Physical Chemistry Chemical Physics

T

PCCP
-

Twisting and Bending Photo-Excited Phenylethynylbenzenes
— A Theoretical Analysis

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-03-2020-001662.R1

Article Type: | Paper

Date Submitted by the

Athor. | 22-Apr-2020

Complete List of Authors: | Hodecker, Manuel; Ruprecht Karls University Heidelberg Interdisciplinary
Center for Scientific Computing, Interdisciplinary Center for Scientific
Computing

Driscoll, Alexis; University of Notre Dame, Department of Chemistry and
Biochemistry; Ruprecht Karls University Heidelberg Interdisciplinary
Center for Scientific Computing, Interdisciplinary Center for Scientific
Computing

Bunz, Uwe; Heidelberg University, Organisch-Chemisches Institut
Dreuw, Andreas; University of Heidelberg, Interdisciplinary Center for
Scientific Computing

-

SCHOLARONE™
Manuscripts




Page 1 0of 9 Physical Chemistry Chemical Physics

PCCP

ARTICLE TYPE

Twisting and Bending Photo-Excited Phenylethynyi-
benzenes — A Theoretical Analysis

Cite this: DOI: 00.0000/XXXXXXXXXX

Manuel Hodecker,* Alexis M. Driscoll,%? Uwe H. F. Bunz,¢ and Andreas Dreuw*¢

Received Date
Accepted Date
Oligo(phenylethynyl)benzenes are a family of compounds that exhibit a rich photochemistry

changing dramatically with different orientation of a phenyl group in the molecule. Quantum-
chemical calculations have been performed to investigate different members of this fam-
ily of compounds and compared to previous experimental and theoretical studies. 1,4-
bis(phenylethynyl)benzene (BPEB) has different optical properties than its smaller relative
diphenylacetylene; however, upon twisting an outer phenyl ring of BPEB, its photochemistry be-
comes very similar. Fluorine substituents at the central benzene ring are shown to have only small
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effects on the optical properties of BPEB.

1 Introduction

Phenylethynylbenzenes are important building blocks for electro-
luminescent, semiconductor, and nonlinear optical materials,m'E]
mostly because of their rigid molecular structure? and extended
delocalized n-electron system. From a more theoretical point
of view, they caught the interest of many researchers due to their
absorption/emission and nonlinear optical properties,Z as well as
hole-transport properties in molecular wires® that are related to
changes in electron correlation and self-interaction energy.

The smallest member of this family is diphenylacetylene
(tolan), which, of course, has been studied most intensely both
experimentally and theoretically.®1# The single dominating de-
gree of freedom is the torsion of the phenyl rings around the
acetylene axis, that largely controls its electronic structure and
thus many of its optoelectronic properties.@ Both planar and
twisted tolanes with torsion angles > 0° show fluorescence from a
planar S; minimum, which means that twisted tolanes planarize
before emission.¥ However, a trans-bent configuration of tolan
was found to drastically alter the emission properties as it pos-
sesses a relatively stable minimum in the 1 1A, state. 1314

In this study, the second largest member of this family is inves-
tigated, namely 1,4-bis(phenylethynyl)benzene (BPEB-HH), as
well as its derivatives with two fluorine substituents at the mid-
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(a) BPEB-HH. (b) BPEB-FH.

(c) BPEB-FF.

Fig. 1 Structures of three bis(phenylethynyl)benzenes according to their
short names investigated in this work.

dle ring, one in the para position (BPEB-FH) and one in the ortho
position (BPEB-FF), as shown in Figure

In previous studies of these systems it was argued that
tolan and BPEB-HH display very different optical properties de-
spite their similar structure,® based mainly on the large difference
of the fluorescence quantum yield measured in solution. 1617 It js
the purpose of this study to re-investigate the photophysical and
photochemical properties of BPEB-HH and to compare them to
those of tolan. Similarities and differences between the two re-
lated systems are pointed out, particularly with respect to their
reactivities along the twisting and bending motions of the phenyl
units or triple bonds, respectively. Furthermore, the influence of
fluorine substituents at the middle phenyl unit on its optical prop-
erties is discussed. We predict that when one of the triple bonds
is bent, BPEB-HH will display very similar emission properties as
tolan.

2 Computational Methodology

All quantum-chemical calculations were carried out with density
functional theory (DFT) and linear-response time-dependent DFT
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(@) Outer- or side-twisted (b) Inner- or mid-twisted
BPEB-HH. BPEB-HH.

(c) Planar trans-bent BPEB- (d) Orthogonal
HH. BPEB-HH.

trans-bent

Fig. 2 Visualization of twisted and frans-bent BPEB-HH.

(TDDFT).18720 The GAussIAN 16 program package?l' was used
throughout, except for calculations of spin-orbit coupling (SOC)
constants, 2224 transition moments between excited states, spin-
flip (SF) DFT, 22 and attachment and detachment densities6"28
for which the Q-CHEM 5.2 program package was used.2? Previ-
ous benchmark calculations against the algebraic-diagrammatic
construction (ADC) scheme for the polarization propagator of
second order2%%32 have shown the CAM-B3LYP functional®? to
yield accurate results for excitation energies of tolan.2# It is thus
also chosen for the bis(phenylethynyl)benzene systems. Further-
more, a recent study on similar aromatic systems®> showed basis
set convergence for excitation energies calculated in the TDDFT
framework to be achieved at the triple-zeta level with no addi-
tional sets of polarization functions required.=® Thus, the def2-
TZVP basis set®Z is chosen for this study. Diffuse functions are
not expected to play an important role since Rydberg or similarly
diffuse states are not investigated in this work. When studying
these molecules, specific atoms, bonds, angles, and dihedral an-
gles are investigated, with labels according to Figure S1 in the
supplementary information (SI). Different geometrical configura-
tions are also investigated, along torsional and trans-bent motions
as demonstrated in Figure 2} with the nomenclature for these mo-
tions used in the remainder of this work.

3 Results and Discussion

In the following, effects of torsion and bending of BPEB-HH, as
well as introduction of fluorine substituents on its excited states
and photochemical properties, are investigated, and differences
to tolan discussed.

3.1 Planar and Twisted BPEB-HH

In the electronic ground state, BPEB-HH adopts a linear and pla-
nar equilibrium structure with Doy, point-group symmetry. Two
eminent degrees of freedom are the torsion, or twisting, motion
of one of the terminal phenyl units and of the middle phenyl
unit. The corresponding energy profiles in the electronic ground
state calculated at the DFT/CAM-B3LYP/def2-TZVP level of the-
ory are shown in Figure [3| (bottom), in which the angles have
been scanned from the planar (Figure[Ta) to the orthogonal (Fig-
ures[2aland [2b) configuration in 10° steps while all other geomet-
rical parameters were reoptimized. The energy barrier for torsion
of the outer ring is about 0.032 eV (256 cm™'), which agrees
very nicely with the experimental value of 220-235 cm !, while
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Fig. 3 Energy profile of outer- and mid-twisted BPEB-HH in the Sy and
S, states calculated at the CAM-B3LYP/def2-TZVP level of theory.

that of the inner ring was calculated to be about twice as large
with 0.068 eV (548 cm™!), which is closer to the experimental
value than previous DFT-based calculations, but still significantly
larger.

An analogous scan has been conducted in the first excited
S; state, using linear-response TDDFT with the same functional
and basis set. The results are shown in Figure The outer-
twist barrier was found to be about 0.18 €V (1443 cm 1), which
again is in fairly good agreement with the experimental value
of about 1840 cm~! and in significantly better agreement than
previous DFT calculations.” An energy barrier of about 0.48 eV
(3847 cm™!) was found for torsion of the middle ring, which
again is closer to the experimental value than the previous TDDFT
result of 7500 cm~! . Rotation of a single outer ring is thus more
likely to occur. And in contrast to what has been stated earlier,®
DFT-derived potentials can indeed be used to describe torsional
motions of BPEB-HH when the exchange-correlation functional®4
and basis set are carefully chosen.3°

The effects of torsion on geometrical parameters has been in-
vestigated as well, the results of which are shown in Table S1 in
the SI. Twisting the inner or outer ring of BPEB-HH has little or
no effect on the triple bond lengths of 1.20 A, which is already
0.04 A shorter than that of tolan in the electronic ground state.1%

Vertical excitation energies and oscillator strengths of the six
energetically lowest singlet and triplet excited states at the pla-
nar and the twisted configurations have been calculated in the
gas phase to investigate the influence of the orientation of the
phenyl groups on the absorption spectrum. The results are shown
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Table 1 Vertical excitation energies w (in eV) and oscillator strengths f as well as their irreducible representaton (“Irrep”) in the respective point group
of the six energetically lowest singlet and triplet excited states of planar, side- and mid-twisted BPEB-HH calculated at the CAM-B3LYP/def2-TZVP

level.

Planar

Side-Twisted Mid-Twisted

State | Irrep (0] f Irrep w f Irrep 0] f

S Bia 392 1.931 | A,
S, | By 483 0000 | A
S; | Bz 5.09 0.000 | B,
S¢ | By 5.09 0.000 | A,
Ss | By 5.13 0.000 | B,
Se Ay 5.16 0.000 | A,

T, | By 238 — A
T, A; 308 — A
T3y | By 356 — A
Ty | By 430 — B,
Ts | By, 440 — A
Te | Bau 448 — A

in Table (1| At the planar configuration of BPEB-HH, the first ex-
cited singlet state has By, symmetry and an excitation energy
of 3.92 eV and is the only one with a nonvanishing oscillator
strength among the six lowest states. By twisting one outer ring
to 90°, the excitation energy of the S; state increases by 0.3 eV,
but it remains bright with a substantial oscillator strength and
is about 0.5 eV lower than that of planar tolan calculated at
the ADC(2)/cc-pVDZ level. 14 For the configuration with twisted
inner-ring, the S; state is also a bright one with an excitation
energy of 4.80 eV, i.e., almost 0.9 eV higher than that for the
planar configuration due to the reduced size of the 7m system,
and comparable to the Sy — S; excitation energy of 4.99 eV for
twisted tolan, which does not possess oscillator strength at the
ADC(2)/cc-pVDZ level, however.14 In the molecular orbital (MO)
picture, the bright S; states of planar and twisted BPEB-HH can
be understood as a single electron transition from the highest oc-
cupied MO (HOMO) to the lowest unoccupied one (LUMO) as
shown in Figure [4] together with the amplitude of the correspond-
ing excitation vector for the examples of planar and outer-twisted
BPEB-HH. They correspond to typical n-n* excited states. Attach-
ment and detachment densities2%*28 were also calculated and
confirmed the bright S; states as 7-n* transitions, which can be
found in Figure S2 in the SI. Thus, in comparison to tolan, BPEB-
HH is similar in that it has only one low-lying excited state with
nonvanishing oscillator strength for both the planar and twisted
configurations of the molecule. However, the Sg excited state is
the first bright state for twisted tolan,4 while it is the S; for
inner- and outer-twisted BPEB-HH.

In the experimental absorption spectrum, tolan has two very
prominent peaks at 4.20 and 4.46 eV,14 while the spectrum
of BPEB-HH is dominated by one broad peak around 3.85 eV.
Vibrationally-resolved electronic absorption and emission spectra
were computed in the gas phase considering only the S; excited
state and compared to the experimental spectra that were mea-
sured in chloroform. The adiabatic Hessian (AH) model281 in
combination with the Franck-Condon approximation2#4 for the
electronic transition dipole moment was chosen for the vibronic
transition, the harmonic oscillator approximation was assumed

422 1.643 | By, 4.80 1.242
4.88 0.000 | By 4.92 0.000
491 0.000 | A, 4.97 0.000
5.07 0.000 | By, 5.00 0.000
510 0.000 | Bz, 5.09 0.000
517 0.000 | A, 5.15 0.000

2.54 B3y 2.82 —
3.22 — Ag 3.22 —
3.39 — B3y 3.24 —
4.35 — Biu 4.42 —
4.38 — Bsu 4.46 —
4.47 — Ag 4.48 —
Planar
=] o, 51 9 'l
{yodhol» - Jecjesds
") ) 9 2 67% “’ d 9
HOMO q LUMO
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dhofheo-- = Jeed0e--.
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Fig. 4 Molecular orbitals of planar (top) and side-twisted (bottom) BPEB-
HH with significant contributions to the respective bright S; state calcu-
lated at the CAM-B3LYP/def2-TZVP level of theory.

valid and temperature effects have been neglected throughout.
The results are shown in Figure |5 For both the absorption and
emission spectra, it can be seen that the position of the peaks is
quite well reproduced, but their relative intensities differ slightly
between experiment and simulation. The deviation of the most
intense peaks between experimental and theoretical absorption
spectra is 0.05 eV while it is 0.12 eV for the emission spectra.
These spectra were also computed using the conductor-like po-
larizable continuum model (C-PCM)4>747 tg account for solvation
effects in chloroform, but it was found not to improve the results.

To gain more insight into the role of the twisting motion for the
fluorescence and phosphorescence properties of BPEB-HH, the
potential energy surfaces of the excited states have been inves-
tigated along two relaxed and unrelaxed scans in the electronic
ground state (Figure [6). The unrelaxed scans along the torsion
of these two phenyl rings were determined to be extremely sim-
ilar to the relaxed scans, as shown in Figure S8 in the SI. For
the complete scan, C, point-group symmetry has been adopted.
As can be seen in Figure E] (top), no singlet/triplet crossings oc-
cur when twisting an outer ring. However, there are three sin-
glet/triplet crossings that occur when the middle ring is twisted
(Figure E] (bottom)). In order to check for possible intersystem
crossing (ISC), spin-orbit coupling (SOC) constants22724 between

Journal Name, [year], [vol.], 1 |3
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Fig. 5 Vibrationally-resolved electronic absorption (top) and emission
spectrum (bottom) of planar BPEB-HH calculated using the AH model
compared to the experimental spectra. Lorentzian functions with a half-
width of 0.09 eV were used to convolute the calculated stick spectrum.

Table 2 Computed SOC constants between the Sy and T, states that are
crossed when twisting the middle ring of BPEB-HH at the TDDFT/CAM-
B3LYP/def2-TZVP level of theory.

Crossing Angle [°] SOC [em™!]
S1/Ty 60 1.24
S,/Ts 60 0.03
S1/Te 60 2.03

singlet and triplet states were calculated using the one-electron
Breit—Pauli Hamiltonian“® as implemented in Q-CHEM 5.2 and
are shown in Table[2] The SOC constants at all crossings are very
small (< 2.1 cm™!) and there is no twisted minimum in the S;
state. Thus, it appears unlikely that ISC occurs and that signifi-
cant phosphorescence is observable. We would like to remark that
the small values of the SOC constants can also be understood by
means of El-Sayed’s rule 42731

Twisting the inner ring of BPEB-HH is more similar to twist-
ing tolan, according to corresponding relaxed scans.1# Twisting
tolan involves five singlet/triplet crossings of the S; singlet state,
while twisting only one outer ring of BPEB-HH involves none and
twisting the inner ring of BPEB-HH involves three crossings at
the CAM-B3LYP/def2-TZVP level of theory. The SOC constants
are similar in magnitude for BPEB-HH and tolan, however, they
occur at higher angles of torsion in tolan than in BPEB-HH. They
occur only when tolan is twisted by at least 70°, but occur at 60°
in BPEB-HH.

4| Journal Name, [year], [vol.],1
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Fig. 6 Potential energy surfaces of excited singlet (blue) and triplet (red)
states along the relaxed ground-state scan of side-twisted (top) and mid-
twisted (bottom) BPEB-HH at the TDDFT/CAM-B3LYP/def2-TZVP level.
The energy is given relative to the ground state in its planar equilibrium
geometry, respectively. The states are labeled according to the Doy, point
group on the left, and according to the C, point group on the right.
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Fig. 7 Torsion profile of side- and mid-twisted BPEB-FH and BPEB-FF
in the ground state at the CAM-B3LYP/def2-TZVP level of theory.

3.2 Effects of Fluorine Substituents

The effects of substituting two hydrogen by two fluorine atoms
at the inner ring of BPEB-HH in both the para (BPEB-FH) and
ortho (BPEB-FF) positions (see Figure [1)) have been investigated
in order to study the influence of moieties with strong inductive
effects on the photophysical properties. Accordingly the point-
group symmetry is decreased from Doy, to Cop, for BPEB-FH and
to Cyy for BPEB-FF. The two torsional degrees of freedom of the
outer and inner phenyl rings remain the same. The effects on the
central internal coordinates and orientation can be seen in Table
S2 in the SI.

As for BPEB-HH, vertical excitation energies as well as oscil-
lator strengths of the energetically lowest singlet and triplet ex-
cited states of the planar and twisted configurations have been
calculated for BPEB-FH and BPEB-FF in the gas phase to inves-
tigate the influence of the fluorine atoms on orientation of the
phenyl groups and thus on the absorption spectrum (Table [3).
The most important MO contributions to the bright states of the
two molecules are shown in Figures S3 and S4 in the SI. The S;
state is still the brightest one for both planar, outer- and inner-
twisted BPEB-FH and BPEB-FF, but unlike in BPEB-HH, there are
also other low-lying excited states with nonvanishing oscillator
strength, especially for BPEB-FH. Furthermore, the fluorine sub-
stituents cause a slight decrease in the excitation energies by less
than 0.1 eV on average. Vibrationally-resolved absorption and
emission spectra have been computed at the same level of theory
as for BPEB-HH and compared to experimental ones as well. The
results shown in Figures S11-S13 in the SI show a remarkably
good agreement with experiment, but the effect of the fluorine
substituents on the spectra is in general rather negligible.

Relaxed and unrelaxed scans along torsion of both the inner
and outer rings for BPEB-FH and BPEB-FF have also been calcu-
lated in the ground state analogous to BPEB-HH. As can be seen
in Figure|7} the ground-state energy barriers are 0.04 eV for both
outer-twisted molecules, 0.09 €V for inner-twisted BPEB-FH and
about 0.1 €V for inner-twisted BPEB-FF, all slightly larger than
those of the unsubstituted system. Results of the scans in the ex-
cited states can be found in Figure S6 and S7 in the SI. Rigid scans
were again found to be extremely similar to the relaxed ones and
can be found in Figures S9 and S10 in the SI.
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Fig. 8 Potential energy surfaces of excited singlet (blue) and triplet (red)
states along the relaxed ground-state scan of planar (top) and orthogo-
nal (bottom) trans-bent BPEB-HH at the TDDFT/CAM-B3LYP/def2-TZVP
level of theory. The energy is given relative to the ground state in its linear
equilibrium geometry, respectively.

In contrast to BPEB-HH, there is one singlet/triplet crossing
when twisting an outer ring, and three singlet/triplet crossings
along twisting of the inner ring. The SOC constants have been
calculated and are shown in Tables S3 and S4 in the SI. For both
molecules the SOC constants at all crossings are again very small
(< 1 em™"), in fact even smaller than for BPEB-HH, and thus, it
appears unlikely that ISC occurs. In general, fluorine substituents
do not significantly influence the emission properties of BPEB-
HH.

3.3 Effects of trans-Bending

To gain insight into the role of the trans-bending motion for the
fluorescence and phosphorescence properties of BPEB-HH analo-
gous to tolan, 4 two further relaxed scans have been performed
in the ground state at the CAM-B3LYP/def2-TZVP level of theory.
The trans-bent angle was investigated from the linear (180°) to
the bent (115°) configuration, once with the third phenyl ring in
plane with the others (Figure and once with the third phenyl
ring orthogonal to the other two (Figure [2d).

As can be seen in Figure S14 in the SI, the energy penalty of
bending a triple bond in BPEB-HH to an angle of 115° is about
3.8 eV with a planar outer ring, while it is about 3.3 €V with an
orthogonal outer ring. The corresponding potential energy curves
of the excited states are shown in Figure[8] where the S; state can
be seen to have a minimum for the planar and orthogonal con-

Journal Name, [year], [vol.], 1 |5



Physical Chemistry Chemical Physics

Table 3 Vertical excitation energies w (in eV) and oscillator strengths f of the six energetically lowest singlet and triplet excited states of planar,
side-twisted, and mid-twisted BPEB-FH and BPEB-FF calculated at the CAM-B3LYP/def2-TZVP level of theory.

BPEB-FH BPEB-FF
Planar Side-Twisted Mid-Twisted Planar Side-Twisted Mid-Twisted
State | Irrep 0] f 0] f 0] f Irrep (0] f (0] f (0] f
Sq Bu 3.85 1.868 | 413 1.552 | 457 0.931 By 3.91 2.000 | 420 1.636 | 4.78 1.248
So By 4.74 0.074 | 4.74 0.000 | 4.79 0.000 Aq 4.74 0.000 | 4.78 0.000 | 4.83 0.008
S3 Ag 4.88 0.000 | 4.81 0.078 | 4.80 0.000 A4 492 0.002 | 4.83 0.015 | 4.85 0.005
S4 Ag 5.09 0.000 | 5.14 0.000 | 5.03 0.242 By 5.09 0.000 | 5.14 0.000 | 492 0.015
Ss Bu 5.09 0.001 | 5.14 0.000 | 5.18 0.000 A4 5.09 0.001 | 5.17 0.000 | 5.19 0.000
S¢ Bg 5.12 0.000 | 5.26 0.001 | 5.20 0.000 B; 5.14 0.000 | 5.26 0.001 | 5.19 0.000
T By 2.34 — 2.49 — 2.76 — By 2.37 — 2.53 — 2.80 —
Ty Ag 3.07 — 3.22 — 3.22 — Aq 3.07 — 3.22 — 3.22 —
T3 Bu 3.55 — 3.38 — 3.24 — By 3.56 — 3.39 — 3.24 —
Ty By 3.91 — 3.92 — 3.94 — A4 4.05 — 4.08 — 4.11 —
Ts Bu 4.30 — 4.33 — 4.39 — By 4.34 — 4.35 — 4.39 —
Teg Ag 4.34 — 4.40 — 4.51 — A4 4.35 — 4.43 — 4.48 —

Table 4 Computed SOC constants between the Sy and T, states that are
crossed when bending BPEB-HH at the TDDFT/CAM-B3LYP/def2-TZVP
level of theory.

Conformation Crossing Angle [°] SOC [em™']
planar Si1/T3 127 11.49
planar S1/Ty 135 10.16
planar S1/Ts 142 0.56
planar S1/Ty 152 0.24
planar S1/Ts 152 13.51

orthogonal S1/T3 128 13.49
orthogonal S1/Ty 136 2.40
orthogonal S1/Ts 138 5.25
orthogonal S1/Ty 157 0.16
orthogonal S1/Ts 157 0.53

figuration at angles of 130°and 128°, respectively, as confirmed
by harmonic frequency calculations in the excited state. Uncon-
strained geometry optimizations in the S; state from both initial
planar and orthogonal configurations revealed an elongation of
the original central triple bond from 1.20 A to 1.34 A, similar to
the 1.38 A in tolan, 2 revealing mostly double-bond character. In-
spection of the orbitals involved in the So — S; transition (see
Figure S5 in the SI) confirms that an azobenzene-like structure is
obtained at the S; minimum, analogous to tolan.1% In order to
check the validity of taking a closed-shell reference when bend-
ing a triple bond towards a double bond with biradical character,
spin-flip (SF) TDDFT calculations?? within the Tamm-Dancoff
approximation2 were performed along the trans-bent scan (see
also Figure S14 in the SI). Since the expectation value of the total
spin operator $2 at an angle of 120° in the singlet ground state at
the SE-DFT level is merely ($?) = 0.06, spin contamination seems
not to play an important role along the trans-bending mode.
With either a planar or an orthogonal outer ring, there are five
crossings between the S; and triplet states. The SOC constants
were calculated at the trans-bent angles at which these crossings
occurs, but all other geometrical parameter were kept from the
nearest constraint optimization (Table . For both of these con-
figurations of the molecule, there is one crossing with T3 and two
with each T4 and Ts (Figure[8). Both configurations have at least

6| Journal Name, [year], [vol.],1

one crossing with substantial spin-orbit coupling (> 10 cm™!).
Tolan also exhibits five S;/T,, crossings with the largest coupling
occuring at 151°, similar to the planar configuration of BPEB-
HH,14 with a value of only 7.5 cm~!. However, ISC is still likely
for tolan in this state.

The S; state of linear, planar and outer-twisted BPEB-HH is
a bright state (see Table . However, the S; state is dark
(f < 0.005) in the region of its trans-bent minimum, at 127° and
135° for planar BPEB-HH and at 128° for orthogonal BPEB-HH,
where the SOC constants are larger than 10 cm~!. Since fluo-
rescence is thus slow at the minima, the S; lifetime may be long
enough for ISC to occur via this path, especially since the cross-
ing is very close to the S; minimum. Excited BPEB-HH molecules
can reach a triplet trans-bent minimum and phosphoresce, which
is very similar to the results of bending tolan,% for which exper-
iments have proved that phosphorescence does occur. We thus
predict phosphorescence to occur for both planar and orthogonal
trans-bent BPEB-HH as well, especially since the SOC constants
are significantly larger than those for tolan.

4 Conclusions

The excited states of 1,4-bis(phenylethynyl)benzene (“BPEB-
HH”) and two of its derivatives with fluorine atoms have been
investigated using a time-dependent density functional theory
methodology and compared to experimental results as well as to
the related tolan molecule. 1434 The optical properties of BPEB-
HH and its derivatives are strongly dependent on the twisting
angles, which determine the relative orientation of an outer or
the central phenyl ring and thus the degree of z-electron delo-
calization, similar to tolan.1% Relaxed scans have been performed
along these twisting modes as well as along the trans-bent mo-
tion, where equilibrium structures on the potential energy curve
of the S; state were found for both the planar system and for
an orthogonal third phenyl ring. The electronic structure of the
trans-bent S minimum is very similar to that of tolan,'4 which
is isoelectronic to the azobenzene dication and corresponds to an
unusual n-n* excited state. While twisted BPEB-HH is expected to
planarize in the excited state and show the same fluorescence be-
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havior as planar BPEB-HH, trans-bent BPEB-HH can be populated
along a similar pathway as for tolan,1# which is then expected to
undergo efficient intersystem crossing and phosphoresce since the
spin-orbit coupling elements are significantly larger than those
for tolan. The effect of fluorine substituition at the central phenyl
ring were shown to be of minor importance for the optical prop-
erties and thus the same absorption and emission behavior as for
unsubstituted BPEB-HH is expected.

Hence, planar BPEB-HH is different from tolan, but outer-
twisted BPEB-HH is expected to behave very similar to pla-
nar tolan, whereas inner-twisted BPEB-HH should be similar
to twisted tolan. In the future, inner- and outer-twisted 1,4-
bis(phenylethynyl)benzenes with appropriate linkers should be
synthesized in order to verify our theoretical findings.
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Oligo(phenylethynyl)benzenes are a family of compounds that exhibit a rich
plRageloiBtry changfhysitalahemustyy hdémicdbPhysictientation of a phenyl
group in the molecule. Quantum-chemical calculations show that 1,4-
bis(phenylethynyl)benzene (BPEB) has different optical properties than its
smaller relative diphenylacetylene; however, upon twisting an outer phenyl ring
of BPEB, its photochemistry becomes very similar.

O=-CO== O——=—0



