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Vibronic Bandshape of Absorption Spectra of
Dibenzoylmethanatoboron Difluoride Derivatives: Analysis Based
on Ab Initio Calculations

Pavel S. Rukin,” Alexandra Ya. Freidzon,**° Andrei V. Scherbinin,® Vyacheslav A. Sazhnikov,’
Alexander A. Bagaturyants,”* Michael V. Alfimov®

The nature of absorption bandshapes of dibenzoylmethanatoboron difluoride (DBMBF,) dye substituted in ortho-, meta-,
and para-positions of the phenyl ring is investigated using DFT and TDDFT with the range-separated hybrid CAM-B3LYP
functional and the 6-311G(d,p) basis set. The solvent effects are taken into account within the polarized continuum model.
The vibronic bandshape is simulated using time-dependent linear coupling model with vertical gradient approach through
an original code. For flexible chromophores, the spectra of individual conformers are summed up with Boltzmann factors.
It is shown that the long-wavelength absorption bandshape of DBMBF, derivatives is determined by three factors: the
relative statistical weights of conformers with different electronic absorption patterns, the relative position and intensity
of the second low-energy electronic transition, and the vibronic structure of individual electronic peaks. The latter is
governed by the relationship between the hard vibrational modes, which contribute to the vibronic progression, and soft
modes, which provide broadening of the peaks. The simulated spectra of the dyes in study are generally consistent with
the available experimental data and explain the observed spectral features.

bandshape can serve as an analytical signal responding to the
interaction of the chromophore with analytes or

The vibronic structure of absorption and emission spectra
contains important information about molecular structure,
vibrations, and dynamics on a femtosecond scale. However,
this information can hardly be extracted directly from
experimental data. Contributions of different factors to the
overall spectrum can be properly analyzed using a computer
simulation of vibronic spectra. Recently, both time-dependent
and time-independent approaches to calculations of vibronic
absorption and emission band shapes have been developed.l_
2 These approaches have been successfully applied to
calculations of spectral band shapes for a large number of
systems containing both inorganicg_7 and 21-28
chromophores.

In optical chemical sensors, the absorption or emission

organic
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environment.”®° Therefore, the theoretical prediction of
absorption or emission band shapes of various chromophores
and their changes upon interaction with analytes is very
important for the design and selection of materials for optical
chemical sensors.*

The observed spectral features can originate not only from
vibronic contributions but also from contributions of different
electronic transitions as well. In addition, the spectral features
of flexible chromophores contain contributions from different
Therefore, in the case of flexible
chromophores, their spectral features cannot be explained
using purely vibronic models.

Difluoroboron B-diketonates show exceptional photophysical
and photochemical properties.32735 In particular, these dyes
exhibit high molar absorptivities and fluorescence quantum
yields36 and readily form exciplexes with aromatic
compounds.3H13

A typical representative of this class of compounds,
dibenzoylmethanatoboron difluoride (DBMBF,), its derivatives,
and complexes with some aromatic compounds were studied
experimentally in detail® 3" *? with the aim of using DBMBF, in
optical chemical sensors for various aromatic compounds. The

conformations.

electronic absorption and fluorescence spectra of DBMBF, and
its methyl, allyloxy, and alkoxysilyl derivatives were
investigated in polar and nonpolar solvents,35‘42'44 and their
fluorescence quantum yields, lifetimes, and vibronic structure
were reported. All dyes exhibit a pronounced structure of
absorption and emission bands.

Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 1
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Unsubstituted DBMBFZM‘45 and its p-methyl derivative show

similar structures of their vibronic spectra. The absorption
spectrum of p-methyl-DBMBF, in the long-wavelength region
exhibits pronounced peaks at 25900 and 27030, and a low
intensity shoulder at 28330 em™.

Replacing the methyl group by an O-containing substituent
(allyloxy or propyloxysilyl group) leads to a bathochromic shift
of the absorption bands due to the electron-donating nature
of the substituent.** The spectra of allyloxy and propyloxysilyl
derivatives are red-shifted by ~700 em ™ In addition, the
spectra of their m-isomers are broadened as compared to p-
isomers, and their shape is rather complicated. The spectra of
o-isomers exhibit two distinct peaks at 25400 and 29200 em™.
The bathochromic shifts of the o- and p-isomers are similar,
while the shift of the m-isomer is ~700 cm ™ smaller.
Previously, we calculated the geometrical
energies of electronic gas-phase transitions for absorption and
emission of alkoxysilyl derivatives using DFT and TDDFT.* On
the basis of these calculations, it was suggested that the
above-mentioned spectral features of p-, 0-, and m-substituted
derivatives might be explained by an overlap of two electronic
absorption bands. However, these calculations gave only the
positions and oscillator strengths of the electronic transitions,
and the relative intensities of individual transitions were not
reproduced properly.

The 0-0 transition energies and absorption and emission band
shapes were calculated for a series of dioxaborine
fluorophores by Chibani et al.*® using TDDFT, PCM, and time-
independent approaches to the vibronic spectral shape. Unlike
the rigid dyes investigated in the Iiterature,46 the chromophore
moiety in substituted DBMBF, dyes can adopt different
conformations, which can absorb at different wavelengths. In
addition, they have flexible substituents, which can affect the
vibronic structure of the spectra and even give rise to some
additional spectral features. The determination of the nature
of individual peaks and their spectral broadening associated
with a certain substituent in the spectra of such dyes solely
from experimental data is problematic. Quantum chemical
calculations can be helpful in this case.

This paper is dedicated to the theoretical interpretation of the
absorption spectra of DBMBF, derivatives (in particular, the
nature of their band shapes) using DFT for the ground-state
structures, TDDFT for the excited states, and the displaced
multi-mode harmonic oscillator approximation”’ “ for the
vibronic structure of the absorption spectra.

Note that the calculated vibronic structure may depend on the
exchange-correlation functional used in the calculations. The
applicability of several DFT functionals to simulations of
absorption and emission band shapes was investigated in
detail in the literature.*®*° It might be concluded from Refs. 49
and 50 that the B3LYP, CAM-B3LYP, and PBEO functionals
provide reasonable agreement with experimental vibronic
shapes, depending on the specific type of compounds.
However, it was found in Ref. 44 that the PBEO functional
poorly reproduces the oscillator strengths and relative
positions of some peaks for DBMBF, derivatives. Therefore in

structures and

2 | Phys. Chem. Chem. Phys., 2015, 00, 1-3

this work we considered the use of only the B3LYP and CAM-
B3LYP functionals.

Computational details

We studied DBMBF, and its derivatives shown in Chart 1. The
substituents were in the ortho,- meta,- or para-position of one
benzene ring. Ortho- and meta-isomers exist in two types of
conformations: (1) with the substituent directed toward the
BF, group (type a) and (2) with the substituent directed
toward CH of the diketonate fragment (type b). These two
types of conformers can have noticeably different dipole
moments and, therefore, different energies and intensities of
transitions. Hence, these conformers

electronic were

considered individually.

F F
\/

_B

o)

1 R=H
2 R=CH,

3 R=0-CH,

4 R=0-CH,-CH=CH,

Chart 1. Chemical structure of the studied dyes.

Full geometry optimization was performed by DFT (CAM-
B3LYP/6-311G(d,p) and B3LYP/6-311G(d,p)) with Grimme’s
dispersion correction.”™ %, Vertical absorption spectra were
calculated by TDDFT with the same functionals and basis set.
The bulk solvent (tetrahydrofuran) effect was included through
the continuum solvation model SMD based on the quantum
mechanical charge density of a solute molecule interacting
with a continuum description of the solvent (PCM SMD).53 The
calculations were performed using the GAMESS-US package.54
For the vibronic structure simulation, we used the time-

domain formalism*”*® and the multi-mode harmonic oscillator
model of the potential energy SU|'faces,48'55_67 with all
necessary parameters taken from the first-principles

calculations according to the general methodology developed
in Refs. 1-5. In brief, the normalized absorption band shape of
each electronic transition is defined by the line shape function
1(QQ), which is calculated as the Fourier transform of the

generating function,

Q)= j G(tye ™ dr (1)
4 —0

2
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Here, ¢, —¢, is the purely electronic («zero-phonon») a->b

transition energy, Qj are the harmonic vibration frequencies,

T is temperature (hereafter, T = 298 K in all vibronic structure
simulations), and h and k are the Planck and Boltzmann
constants, respectively.

2

Sj:Qj(AQj) [2n (3)
are the per-mode dimensionless Huang—Rhys (HR) parameters
(or coupling strengths), with AQj being the harmonic

potential energy minima shifts expressed in mass-weighted
normal displacements.* The vibronic model parameters in Egn
(2) are found from the calculations of the ground state
Hessian, the single-point excited state energy, and the gradient
at the ground-state minimum configuration.

We assume that the overall absorption spectrum of the dye is
a Boltzmann weighted sum of spectra of each conformer (i),
which, in their turn, may consist of several bands. The area of
each absorption band is normalized to the oscillator strength

faib of the corresponding electronic transition a—>b

'@ =3 falap(@ ()

b
while the intensity distribution (vibronic structure) of each
band is described by the respective line shape function Ifl,,(Q)

given by Egns (1) and (2). The total absorption spectrum is
calculated as

Q=Y wi ) farlep (@), (5)
i b

where

w; =exp(~AE; /kT)/ ) exp(-AE /T (6)

j
is the fraction of conformer (i) in the equilibrium mixture
(Boltzmann weight), AE; being the ground state energy

difference between conformer (i) and the lowest energy
conformer. Once the total absorption spectrum of the dye is
calculated from Egn (4), it can be rigidly shifted and

* We note in passing that the time-domain formalism and, particularly, Eqn (2),
were first invented by M. Lax in 1952 in the study of optical band shapes.48 Soon
after Lax’s original work, essentially the same technique was applied to studying
optical transitions between more general multi-dimensional harmonic potential
surfaces,” ™’ and was also adopted in the theory of radiationless transitions.”” !
During the following decades, Lax’s original concept proved to be a very fruitful
tool in these and various related fields.*” **’

This journal is © The Royal Society of Chemistry 20xx

normalized in order to provide a suitable comparison with
experimental absorption data.

The calculation of Hessians with a polarizable continuum
environment requires a special consideration. By default, all
the ground-state calculations with PCM are performed using
the static dielectric constant of the solvent, which includes
both its electronic (fast) and structural (slow) relaxation. It is
known (see, for example, the literature®® 69) that electronic
transitions are so fast that only the fast response of the
environment should be taken into account through its fast
component at an infinite frequency. The vibrational transitions
are 10-1000 times slower than the electronic transitions and,
therefore, the structural relaxation of the solvent can also play
a role. To estimate the possible influence of structural
relaxation on the -calculated vibrational frequencies, we
compared the oscillation period for the lowest frequency
vibrations (typically, 20 ecm™ in the studied dyes, which
corresponds to ~1.7 ps) with the dielectric relaxation time of
THF (which varies from 4 to 25 ps at room temperature).m'71
The slowest molecular vibrations in this case are faster than
the structural relaxation of the solvent. Therefore, the fast
dielectric constant should be used for the calculation of the
hessians.

Results and discussion
Ground State Properties and Conformations

Ortho- and meta-substituted isomers of DBMBF, may have
two different orientations of the substituted phenyl rings,
which give rise to different orientations and values of the
dipole moment. As mentioned above, we denote them as type
a (the substituent pointed toward the BF, moiety) and type b
(the substituent pointed toward the CH group of the
diketonate). Allyloxy and methoxy substituents rotate almost
freely and adopt the best orientation for each conformation.
Figure 1 gives the relative energies and dipole moment vectors
of the studied conformers. Dyes 40 and 30 prefer type b
conformations, which are stabilized by intramolecular C—H...O
hydrogen bonds. Dye 20 prefers type a conformation, which
minimizes the interatomic repulsion. Conformers of type a and
b in dyes 4m, 3m, and 2m are close in energy.

To assess the ease of the conformational transitions from type
a to type b in 4m and 3m, we estimated the rotation barrier
through a relaxed scan along the torsion angle between the
phenyl ring and its substituent. The obtained value of ~5
kcal/mol means that both conformers can easily transform
into each other at room temperature.

Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 3
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Figure 1. Dipole moments and relative energies in solvent (kcal/mol) of DBMBF, derivatives with respect to the most stable conformer.
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Electronic Transitions

The vertical transition energies calculated by CAM-B3LYP are
overestimated by ~3000 cmfl, but the oscillator strengths and
the relative positions of peaks (Table 1) are in a better
agreement with experiment than those calculated at a
PBEQ/SVP level.** Similar calculations were performed with the
B3LYP functional. The vertical transition energies agreed well
with experiment, but, similarly to the Iiterature,44 the oscillator
strengths for the ortho- and meta-isomers were incorrect
(Table 2). Therefore, we decided to perform all further
calculations with the CAM-B3LYP functional.

Our calculations show that there are two low-energy
electronic transitions below 40000 cm™* with the oscillator

Physical Chemistry Chemical Physics

strengths higher than 0.3 for structures 4o0-b and 30-b and for
both types of conformers of 4m and 3m. Conformers 40-a and
30-a do not have second bright transition, in contrast with the
experimental spectrum for 4o0. Therefore, we can suggest that
type a conformers of 40 and 30 do not contribute to the
This agrees with their high
energies, which make them thermodynamically inaccessible.

absorption spectra. relative
At the same time, compounds 20, 2m, 2p, 4p, and 3p have
only one bright transition in this range. Thus, we can suggest
that it is the oxygen-containing substituent that causes the
second peak to appear in the ortho- and meta-isomers.

Table 1. Calculated CAM-B3LYP/6-311G(d,p) vertical transition energies and oscillator strengths of DBMBF, derivatives.

st -1
Transition energy, cm

Oscillator strength

Derivative 1st 2nd Energy difference, cm™ 1st 2nd
20-a 31357 35994 4637 0.93 0.02
20-b 31413 36010 4597 0.90 0.07
2m-a 30945 35760 4815 0.99 0.08
2m-b 31042 35470 4428 1.00 0.02

2p 30478 37180 6702 1.09 0.03
30-a 32026 35647 3621 0.90 0.03
3o0-b 29332 33857 4524 0.73 0.34
3m-a 29873 33149 3274 0.67 0.40
3m-b 30421 32663 2242 0.79 0.20

3p 29534 37470 7936 1.19 0.07
40-a 32026 36107 4081 0.93 0.03
40-b 29100 33931 4831 0.68 0.31
4m-a 29865 33204 3339 0.70 0.40
4m-b 30366 32221 2016 0.83 0.11

4p 29526 37478 7952 1.25 0.07

The orbitals of 40-a, 4m-a, 4m-b, and 4p isomers responsible
for the first and second transitions are presented in Figure S1
of ESI. The same trend is observed in all the structures with
methoxy substituent (3). The first transition is HOMO->LUMO,
where HOMO is localized on the substituted phenyl ring, and
LUMO is delocalized over the entire m system. The second
transition is HOMO-1->LUMO, where HOMO-1 is delocalized.
For methyl-substituted dye (2) and unsubstituted dye (1), the
only bright transition is HOMO->LUMO, where HOMO and
LUMO are both delocalized.

This journal is © The Royal Society of Chemistry 20xx

Table 2. Experimental® and calculated (B3LYP/6-311G(d,p)) absorption data of O-allyl
DBMBF, derivatives.

Experimental (in THF) Calculated
A, nm E,cm™ €, Mtem™ E, cm™ f

4o 394 25400 26820 25136 0.35

380 26300

343 29200 29276 0.56
4m 385 26000 32680 24598 0.23

370 27000

349 28700 28873 0.79
4p 397 25200 47380 26050 1.11

384 26100 31776 0.02

? Ref. [44].

Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 5
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Figure 2. (a) Per-mode distributions of Huang—Rhys factors S;; (b) partial contributions to the reorganization energy, Eqn (7); and (c) those to the dispersion of the absorption band

of 1, Eqn (8).

The energy difference between the two lowest electronic
transitions in 4o0-b and 3o0-b (4500 em™ and 4800 cm?,
respectively) agree with the energy difference (3700 cmfl)
between the experimental first vibronic peak (25400 cmfl) and
the additional peak at 29100 cm™. The calculated oscillator
strengths for these structures satisfactorily correlate with the
experimental intensities. The spectrum of 20-a exhibits only
one peak at 31357 cmfl, and, as mentioned above, there is no
additional peaks with the oscillator strength higher than 0.1.
Type a and type b geometries of 4m and 3m are separated by
1 kcal/mol, which indicates that these two conformers are
present simultaneously in the equilibrium mixture, and their
spectra should be summed with the corresponding Boltzmann
weights (according to Egns (5) and (6)) to give the total
spectrum.

Two absorption bands in the available experimental spectra of
4m and 3m are not resolved. The calculated energies of the
two lowest transitions are separated by 3200 em™ and 3300
cm™ for 3m-a and 4m-a, respectively, and 2200 ecm™* and 2000
cm™ for 3m-b and 4m-b. Dye 2m gives only one bright
transition in the UV-VIS region. Therefore, we may conclude
that the second electronic peak results from the presence of
the O-alkyl substituent in the ortho- or meta-positions of
phenyl rings.

Para-substituted DBMBF, has no conformers, and its second
electronic transition is forbidden. The first transition of 2p is
blue-shifted relative to 3p and 4p (Table 1), which agrees with
the experiment.

Vibronic line broadening mechanism: «soft» and «hard» modes

To present a general view of the chromophore absorption
spectrum, we start with the consideration of the vibronic
structure of the individual electronic transition, which is
described by the line shape function of Eqn (1). We try to
explore the nature of the calculated vibronic structure using a
simple and descriptive line broadening mechanism discussed,
in particular, by M.D. Frank-Kamenetskii and A.V. Lukashin.”? In
brief, this mechanism is based on dividing all vibrations of the
chromophore (and, possibly, of its environment) into two
groups, «hard» (high-frequency) and «soft» (low-frequency)
ones. The roles of these vibrations in the formation of the
electronic transition band are qualitatively different. The hard

This journal is © The Royal Society of Chemistry 20xx

vibrations are mainly responsible for the observed vibronic
features, while the soft vibrations broaden these structures,
making them less resolved. This broadening mechanism is
often considered in theoretical studies of optical band shapes
of various classes of molecular chromophores,ni75 along with
some other well-known mechanisms, e.g. homogeneous and
inhomogeneous line broadening.mi78

In order to select the vibrations that are most strongly coupled
with the electronic transition, it is instructive to consider the
distribution of the calculated per-mode Huang—Rhys factors
(coupling strengths) §; (Eqn (3)) along with the corresponding
partial contributions to the total reorganization energy and the
total dispersion of the band:®

Eg=) S;hQ; (7)
i
hQ;
2 _ 2 J
o —ZSijcthW (8)
i

Note that the band dispersion parameter ¢ from Eqn (8) may
be related to the full width at half maximum through the
2In2.0.

A typical example is unsubstituted prototype dye 1, which has

standard relation I'=2

only one conformation and one bright electronic transition.

Figure 2 presents the HR factors of the absorption band of 1,
per mode contributions to the reorganization energy, and
those to the band dispersion. The pictures illustrate the
increasing role of high-frequency (hard) modes in the
reorganization energy and, especially, in the band dispersion

(panels (b) and (c)), owing to the Qj and Q? factors entering

into Eqns (7) and (8), respectively, even though their Huang—
Rhys factors are much smaller than those for the soft modes
(panel (a)). According to the above mechanism, the soft modes
can be chosen as the modes with large HR factors, while the
important hard modes are those that give the largest
contributions to the energy and band
dispersion.

The largest Huang—Rhys factors, 3.31, 3.80, and 3.39, are from
the soft modes with frequencies 43 cmfl, 61 cmfl, and 112 cm™
1, respectively. The hard modes with maximum Franck—Condon

activity are at 1423 cmfl, 1560 cmfl, and 1684 cm™' with

reorganization

Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 6
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Huang—Rhys factors of 0.42, 0.09, and 0.14, respectively. The
threshold frequency, below which the mode is considered as
soft, and otherwise as hard, can be chosen at 250 cm™ for this
chromophore.

The generating function of Eqn (2) consists of individual factors
for each normal mode and the purely electronic frequency
multiplier. Apart from the last multiplier, all others can be
grouped into two factors, incorporating all the hard and all the
soft vibrations:

G(,):exp[i,(g,e ~e?) /h} Graa ) Guon ) (©)

According to the well-known properties of the Fourier
transform, the corresponding absorption spectrum, Eqn (1), is
the convolution of spectra originated from the soft and hard

vibrations treated separately, additionally shifted by

Q 2(81(7) —83)/71 from the origin:

1) = [ Thura (@) Tsot (=0 - Q)dY (10)

1.0 |- -

0.6 - B

0.4 .

Normalized absorption spectrum, arb. units

L T
—-2000 0 2000 4000

wavenumber, cm !

0.0
—4000 6000 8000

Figure 3. Calculated absorption spectrum of 1, I(Q) (black) deconvoluted into the

soft 1. (blue)and hard Iha.rd (green) components according to Eqn (9). For clarity,

soft

the origin coincides with the 0-0 transition.

The simulated spectrum of 1 is presented in Figure 3. There
are also individual spectra of hard and soft modes according to
Eqn (10). The calculated absorption spectrum of hard modes
consists of a series of discrete «sticks», whereas the soft mode
spectrum is smooth and structureless. Therefore, the integral
over Q' in Egn (10) is essentially reduced to a discrete sum

over all the sticks of 7hard :

1) = > Thara () Tsoft (A= Q — ) (11)
>
with the stick positions given by Q'= ZQjANj, where AN ;

jehard

is the change in the occupation number of the j-th hard mode.
Eqn (11) clearly indicates that each stick that corresponds to
the hard mode spectrum is smeared with a continuous
distribution Tsof[ (shown only for the 0-0 transition in Figure

This journal is © The Royal Society of Chemistry 20xx

3). The entire band,
Franck—Condon progressions built from the most active hard
modes (1423 ecm™, 1560 cm™, 1684 cm_l), though the

corresponding vibronic structures are notably blurred.

I1(Q), resembles a superposition of

. & o 4 e
= » o/ ‘ - o —
[ * ‘e . -
. % o .

&< i"" C;AGE ™ > N
- o " -/ ‘( - d - N
vV B o e g o
& ——
(b)

o« F o < %
R e R S
T Ne—E g @
< T N

(c)
Figure 4. Atomic displacements of 1 corresponding to the modes at (a) 1423 em™, (b)
1560 cm™, and (c) 1684 cm™.

Figure 4 demonstrates the atomic displacements of 1
corresponding to these hard modes. These are the
characteristic in-plane deformations of the conjugated system
(both phenyl rings and chelate cycle). On the other hand, the
atomic displacement patterns corresponding to the most
active soft modes mainly include the torsional and rocking
vibrations of phenyl rings and the puckering of the chelate
cycle (Figure 5).

Using the same approach, we have calculated and analyzed
the absorption band shapes of the other DBMBF, derivatives
under study, which are collected in ESI (Figures S2-S5). For
almost all the structures, the most important vibrations are
still the same as for 1. Upon substitution, these vibrations can
shift to the lower frequencies or split into several modes with
close frequencies due to the asymmetry brought by the
substituents. The threshold frequency that determines a
boundary between the soft and hard vibrations is nearly the
same, ~250-260 cmin all cases.

Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 7
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Let us discuss now the spectral resolution of the simulated
absorption bands. It is natural to expect that the observed
vibronic structures gradually disappear when the full width at
half maximum of the soft mode spectrum,

Q-
2 2
Foott =2W2In2 - 0gop, Ogoft = ZSij cth -

2%T

Jjesoft
becomes larger than the characteristic hard mode frequency
(Qhard> that gives the main progression. As an estimate for

the latter, we use

<Qha:d>: zsiQ?/ D5

iehard iehard

and introduce a dimensionless parameter 7=F50ﬂ/<Qhard> as

resolution. An
inspection of the absorption band shapes calculated for
various DBMBF, derivatives (see ESI, Table S1) shows that the
estimated y values correlate well with the expected trend in
the spectral resolution: the simulated vibronic structure is
more pronounced when y decreases.

As an example, we present the absorption spectra
corresponding to the first transition of the structures 4o-b, 30-
b, and 20-b (Figure 6).

One would expect that the soft mode spectrum becomes
narrow due to the C—H...O contact between the oxygen of the
substituent and diketonate hydrogen (30-b and 4o0-b), and for
30-b due to the steric effect of the substituent that hampers
out-of-plane vibration of the diketonate hydrogen.

a quantitative measure of the spectrum
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Figure 6. Calculated absorption spectra 1(Q2) (black) of (a) 20-b, (b) 30-b, (c) 40-b deconvoluted into the soft [ soft (blue) and hard I hard (green) contributions according to

Eqgn (9). See text for the explanation of y.

Calculated vs. experimental absorption spectra

The case of one electronic transition and one stable
conformer of the chromophore. Let us now compare the
calculated absorption spectra with the experimental data for
the structures that have only one low-energy conformer and
only one intense electronic transition with a pronounced
vibronic structure. As an example, the calculated and
experimental spectra of 1, 2p, and 4p are given in Figure 7. For

8 | Phys. Chem. Chem. Phys., 2015, 00, 1-3

convenience, the calculated spectra are red-shifted
respectively by 3270 cm™, 3330 cm™, and 3350 cm™.

We can see that the calculated and the experimental spectra
reasonably agree in their general shape, width, and resolution.
In terms of the above-mentioned y-based approach, the
observed vibronic structures correspond to the y~1 case
(unfortunately, there is no sufficient experimental data for
DBMBF, derivatives that might be related to more different y

This journal is © The Royal Society of Chemistry 20xx
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values). Though the calculated absorption spectra of 1, 2p, and
4p do not reproduce quantitatively the relative height of the
main vibronic peaks, they still follow the observed trend.
Figure 7 also clearly demonstrates that the second group of
sticks corresponds to the second vibronic peak. The greater

Physical Chemistry Chemical Physics

the contribution of the main hard modes, the higher the
second vibronic peak as compared to the first one. The
calculated absorption spectra of 2p and oxygen-containing
derivatives 3p and 4p are compared in Figure S10 of ESI.
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Figure 7. Experimental (red) and calculated absorption spectrum 1(Q2) (black) of (a) 1, (b) 2p, (c) 4p deconvoluted into the soft [ soft (blue)and hard I hard (green)

contributions according to Eqn (9). See text for the explanation of y. The calculated spectra are shifted respectively by 3270 cm™, 3330 cm™, and 3350 cm™ to match the

experimental ones.

Overlap of two electronic transitions in one stable conformer
of the chromophore. The spectrum of 40 has two peaks
separated by ~3800 cm™ corresponding to different electronic
transitions.” Our calculations give this difference as ~4800 cm™
' we found only one low-energy conformer of 4o (40-b).
Therefore, the absorption spectrum is a sum of two individual
absorption bands, each having its own vibronic structure.
Figure 8 shows the calculated and experimental spectra of 4o0-
b. The entire spectra of 4o0-b and 30-b are very similar and
resemble the experimental spectrum (Figure S11, ESI).

0.0 L L
22000 24000 26000 28000 30000 32000 34000 36000

Normalized absorption spectrum, arb. units

wavenumber, cm !

Figure 8. Calculated (black) and experimentalM (red) absorption spectra of 40-b (the
blue solid line corresponds to the first peak of 40-b, the blue dash-dot line, to the
second peak). The calculated spectrum is red-shifted to match the experimental one
(by 2540 cm™).

Overlap of two electronic transitions in two stable
conformers of the chromophore. Finally, we consider the
most complicated spectrum of the chromophore 4m that has

two low-energy conformers with the ground state energy

This journal is © The Royal Society of Chemistry 20xx

difference less than 1 kcal/mol (Figure 1). Each conformer
exhibits two electronic transitions, each having its own
vibronic structure. In addition, the energy separation between
the two electronic transitions in the two conformers is also
different (~3000 cm ™" in the a type conformer, and ~2000 cm™"
in the b type one). Therefore the overall spectrum is a
Boltzmann-weighted sum of the spectra of each conformer.
The calculated and experimental absorption spectra of 4m are
given in Figure 9.

1.0 |

0.8 |-

0.6 |-

0.4

0.2 |-

Normalized absorption spectrum, arb. units

0.0
22000 24000 26000 28000 30000 32000 34000 36000
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Figure 9. Calculated (black) and experimental44 (red) absorption spectra of 4m. The
blue lines are the first (solid) and second (dash-dot) peaks of 4m-a, the yellow lines are
the first (solid) and second (dash-dot) peaks of 4m-b. The calculated spectrum is red-
shifted to match the experimental one (3270 cm™).

The calculated spectra of 2m, 3m, and 4m are compared in
Figure S12 (ESI). The HR factors of individual peaks in the
corresponding structures are quite similar (see Figure S3 in
ESI). However, the band shape of 3m differs substantially from
that of 4m, because the ratio of the conformers in 3m is not

Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 9
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the same as in 4m. This fact accounts for the different relative
heights of individual peaks in the spectra.

Conclusions

Ab initio calculations have been performed for a series of
electronic absorption spectra of flexible DBMBF, derivatives.
We demonstrate that the absorption band shape of DBMBF,
derivatives is generally determined by the three factors: the
relative statistical weights of conformers with different
electronic absorption patterns, the relative position and
intensity of the second electronic transition (which is due to
the presence of oxygen-containing substituents), and the
vibronic structure of individual electronic peaks. Taking into
account all these factors simultaneously allows us to explain
the nontrivial shape of absorption spectra of o- and p-O-allyl
DBMBF, derivatives.

The vibronic structures of individual electronic transition bands
of different DBMBF, derivatives are explored. For this purpose,
the entire calculated electronic transition band is represented
as a convolution of the two components, the hard mode
spectrum, consisting of a series of discrete sticks, and a
structureless soft mode spectrum, which effectively broadens
the hard mode progressions. It is concluded that the observed
vibronic structures of different DBMBF, derivatives are mainly
due to the high-frequency modes corresponding to the
characteristic in-plane vibrations of the diketonate moiety,
while the broadening of these structures may originate from
the out-of-plane low-frequency motions. A convenient
quantitative measure of the resolution of the vibronic
structures is proposed.
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