modeling quantum yields.6
Our approach, based on Plotnikov’s theory,10 shows promise
for studies of photochemical systems and photodynamical
processes, where X–H bonds play a crucial role.
The present approach may also be used in studies on very large
molecules such as polyfluorenes, since rate constants for internal
conversion can also be calculated at semi-empirical levels of theory.
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