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The role of X—H bonds (X = C, N and O) in
internal conversion processes: dibenzoterrylene as
an examplefy

Rashid R. Valiev,
and Theo Kurtén?®

*3 Boris S. Merzlikin,” Rinat T. Nasibullin,® Dage Sundholm (2

We have developed a theoretical framework for calculating rate constants of internal conversion (ki) in the
Franck—Condon (FC) and Herzberg—-Teller (HT) approximations. The method accounts for anharmonic vibra-
tional contributions and the Duschinsky effect. Our approach employs recursive dynamic programming to
sum over multiple vibrational quantum number combinations and uses a Lagrange-multiplier technique with
dispersion broadening to improve the accuracy of the calculated rate constants. We validate the methods by
performing calculations on dibenzoterrylene (DBT), which is a molecule emitting in the near-infrared
spectral range. The calculations confirm that anharmonic vibrational effects are the main contribution to kic,
while the Duschinsky effect is significant only for molecules whose lowest excitation energy exceeds 22 000
cm™L. The contributions of the individual X—H bonds are quantified by using the X—H mode approximation
(kic-x+) and the XH bond approximation (kic-proton). The calculations show that the CH bonds of the tetra-
cene moiety of DBT have the largest contribution to kic. Deuteration of these bonds leads to a significant
decrease in kic with complete deuteration resulting in the largest overall effect. The calculated rate constants
highlight the important role of the X—H bonds as acceptors of electronic excitation energy, offering strate-
gies for modulating the kic through selective substitution of the hydrogen atoms with heavier atoms such as
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1 Introduction

The fluorescence quantum yield (®y) is the primary indicator of
the luminescence efficiency of fluorophores."? It shows how a
large fraction of the electronic excitation energy is emitted as
photons in comparison to other nonradiative deactivation
pathways. When intermolecular interactions are weak, intra-
molecular nonradiative channels such as internal conversion
(IC) and intersystem crossing (ISC) are the main processes
responsible for quenching the fluorescence." For organic mole-
cules for which the energy gap between the first excited
electronic state (S;) and the ground electronic state (S,) is in
the near-infrared (NIR) region, IC is the main nonradiative
deactivation pathway.® More complex cluster systems, compris-
ing organic and inorganic elements—such as aptamer com-
plexes with luminescent metal-ion clusters—may have
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intersystem crossing as the dominant nonradiative decay chan-
nel rather than internal conversion.*

For organic NIR molecules, @y is determined by the compe-
tition between the radiative channel, i.e., the fluorescence rate
constant (k) and the IC rate constant (k;c). Molecules emitting
in the NIR range usually exhibit a low fluorescence quantum
yield of <0.2-0.3.>”

Dibenzoterrylene (DBT) is an NIR emitter®'° with a large &5 of
0.58."" DBT can be used as a single-photon source'® in
nanophotonics™ and in single-molecule spectroscopy.'® DBT also
has a large Stark effect.' Its rate constant of intersystem crossing
(kisc) is small making IC the main quenching mechanism.”"*
Recently, all deactivation rate constants from the S, state including
the @y were measured with high accuracy.'* The photophysical
properties of deuterated DBT analogs were also investigated,
demonstrating that varying the degree of X-H (where X = C, N,
or O) deuteration significantly decreases k;c. However, the specific
positions of the deuterium atoms were not determined.™

Measurements of the deuteration effect on ki have shown
that the main IC acceptors of excited electronic energy are
vibrational modes associated with X-H bond vibrations.™*

In this work, we employ our previously developed methods
and the methods developed here for calculating ki of DBT to
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elucidate the role of the X-H bonds in the IC process. We use a
general theoretical framework that considers the IC contribu-
tions from all vibrational modes as well as more specialized
approaches that focus only on the contributions from the X-H
bonds.">®

In the next section, we give a brief overview of the developed
techniques for calculating rate constants for internal conver-
sion. The methodology developed in this work is presented in
Section 3. The computational details are given in Section 4. The
results of the calculations on DBT are reported in Section 5. The
main results of the study are summarized in Section 6.

2 Methods for calculating IC
rate constants

Internal conversion is a nonradiative process in which the
electronic excitation energy is converted into molecular vibra-
tions of the final electronic state without changing the electro-
nic spin state." To the best of our knowledge, it was first shown
by Adirovich that IC is described by the nonadiabatic coupling
operator."®

The theory of calculating the IC rate constants (kic) was
initially formulated by Bixon and Jortner, where they presented
the computational formalism.”® A more general expression for

evaluating k,c was reported by Plotnikov and Konoplev.'**'??
Their expression for the IC rate constant is
2 ry2
[
knr - Z ‘ Vim,fn} an |:Aif2 + ‘: :| 9 (1)
nm

where i is the initial electronic state, f is the final electronic
state, and m and r are vibrational levels of i and f, respectively.
At low temperatures, one can assume that m = 0. I'g, is the
relaxation width of the vibrational level |fn), and 4;¢= |Ejo — Egy|
is the energy difference between the vibrational level of the
initial electronic state and vibrational level of the final electro-
nic state, and Vi g, is the matrix element of a perturbation
operator. Eqn (1) can be applied not only to IC but also to ISC
processes. In the latter case, the perturbation operator is the
spin-orbit coupling operator.'* Analysis of eqn (1) shows that
the electronic excitation energy is converted into vibrational
states of f, which does not involve all vibrational modes but
only specific accepting and promoting vibrational modes are
excited."™* The bands of the involved vibrational modes are
broadened by low-frequency vibrational modes. The bandwidth
of the transition can be described by a Lorentzian function
according to eqn (1). The transition is a two-step process: the
energy of the initial state (i0) excites the accepting and promot-
ing modes of the final state (fr) and then the energy irreversibly
dissipates into excitations of the remaining vibrational modes
that have a lower energy." The second irreversible step leads to
eqn (1)."! The promoting modes are the ones contributing most
to the nonadiabatic matrix elements, whereas the accepting
modes have the largest overlap of the vibrational wave func-
tions of the initial and final electronic states.™**
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Plotnikovs analysis of eqn (1) showed that the most important
promoting modes are the X-H (X = C, N, O) vibrational modes
with frequencies of about 3300 cm™*, while the accepting modes
are the vibration modes of the C-C bonds." Typically, one or two
C-C modes with energies of (~1400 cm™ " and ~400 cm™ ") play
the main role."**'"** Based on these findings, Plotnikov derived a
practical expression consisting of an expansion of the nonadia-
batic coupling matrix elements (NACME) in contributions from
vibrational modes of the X-H bonds."**'** The anharmonicity of
the vibrational modes was considered using Morse functions.
However, they did not calculate the NACME and spin-orbit
coupling matrix elements (SOCME) but estimated them."**'">*

Artyukhov and Mayer calculated the electronic NACME and
SOCME at the semi-empirical INDO level,>* while the integrals
involving vibrational functions were estimated from the fitting
curve by Plotnikov et al.'* Artyukhov performed calculations in
the Franck-Condon (FC) approximation. However, they did not
calculate integrals of vibrational functions nor performed any
summation over vibrational levels.

Valiev et al. recently adapted eqn (1) for modern quantum-
chemical methods, where all parameters except I'y, were calcu-
lated from first principles.'® I'y, is in the femtosecond range
and does not depend much on vibrational quantum numbers
when the energy difference is in the visible range of the
spectrum.’>"> They chose a Iy, value of 10" s™'."* I', can
also be calculated using the Lax-Pekar model,>*>® which also
yields I values in the femtosecond range.>® The summation in
eqn (1) was carried out over normal modes of the X-H vibra-
tions as well as for 1 to 10 accepting modes depending on the
molecule."

Valiev et al. showed that the Herzberg-Teller (HT) contribu-
tion to kic can be significant. It may be of the same order of
magnitude as the FC contribution."® Kovarskii et al. were the
first ones to point out that the HT contribution can be
substantial.**> valiev et al. reported very recently that vibra-
tional anharmonicity can significantly affect & values.'”'®??
They showed that the anharmonic effects originating from X-H
vibrations are important. By considering the anharmonicity,
they reproduced experimental IC rate constants with a one
order of magnitude accuracy for molecules with large energy
gaps.*® The importance of the anharmonicity was also verified
by repeating the calculations on deuterated molecules and
comparing the calculated rate constants with experimental
data.** Makshantsev also showed that the anharmonicity plays
an important role for IC when the energy gap is ~3 eV.*>?°

Valiev et al. adapted eqn (1) to modern quantum-chemical
methods and used an approximate expression for the nonadia-
batic coupling matrix elements (NACME), which involves only
X-H bonds."® The methodology has been successfully applied
to calculations of IC rate constant for a variety of
molecules.*?”** The methodology was recently extended for
studying the influence of external magnetic and electric fields
on ki values.*>°

Calculating nonradiative rate constants using eqn (1) has
computational advantages and disadvantages. Although it
enables explicit computations of combinations of excited

This journal is © the Owner Societies 2025
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vibrational modes of the final electronic state, it is not feasible to
calculate all combinations. For example, considering that ben-
zene with 30 vibrational modes has a maximum vibrational
quantum number of 10, the total number of combinations is
10°°, which is impossible to handle. However, all these com-
binations are not needed. Since the energy conservation con-
dition must be met, the number of possible combinations is
much smaller. Furthermore, considering only the effective
vibrational levels contributing to the IC rate constant results
in a small subset of all possible combinations."'* One can use
the method of undetermined Lagrange multipliers to identify
the contributing combinations,"'”** which has been reported
by Valiev et al'” and Manian et al>**” The method of
Lagrangian multipliers is an efficient approach to finding
the vibrational levels whose combinations satisfy the energy
conservation condition.

The rate-constant expression in eqn (1) belongs to the time-
independent (TI) formalism."* An alternative form of eqn (1)
can be derived using the correlation-function formalism in the
time-dependent TD domain. Using a Fourier transform, the
summation over the quantum numbers can be replaced by
integration over time.” This approach was originally developed
by Kubo and Toezuawa,*® Lax,>® and Pekar.*>*° The methodol-
ogy has more recently been refined and adapted to modern
quantum-chemical methods by Marian et al.,”> Shuai et al.,>'>?
and Santoro et al.’* Valiev et al.*® used a slightly different TD
approach based on temperature-dependent quantum Green’s
functions, which is a methodology developed by Tyablikov and
Moskalenko.>

The TD methods avoid summation over a large number of
vibrational states. However, the integrand oscillates rapidly
requiring an accurate numerical integration approach.’'*>¢
The integral diverges in most cases requiring regularization
by using an appropriate damping factor such as Lorentzian,
Gaussian, or Voigt broadening.”'*"® A fitting parameter is then
introduced in the exponent of the broadening function. The
parameter must be chosen to be large enough to ensure
the convergence of the integral but small enough to avoid that
it significantly affects the calculated k;c. The fitting parameter
is associated with vibrational relaxation, but in many cases it
is simply a fitting parameter." The TI method using eqn (1)
incorporates intramolecular vibrational relaxation, which
depends only weakly on the environment and can in principle
be calculated using the Lax-Pekar model.>>**>°

In this work, we develop a new TI approach based on eqn (1).
The summation is performed with a dynamic programming
approach that employs recursive calculations using a two-array
method. Two arrays of dimension E are created, where E is the
integer part of the energy in cm™" of the electronic transition.
The dynamic programming approach enables calculations of
all combinations that yield the transition energy. For a mole-
cule with E = 40000 cm ™!, 30 vibrational modes and consider-
ing 20 vibrational levels of each mode, there are only 24 x 10°
possible combinations, which is manageable even on a laptop.
A similar approach in the harmonic approximation was recently
reported by Manian et al.>* We also show how various methods

This journal is © the Owner Societies 2025
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to calculate the IC rate constant of DBT using eqn (1) lead to the
same conclusion about the significance of X-H bonds.

3 Methods based on Plotnikov's
expression

The nonradiative rate constant (k,,) can be calculated using
eqn (1) when the transition is much slower than the vibrational
relaxation (I'g,).** The expression can be simplified when the
temperature is low, since the initial vibrational state is in the
lowest level (m = 0) at ambient temperature.'**® The sum over n
satisfies the energy conservation condition. Iy, is typically
~10" s~ and depends weakly on 7, and the energy difference
Ayir. The expression for the nonradiative rate constant can then

. 2 _ .
be written as kn =4 / oo 3 | Vioga| M *® Iy is calculated
n

using the Lax-Pekar model using®>~2%493°

3N-6
Tp=,|8In2 > yjw?(20;+1) )
J=1

where y; is the Huang-Rhys factor of the j-th accepting mode, w;
is its frequency, and o; are the Bose-Einstein occupation

numbers
hw; -
0j = (exp <k377]") - 1) ; (3)

T is temperature and kg is the Boltzmann constant. The Huang-
Rhys factors y; were calculated as

1
v = 50K7, (4)
where K; is the displacement of the harmonic oscillator along
the j-th normal coordinate, given by

1 LV( 'fu

K = aifvg
. ) Z =
OF T gelory VI

(5)
In eqn (5), f,4 is the projection of the force acting on the 1~th
atom along the g direction in the final electronic state, eval-
uated at the geometry of the initial state, m,, is the mass of the 1~
th atom, and L, are matrix elements of the linear transforma-
tion between the Cartesian (R) and the normal coordinates
(Q),>>*® which is R,y — Ro,g = M, °L,Q;.

In the adiabatic Herzberg-Teller (HT) approximation and
neglecting the Duschinsky transformation, kjc can be written

as33

kic-ur = D? (Z H gk2> + Z P} (Z 11 g/?)

n k#i

(6)
+ZP;';2U2[J_/2<Z H g/(2>‘

ij#i nk#ikA
D, P; and Py considering the NACME between the i-th and f-th
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electronic states are given by

E:E:—l < 7,5, R) o ‘I’(Fi‘ﬁ)> )
1 b f
< £2M, OR,* i,
L, 5.7 0% (7,5, R)
§ § —<L(i(F,5, R) — )
< R [ s,

O*Wi(F,5, R) LugiLvyy
= /M, M,
=0

©)

where ¥ is the wave function of the i-th and f-th electronic states,

w75 R) | PSRN and (s B2 R
ORyq . GR,,qz 7
R
are the NACMEs of the first and second order, respectively. M, is
the mass of the »-th atom.
g, t; and b; depend on the choice of the type of the
vibrational wave function . In the harmonic approximation,

they are given by

g = \/y—" ne,ﬂ (10)
<'J/0, l//n, (QJ) >

1 e
\/Zn,' i) el (11)

1 n
b = <!//0/ (0|91, (Q/)> = \/m(n/ +yj)2ewyjf (12)

where n; is the vibrational quantum number and w; is the
frequency of vibrational mode j. The anharmonicity of the j-th
mode can be considered by introducing the Morse vibrational
wave functions®

Vu(R) = Nyexp(—5) 2L (), (13)

where z = 2fiexp(—a(R — R.)), and b, =2f —2n — 1, f = 7\/2D

D, is the dissociation energy at the equ111br1um dis-
tance (R.) and o is the anharmonicity constant. The normal-
. . ob,n! 172 b .
ization factor N, is (m) , Ly(z) is the
n-th Laguerre polynomial, and I'(h, + n + 1) is the Gamma
function.

D, and o can be derived from the anharmonicity parameter
(xe) and the vibrational energy (w.) as D, = w¢/4)..>>>* The
dissociation energy of X-H bonds is ~4.5 eV and w. of X-H
bonds is ~3300 cm ™, resulting in a y. value of 0.02,** which
yields good estimates for anharmonic effects.
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In the anharmonic approximation at the Morse level, the
expressions for gj, ¢; and b, are

NoN,4%/2 (A 41 b, + by
g/' - o n 2 ) 2 - 17bn H (14)
. NN, AW/ ( (A +1 b, + by 5
] 2 n 2 ) 2 s Un
A+1 b, + by
— _—— 15
) (15)
A+1 b” + b()
2In— T A bn 1 )
+ 1( ) 3 +
In(2
A+1 b, + by _1b
NoNAD/27"\ 2 7 2 o
- (16)

o2 b, + by ’
d{ ——-1

where 4 = exp(—oK), K is the displacement of the equilibrium
position of the oscillator, and I,,(4,B,C) is
00

exp(—Az)z8 LS (2)dz,
0

1,(A,B,C) = J (17)
The derivative of I,(4,B,C) in eqn (16) can be calculated
numerically and the analytical expression of I,(4,B,C) is

F(1+B)(C+n+1)

L8O == et )

1
A B R (1 +B,—n,l +C,Z)
(18)

We apply the Morse model to vibrational modes whose
energy is larger than 2000 cm™'. Their vibrational wave func-
tions associated to X-H(D) vibrational modes are replaced by a
Morse function.

3.1 Duschinsky transformation

The Duschinsky effect was previously introduced using pertur-

0 0
50, ~ 27150,

whereas the nuclear wave function was unperturbed.>® The

bation theory with the perturbation operator

Duschinsky transformation can then be written as Q =JO +
K, where Q and Q' are the normal coordinates of the final and
initial electronic states, respectively, J is the Duschinsky rota-
tion matrix, and K is the displacement. In the anharmonic
approximation, the Duschinsky rotation has a small effect on
kic,’™® whereas in the harmonic approximation the
Duschinsky effect on ki is significant.*® In the previous imple-
mentation at the FC level by Valiev et al., eqn (6) was modified
by replacing P; with P; = P,-ZJ;,-I,. At the HT level, P; was

replaced by P = ZP;J;, + Z K Py,J i and P was replaced
I m#l

by Pj= > Pindiim-
lim#1

This journal is © the Owner Societies 2025
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We have here developed an alternative approach to consider
the Duschinsky effect in k¢ calculations. Since the Duschinsky
matrix is orthogonal i.e., J’J = I, it can be written as J = I + 4,
where [ is the unit matrix and the a; matrix elements of A are
generally small. The Duschinsky rotation can then be written as

0; = (05 + ay) Q; + Ki = (Qi + Ki) + a;;0; yielding
0 _ 9
0] 00,

LNy 2
~digg, = ZJJ 30, (19)

Expanding the vibrational wave functions (y,,) of the final state
in a Taylor series expansion and considering the two first
terms, one obtains

V(01 =¥ (Qi + Ki+ ajQy) = ,(Qi + Ki)

N Z o, ( Ql +K;) (20)

1/ Qi

Since the a; elements are much smaller than 1, higher-order
contributions can be neglected. Inserting eqn (19) and (20) into
eqn (6) and taking only the second term into account yields the
working expression in FC approximation

eve = 3 (S0P [T+ S P0 S

k#i J#EI

2
gk)
k#ik#j

I]

k#ik#j

2P a1

i J#i
(21)

The new matrix elements (7;) are in the harmonic approxi-

mation given by
maok?
xp 4nh

= (w2

w> R

ar V21!

MMWw%ww)

and in the anharmonic approximation, they are

o by A+1by+b
- _ 2+2 aT° n
T/ 2N0NnA In( P ) 2 + labn)
A+1 by+b,
— aNyN, 17042“1,1( ;r % )

by 2 A+1 y
+ ENoNyboa? (b 424 )1, (AL 0t by
2 o 2 2

(23)
The quadratic terms in eqn (21) are the main contributions as

in eqn (6). The largest contribution originates from the second
term with 7;. The new matrix elements appearing in the HT
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approximation are
1i= (|0 i) (24)
and
£i= s TR ) (25)

which are given by

1 1
_ n—=2 _ n+2
1)z, (n+2) o+ 3% > (26)
and

_ [mo (1) z0%
E=\an 32 eXp(_T

x (3257 +2(5+ 19n)z5 " + 4n(33n — v 27)

26)zy”
+72n(2 = 3n +n*)zy ),

where zyp = y/mwK. In the anharmonic approximation:

by
A2F! ) In2 A+1b
f,-:—gj—T(AhO (K+n—ﬁ>NoN 1,,( ; O;b

A z”%(K+—ln2ﬁ>NoN I, (" ; l,bozb”— l,bn)

)

by
A2t dl, (A+1 by+b,

NNn v A oYn
T N dB( 2 2 b>

b
A2 boNoN, dl, (A+1 by+b, b

2 db\ 2 ' 2
(28)

00 82
F= | wrgbr—Kar

A+1 bo+b,
b) A21( 5 ,02 ,bn)

A+1 by+b, —
= A1, SRR
! ( 2 2

A+lb0+bn+1 dln A+1b0+bn*1
Asl _— A — b,
+‘(2 2 b) g\ 2 2 P
dr, (A+1 bo+ b, dr, [4+1
+A5dB< > T, b) AgdB(Tb0+b,1+lb,,),
(29)
where
b
= | (P20 ANs o A2 NN, (30)
4 2
LN
A= [1 775]412 NoN,, (31)
2
b
Ay = <%(3> A70+2N0Nn, (32)
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A4 by L
Ay = )Y NgN, A2, 33
i== (3™ (53)
bO 2+l
As= 2 2 NoN,, (34)
AbTD-FZ
AGZ 4 NONiH (35)
In2
=K+ “2 In2f. (36)
The expression for kc in the HT and Duschinsky

approximations is

kie-ur =Y DHgH-ZPZI 11 &

n i k#i

+ZPTZQI/ H gk+ZPZal/z/ H 8k

i#j k;él i i#j k?fl
k#j k#j
+ZP11ngk+ZP11F Zau H 8k
k#i J#i k#i
k#j
+ZP”[lZal/ H 8k +ZP1/b [/ H &k
J#FI k;ﬁl INE k;él
k#j k#j

+Zﬁifbirjzajlbl H gk+zﬁi/bizaﬁ[l H 8k

ij#i 1#j k#i ij#i 1#] k#i
k#j k#j
k#l k#1

(37)

3.2 The dynamic programming algorithm

The summation in eqn (6), (21) and (37) is performed over all
combinations of the accepting modes fulfilling the energy
conservation condition 4; = 7n-@. We consider the combina-
tions using a recursive scheme similar to the one used in ref.
29. Such recursive schemes are well known in the field of
dynamic programming and are applied to combinatorial
problems.”” We use a two-array algorithm and consider anhar-
monic effects. The dimension of the arrays is obtained by first
discretizing 4;¢ + § into steps of 1 cm ™', where § is 200 cm ™.
The final dimension of the arrays is obtained by multiplying the
integer of the discretized energy (E + d) range by the number of
vibrational modes times the number of considered vibrational
levels of each mode.
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We use the following dynamic programming algorithm

1. Initialize an array of probabilities A(E + 9).

2. Set A(0) = 1 and all other elements are set to zero.

3. Iterate over vibrational modes:

(a) Loop over all vibrational modes i = 1,.. .,N.

(b) Initialize a temporary array B(E + J) with all elements
set to 0.

(¢) Loop over the discrete energy values E; = 0,.. .,E + E.

(d) For each vibrational quantum number 7; = 0,. . .,imax, do:

i. Compute the vibrational energy ¢,,.

ii. Calculate the energy:

Enew = By + i

iii. Update probability:

B(Enew,/) = B(Enew,j) + g](nJ)ZA(Ej)

4. Final step: update the probability array:

A(E) = B(E).

5. Add the probabilities within the energy range J.

The dynamic programming approach enables computation
of all combinations in the configuration space specified by the
discretized energy range E + J, the number of vibrational modes
(N), and the number of considered vibrational levels of each
mode (Mmax).- The number of such combinations is E x N X
Nmax, Which is the order of millions of combinations, when N is
~100-200 and 71, is ~10 and E is ~40000 cm ™. This is a
very small subset of all possible combinations.

3.3 The Lagrange multipliers technique

The maximum probability of energy-conserving combinations
can also be estimated using Lagrange’s method of undeter-
mined multipliers,’”** which works only when the probabil-
ities are calculated for accepting modes having n; > 1 but not
for modes with n; < 1. We used this scheme in our previous
studies, where only accepting modes were considered, and the
X-H vibrations were anharmonic modes.

We extend the method of Lagrange multipliers to energy
dispersion contributions considering effective modes. Vibra-
tional quantum numbers of the accepting modes (n; > 1)
fulfilling the energy condition E = Y wgng with ny = yrexp wpl

k

and the corresponding Lagrange multipliers (1) are deter-
mined. The maximum FC factor (g;) can then be calculated
for the accepting modes using’

(H m) exp (—lAE + Z nj — yk)) (38)

However, lots of n; combinations can give FC factors values
close to g;. We correct g, for dispersion contributions and
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estimate a corrected FC factor using

;o 2
8corrected = &1 €XP <_ Z (’1k2+k)>

T k

(39)

The FC factors in eqn (38) and (39) were obtained in the
harmonic approximation using the calculated vibrational levels
of the acceptive modes.

3.4 The X-H approximation

We assume that only the X-H vibrations are promoting modes
and approximate the combinations of C-C modes by excita-
tions of two modes at 1400 and 400 cm ™' by one. The ki rate
constant can then be calculated using

2
le—proton = Z (Z Py, Hgk> )
v k

n

(40)

where P, is calculated only for the 1~th proton and the X, atom
of the X,~-H, moiety using

_ | 0% (F,5, R
P, = Ly w75, R | 2SR (a1)
ORyy R-F
=80
L, is calculated for a single X,-H, bond using
L, = LM, where gx , qu, are the Cartesian coordinates

Rxu
of the X, and H, atoms, Rxy is the bond length of the X-H

bond, L is the relationship between the Cartesian coordinates

and the normal coordinates of the atoms of the X-H moiety. L is

almost equal to one because X is much heavier than H. ¢, is

calculated using eqn (15) at the anharmonic level for X-H

bonds with the typical vibrational energy () of 3300 cm ™"

and the y. value is 0.02. The []gx term is calculated using a
k

fitting curve that depends only on the energy difference (E,,)
between the initial (¥,) and the final (¥,) electronic states.*

Calculations of the NACME can be avoided by estimating it
from the expansion coefficients of the molecular orbitals in the
basis functions (x) at the X-H moieties. An approximate IC rate
constant is then given by

ioxn = 1.6 x 107 x (P,|A|¥,)?, (42)

where the NACME is obtained using

Nxu
> P}
a=1

Nxi % 6.25 x 108 x exp(—Ep /2.17)
) E[’qz

<W1l’;1’qjq>2 =

(43)

and the electronic factor of each X-H bond is

D A Al e <Xk /k>

iabkk’
b ou 2
+ Z AiaAfuCricuj Le |z p(1x
ijakk’ *

ou

P2 =001 IR

o

a and b denote virtual molecular orbitals (MO) and i, j are the
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indices of the occupied MOs. ¢y, Crj, €k and cgpp are MO
coefficients of the occupied and virtual MOs, respectively. We

assume that <7
(k
OR,

and A, are configurational interaction coefficients of states p
and g. The X-H approximations enable calculations of k¢ for
large molecules. It also identifies which specific X-H bonds

xk/> is equal to 0.1 for each X-H bond. A%,

provide the largest contributions to the IC rate constant.

We employ the X-H approximation, the dynamic program-
ming algorithm, and the method of Lagrange multipliers
technique to calculate the rate constant for internal conversion
(kic) of DBT and deuterated DBT.

4 Computational details

DBT has three conformers of which the symmetrically twisted
one belonging to the C,;, point group has the lowest energy,®
which was confirmed by calculations at the density functional
theory (DFT) level using the B3LYP functional, def2-TZVP basis
sets and the D4 dispersion correction term.>*"®> The energy of
the studied conformer calculated with Turbomole version
7.8%%°* at the B3LYP/def2-TZVP/D4 level is 3.8 kcal mol ' and
5.7 kcal mol™" below the asymmetrically twisted and the
saddle-shaped conformer, respectively. Calculations at the
complete active space self-consistent field (CASSCF) level with
10 electrons in 10 orbitals using the 6-31G(p,d) basis set®® were
performed with the FIREFLY software package.®® The CASSCF
calculations showed that the ground electronic state of DBT is
dominated by one Slater determinant. Calculations were also
performed with Turbomole at the singles and doubles coupled-
cluster level with a perturbed treatment of the triple excitations
(CCSD(T)) using def2-TZVP basis sets and the reduced-virtual-
space (RVS) approach.®””””° The occupation numbers of the
frontier orbitals, the D, diagnostics, the T,(CCSD) norm, and
the C,> show that DBT has a small multireference character,
which is also expected because the open-shell singlet character
of polyacenes increases with their length.” We have used the
MN15 functional because it has been successfully used in
calculations of rate constants for molecules whose ground
electronic state (Sp) has a weak multireference character.**”*
Molecular structure optimizations of the S, state and of the
lowest excited singlet state (S;) as well as calculations of the
harmonic vibrational frequencies (), the nonadiabatic cou-
pling matrix element (NACME), and the Huang-Rhys factors y
were performed with the MN15 functional and the 6-31G(d,p)
basis set using the Gaussian 16 software package.®®

All vibrational modes were considered in the calculations of
the rate constants in the harmonic (kic.parm-rc) and anharmo-
nic (kic-anuarm-rc) FC approximation as well as in the calcula-
tion of the rate constants in the harmonic (kicparmur) and
anharmonic  (kicanuarmur) HT  approximation.  The
Duschinsky effect was considered in the calculations of the
rate constants using unperturbed (kic(anjuarm-FomT-p1) and
perturbed vibrational wave functions (kic.(anjnarm-Fo/HT-D2)-
The IC rate constant was also calculated at approximate levels
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considering only NACME contributions of the atoms of the X-H
moiety (kic.proton) Using eqn (40) and (42).

The contributions of the promoting modes are analyzed
using the ¢; values obtained with eqn (6). The contribution to
kicproton and kicxyy from each X-H bond is identified. We
consider two deuteration patterns of the X-H bonds. We
deuterate the X-H bonds with the largest contribution to k¢
and the X-H bonds with the smallest contribution to k;c, which
are here called the rapid and slow IC transition, respectively.

5 Results and discussion

5.1 Internal conversion for nondeutrated DBT},,,

The vibrational relaxation width (I') calculated using eqn (2) is
7.8 x 10" s~ which is very close to the previously used I' value
of 10™ s™*. The calculated k; rate constants for the nondeuter-
ated DBT},,, are summarized in Table 1. The calculated k- shows
that the Herzberg-Teller approximation is important because it
increases the rate constant leading to a good agreement with the
experimental data."’ The anharmonic and Duschinsky contribu-
tions are very small in the HT approximation, whereas in the
Franck-Condon approximation, the anharmonic effect increases
the rate constant by a factor of 4. In the harmonic FC approxi-
mation, the Duschinsky effect using perturbed vibrational wave
functions increases kic by an order of magnitude. In the anhar-
monic FC approximation, the Duschinsky effect is small. The k.
ANHARMFC-D1 ate constant is almost equal to kicparmur, €ven
though kicarmrc is a factor of ~40 smaller than kicparm-um
whereas the kic.uarm-mr Iate constant is equal to kjc.anmaRM-HT-D1-

The probably best calculated IC rate constant (kic.anzarM-HT-D2)
of 1.7 x 10® s~ agrees very well with the IC rate constant of 1.1 x
10% s~! measured for DBT in cyclohexane and with the k¢ of 2.7 x
10® s7' measured for DBT in toluene."" The dichloromethane

Table 1 Calculated vibrational relaxation width (I' in s™%), de-excitation
energy E (in cm™), and k¢ rate constants (in s for DBT, at different
levels of approximation using the TDDFT/MN15/6-31G(d,p) level of the
electronic structure calculations. The rate constants are calculated using

the dynamic programming and Lagrange multipliers algorithms

Calculated Experiment"
E(em™) 11700 1205013 450
r(s™ 7.8 x 10" —
Dynamic Lagrangian
programming multipliers
kic-HARM-FC 4.6 x 10° 3.0 x 10° 1.1-7.3 x 10°
kic-HARM-FC-D1 5.1 x 10° 3.1 x 10°
kic-HARM FC-D2 2.9 x 107 8.8 x 10°
Kkic-ANHARM-FC 1.9 x 107 3.1 x 10°
K1c ANHARM-FC-D1 2.2 x 107 3.1 x 10°
kic ANHARM-FC-D2 2.2 x 107 9.0 x 10°
kic-HARM-HT 1.7 x 10° 9.4 x 10°
kic-HARM-HT-D1 1.8 x 10° 9.0 x 10°
kic-HARM-HT-D2 2.1 x 10° 1.1 x 10’
kic-anmaRM-HT 1.7 x 10° 8.4 x 10°
K1C ANHARM-HT-D1 1.7 x 108 7.9 x 10°
ki ANHARM-HT-D2 1.7 x 10° 7.7 x 10°
kICfproton 5.0 x 10°
ke xu 1.5 x 10°
16860 | Phys. Chem. Chem. Phys., 2025, 27, 16853-16864
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molecules of the solvent seem to enhance the IC relaxation
leading to a larger experimental ki of 7.3 x 10° s~ .'" A recent
study showed that solvent molecules can affect rate constants of
nonradiative transitions and the quantum yield of luminescence.*

The rate constant calculated using the X-H approximation
(kroxu) of 1.5 x 10° s is somewhat larger than the experi-
mental value, whereas the kicproton rate constant of 5.0 x
10® s™* obtained by calculating the NACME only for the X-H
bonds agrees very well with the experimental one. The rate
constants calculated using the Lagrange multipliers method
and the dynamic programming algorithm agree well. However,
they are more than an order of magnitude smaller than the rate
constants calculated at the two other levels of approximations
probably because the vibrational energies calculated in the FC
and harmonic approximation were used in the other levels of
approximation (Table 2).

We studied the energy-dependence of the rate constants by
varying the de-excitation energy from 100 cm ™" to 30 000 cm ™.
The calculated rate constants as a function of the de-excitation
energy in Fig. 1 show that IC rate constants calculated at
various approximation levels qualitatively agree in the whole
energy range. More figures showing the energy dependence of
the rate constants are given in the ESL{ The Duschinsky effect
on the IC rate constant is very large when the de-excitation
energy exceeds 23 000 cm ™}, where kioanmarmrone iS several
orders of magnitude smaller than k;c anuarm-rc. The Duschinsky
effect becomes more significant when the de-excitation energy is
large because the electronic energy is transferred to highly
excited vibrational modes leading to a strong mixing of the
vibrational wavefunctions.” The Duschinsky approximation
assumes that the matrix elements of the A matrix are small,
which might not hold when the de-excitation energy exceeds
22000 cm ', Rate constants calculated at the Duschinsky level
using de-excitation energies larger than 22000 cm™" may there-
fore be underestimated, whereas for de-excitation energies
between 100 and 21000 cm™ ' the calculated Duschinsky con-
tribution to the IC rate constant of DBT is reliable.

The HT approximation is important for the IC rate constant
of DBT. Considering HT terms increases the rate constant by a
factor of almost 40 yielding a rate constant that agrees well with
the experimental one. The anharmonic and Duschinsky effects
are very small in the HT approximation, whereas at the harmonic
FC level, the Duschinsky rotation increases the rate constant by a
factor of 6 and anharmonicity increases it by a factor of 4.

It should also be noted that all methods explicitly comput-
ing the contribution of accepting modes to the FC factors show
a slight decrease in ki at ~2000 cm™ %, the IC rate constant as a
function of the de-excitation energy passes a maximum, which
happens when Gibbs free energy is equal to the reorganization
energy according to Marcus theory.”?

Fig. 2 shows the vibrational modes with the largest con-
tribution to ¢;. The main promoting mode is the 165 A, mode
with a vibrational energy of 3260 cm™*, which involves the two
X-H bonds belonging to the tetracene moiety. The calculations
of the kic proton Tate constant suggest that the main contribution
originates from the X-H bonds localized on the tetracene
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Table 2 The deuteration effect on the rapid and slow IC relaxation pathways and the corresponding IC rate constants (kc in s
Rapid DBThz0 DBT44-rapid DBT4s-rapid DBTa12-rapid DBTa20
k1C-ANHARM-FC 1.9 x 107 1.5 x 107 4.8 x 10° 5.0 x 10° 3.0 x 10°
KrC-ANHARM-FC-D1 2.2 x 107 1.9 x 10’ 5.3 x 10° 5.8 x 10° 3.0 x 10°
K1C-ANHARM-FC-D2 2.2 x 107 1.9 x 107 5.3 x 10° 5.8 x 10° 3.0 x 10°
K1C-ANHARM-HT 1.7 x 10° 1.6 x 10° 1.2 x 10° 6.9 x 107 1.8 x 107
KrC-ANHARM-HT-D1 1.7 x 10° 1.6 x 10° 1.2 x 10° 7.0 x 107 1.8 x 107
kG- ANHARM-HT-D2. 1.7 x 10® 1.5 x 10° 1.0 x 10® 6.8 x 107 1.8 x 10’
Slow DBThz0 — DBTys-slow DBTq12-slow DBTqz0
k1C-ANHARM-FC 1.9 x 107 1.8 x 107 1.8 x 107 3.0 x 10°
K1C-ANHARM-FC-D1 2.2 x 107 2.0 x 107 2.0 x 107 3.0 x 10°
K1C-ANHARM-FC-D2. 2.2 x 107 2.0 x 107 2.0 x 107 3.0 x 10°
K1C-ANHARM-HT 1.7 x 10° 1.3 x 10° 7.5 x 107 1.8 x 10’
kic-ANHARM-HT-D1 1.7 x 10° 1.2 x 10° 7.3 x 107 1.8 x 107
G- ANHARM-HT-D2. 1.7 x 10® 1.1 x 10® 7.2 x 107 1.8 x 107
kicxp. 't (toluene) 2.7 x 108 1.4 x 10®
Kicexp. " (cyclohexane) 1.1 x 10° 0.6 x 107
kicrxp.'t (dichloromethane) 7.3 x 108 4.0 x 107
of compounds with different degrees of deuteration. The IC rate
12 constants were measured for the partially deuterated DBT;,,
oy which was a mixture of molecules containing 10-12 deuterium
P %0¢ : N = |C-FC-HARM-D2 atoms, and for DBTq4,y, which was a mixture consisting of
10 NN ¢ IC-FC-ANHARM-D2 molecules with 18-20 deuterium atoms.’' The measured kc
N A -HT- - . . . _ _
L N » :g :$ KQEXR?/IZ - in toluene solution is 2.7 x 10%s™*, 1.7 x 10® s™* and 1.4 x 10®
< ¢ v -HT- - _ .
w 87 \“ \ »  IC-proton s~ for DBTh,0, DBTq41, and DBTqy, respectlvely.11 Perdeutera-
-EO X tion decreases kic by a factor of ~2.0. The same ratio was
::7: 6 o\ obtained for rate constants measured in cyclohexane solution.
Ke) N The experimental k¢ for DBT},0 and DBTyy, is 1.1 x 10% 571
4 and 6.0 x 107 s, respectively.
We are able to computationally determine the effect of
2 replacing hydrogen atoms with deuterium. We studied the
rapid IC transition case, where the C-H moieties associated
o o A with the promoting modes of the tetracene fragment were
T T T T T T 1 . . .
0 5000 10000 15000 20000 25000 30000 35000 deuterated. First, we deuterated the two C-H moieties (DBTq,.

wavenumber, cm’’

Fig. 1 The computed IC rate constant of DBT calculated in the FC and HT
approximation. The rate constants were calculated in the harmonic and
the anharmonic approximation. The Duschinsky contributions (D2) were
considered. The rate constants in a logarithmic scale are shown as a
function of the de-excitation energy from S; to Sp. The energy depen-
dence of the kic_proton rate constant calculated in the X—H approximation
is also shown. The energy-dependence of rate constants calculated at
other approximation levels are reported in the ESI.+

fragment, whereas calculations of the kicxy rate constant
suggest that also the X-H bonds of the naphthalene moieties
contribute to the IC rate constant. All the employed methods
show that the main contribution to the IC rate constant of DBT
involves the vibrational modes of the X-H bonds of the tetra-
cene moiety. The largest contributions involve combinations of
vibrational modes at wavenumbers of ~3000 cm™". They also
provide the largest contribution to the NACME.

5.2 Internal conversion for deuterated DBT

Mishra et al.™* could not determine which hydrogen atoms were
replaced by deuterium because the synthesis yielded a mixture

This journal is © the Owner Societies 2025

rapia) Shown in Fig. 2a and then the eight C-H moieties (DBTqs.
rapid) ON the same moiety as shown in Fig. 2b. Finally, we
deuterated all promoting C-H moieties (DBTq12-rapia) @ shown
in Fig. 2c. In the slow IC transition case, we deuterated the C-H
moieties (DBTys-s10w) that are not marked in Fig. 2c and all C-H
moieties (DBTgiasl0w) that do not belong to tetracene. The
perdeuterated molecule is denoted DBTqs0.

The ki rate constant decreases systematically when increas-
ing the number of deuterium atoms. The largest effect is
obtained for perdeuterated DBT showing that the X-H moieties
play an important role for the IC process. In the FC approxi-
mation, deuteration of the rapid IC transition channel leads to
a smaller k;c as compared to the slow IC transition case. In the
HT approximation, the difference is smaller. Calculations on
the deuterated molecules indicate that various X-H moieties
have different contributions to the IC rate constant because the
probability of accepting the electronic excitation energy differs.

The calculated rate constant for DBT},, agrees well with the
experimental one, whereas the calculated rate constant for DBTy,,
is smaller than the measured one because it consists of a mixture
of molecules with 18-20 deuterium atoms. The nondeuterated
C-H moieties can still be a fast IC transition channel.

Phys. Chem. Chem. Phys., 2025, 27, 16853-16864 | 16861
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Fig. 2 The promoting vibrational modes of the X—H bonds are encircled: (a) the A, vibrational mode at 3260 cm ™, (b) the X—H vibrational modes with
the largest contributions to kic_proton @nd (c) the X—H vibrational modes with the largest contributions to kic.x.

6 Conclusions

We have developed and implemented new methods to calculate
internal conversion rate constants (ki) in the Franck-Condon
(FC) and Herzberg-Teller (HT) approximations. The computa-
tional methods can also account for anharmonic and Duschinsky
effects. The summation over energy-conserving combinations of
the vibrational modes is performed using a recursive dynamic
programming approach or alternatively using a method based on
Lagrange multipliers that also includes dispersion-broadening
contributions. The methods were tested on the energetically low-
est conformer of dibenzoterrylene (DBT), which emits light in the
near-infrared region (NIR) of the electromagnetic spectrum.

The anharmonic and Duschinsky effects are important when
calculating k¢ in the Franck-Condon (FC) approximation. The
anharmonic and Duschinsky effects increase k¢ by a factor of
~ 5. However, when considering the two effects ki calculated in
the FC approximation is still an order of magnitude smaller than
the experimental IC rate constant. The IC rate constant calcu-
lated in the harmonic Herzberg-Teller (HT) approximation
agrees well with the experimental k;c and the anharmonic and
Duschinsky contributions are very small at the HT level. Calcula-
tions of the energy dependence of the IC rate constant show that
kic decreases with increasing de-excitation energy and that the
Duschinsky effect is significant when the de-excitation energy
exceeds 22 000 cm ™.

The computational methods were used to assess the accuracy
of the X-H and proton approximations, which are computation-
ally efficient methods that consider only contributions from X-H
moieties to k;c. The IC rate constants calculated in the X-H and
proton approximations are somewhat larger than those obtained
at more accurate levels of theory and experimentally. Calcula-
tions of rate constants considering only X-H contributions
showed that k;c mainly originates from vibrations of the C-H
bonds of the tetracene moiety. Deuteration of these C-H bonds
leads to a smaller k¢ than when other parts of the molecule are
deuterated. The largest isotope effect is obtained for perdeuter-
ated DBT, which confirms that the X-H moieties are the main
IC acceptors of the electronic excitation energy. Calculations of
the kicxu and kic.proton rate constants enable determination of
the individual contributions from various C-H moieties, which

16862 | Phys. Chem. Chem. Phys., 2025, 27, 16853-16864

offers an opportunity to adjust the internal conversion rate
constant by replacing H atoms with a substituent or a heavier
atom such as D, F or Cl.

When the final electronic wave function is expanded in
nuclear coordinates (eqn (6)), we assume that the series con-
verges and that higher-order terms are much smaller than the
first-order term. However, it is possible that for molecules with
large energy gaps higher-order Herzberg-Teller effects may
become significant, which is an interesting direction for future
research.
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