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The excited state dipole moment of 2-[(4-methoxyphenyl)ethynyl]-3-(1-methyl-1H-indol-3-yl)-quinoxaline
has been determined in ethyl acetate solution using themethod of thermochromic shifts. Three different models
have been tested and are compared to each other and to the results of ab initio calculations at the coupled cluster
CC2/cc-pVTZ and SCS-CC2/cc-pVTZ level of theory. Good agreement is obtained for solvent polarity functions as
defined by Bilot and Kawski (L. Bilot and A. Kawski, Z. Naturforsch., 1962, 17A, 621−627), while the original
Lippert-Mataga type polarity functions fail to describe the excited state dipole moment correctly. We report an
excited state dipole moment of the title compound of 8.5 D and a change upon excitation of 5.5 D.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The concept of electric dipolemoment, as ameasure of charge distri-
bution in molecules, was used very successfully, since it was originally
introduced by Max Reinganum in 1903 and later, independently by
Peter Debye in 1905 [1–3]. One of the reasons for the success of this
model among chemists, is the concept of bond dipoles [4–6], which
can be added up in a vectorial manner in order to result in a microscop-
ically interpretable picture of the origin of dipole moments. Although, it
had been shown that it is wrong to assume that any bond moment
would point along the line joining the atoms which are connected by
the chemical bond, as has been shown by Bader [7], the concept is still
sufficiently accurate for non-vibrating molecules in their electronic
ground states. For electronically excited states of even relatively small
molecules, however, neither magnitude nor direction of the dipole mo-
ment can be deduced with sufficient accuracy from simple sum rules
[8–10]. While the reason for this discrepancy is still not clear, Pratt and
coworkers have shown that if the geometry of the substructures, which
are used to calculate the bond dipole moments, remain unchanged, di-
pole moments might be added also for the electronically excited state
[11]. However, to our knowledge, this has only been shown for a single
example. For large dipole moment changes in multichromophores,
which take place more or less localized in one of the chromophores,
the additional problem of induction of dipoles in the other chromo-
phores has to be considered.
. This is an open access article under
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Since the electron distribution changes considerably upon electronic
excitation,molecular dipolemoments change both theirmagnitude and
orientation upon electronic excitation [12]. There are several experi-
mental approaches to the values of the excited state dipole moments
in the gas phase. Probably the most accurate method is rotationally re-
solved electronic Stark spectroscopy of cold isolated molecules
[8,9,13–17]. The dependence of the absorption coefficient of an applied
electric ac field for the determination of excited state dipole moments
(electrochromic absorption) has been pioneered by Buckingham, Ram-
sey, Bridge and Liptay in the late 60s of the last century [18,19].

Stark spectroscopy, however, despite its accuracy has several draw-
backs, which prevent the broad application of thismethod. Themost se-
vere obstacle is thatmanymolecules are thermally labile, and cannot be
transferred into the gas phase without heavy decomposition. Until now
this problem remains unresolved, since the inherently large spectral
resolution, which is needed to resolve the different M components in
the electric field, requires non-Fourier-limited continuous laser beams,
and thus prohibits the use of (pulsed) laser desorption techniques due
to the small duty cycle. Apart from this restriction, the resolution,
which is needed to resolve even the zero-field spectra of large mole-
cules, comes to a limit for molecules with rotational constants of the
order of a few hundred MHz [12].

Electrochromic absorption of molecules in non-polar solvents has
been shown for a variety of molecules to yield reliable excited state di-
pole moments [18–21].

A conceptionally simpler approach uses the solvatochromic shifts of
the molecule under investigation in solvents of different dielectric con-
stants and index of refraction [22–25]. It can be traced back to Onsager's
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. a) Atomic numbering of 1a. b) Bond lengths changes (in pm) upon electronic excitation to the lowest excited singlet state, from the CC2/cc-pVTZ optimized structures.

1 The La and Lb notation has been introduced by Platt for cata-condensed aromatic hy-
drocarbons [42]. This labeling scheme has later been extended to indoles by Weber [43].
One has to keep inmind however, that for molecules without two-fold rotation axis along
the long inertial axis of themolecule, themeaningfulness of this nomenclature is doubtful.
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reaction field theory, which assumes a point dipole in a spherical cavity
of radius a in a homogeneous and isotropic solventwith the permittivity
ε [26]. Themolecular dipolemoment of the solute in the cavity induces a
dipole moment in the solvent, which counterpropagates the inducing
dipole moment. This so called reaction dipole generates an electric
field, which stabilizes the molecular dipoles in both states to a different
extent, enabling a determination of the dipole change upon excitation
from the spectral shifts in different solvents.

Although, the original Lippert-Mataga based approaches only allow
for the determination of the absolute value of the dipole changes, Abe
presented a method for the estimation of the angle θ between the
ground and excited state dipole moments [27].

Themethod of thermochromic shiftswas introducedbyKaswski [28],
although already Suppan pointed out the temperature dependence of
the solvatochromic shifts [29]. Later, Lindic et al. combined the method
of thermochromic shifts with the replacement of the Onsager radius by
the real cavity volume [30]. This procedure resulted in a good agreement
of the excited state dipole moment of anisole for gas phase (from Stark
spectroscopy) and condensed phase (from thermochromic shifts)
values.

The synthesis of 2-[(4-methoxyphenyl)ethynyl]-3-(1-methyl-1H-
indol-3-yl)-quinoxaline (1a) through a glyoxylation-Stephens-Castro
coupling-cyclocondensation protocol is described in Ref. [31]. There, an
analysis of the cavity radius has been performed using solvatochromic
shifts and the calculated excited state dipole moment.

2. Theoretical and experimental methods

2.1. Quantum chemical calculations

Structure optimizations were performed employing Dunning's correlation consistent
polarized valence triple zeta (cc-pVTZ) basis set from the TURBOMOLE library [32,33]. The
equilibrium geometries of the electronic ground and the lowest excited singlet states
were optimized using the second order approximate coupled cluster model (CC2)
employing the resolution-of-the-identity (RI) approximation and the algebraic diagram-
matic construction through second ordermodel ADC(2) [34–36]. For the structure optimi-
zations spin-component scaling (SCS) modifications to CC2 were taken into account [37],
since SCS-CC2 achieves a high accuracy for ground and excited state dipolemoments [38].
The harmonic vibrational frequencies for both electronic states have been obtained from
numerical second derivatives, using the NumForce script [39], which is implemented in
the TURBOMOLE program suite [40]. Dipole moments are calculated as first derivatives of
the respective energy with respect to an external field at the CC2 level of theory.

The COnductor-like Screening MOdel (COSMO) [41], which is implemented in the
ADC(2) module of the TURBOMOLE package, was used for the optimization of ground and
excited state structures in bulk solution of ethyl acetate (permittivity ε=6.09, index of re-
fraction n = 1.376) using the cc2cosmo script of TURBOMOLE.

2.2. Experimental methods

Ethyl acetate (EA) p.a. was purchased from Fisher scientific, and usedwithout further
purification. 1a has been synthesized in a consecutive four-component synthesis, starting
from 1-methylindole, oxalyl chloride, 1-ethynyl-4-methoxybenzene, and 1,2-
diaminobenzene as described in Ref. [31].
Please cite this article as:M.M. Lindic, M. Zajonz, C. Gers-Panther, et al., The
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2.2.1. Determination of the temperature dependent permittivity and index of refraction
The permittivity of ethyl acetate has been determined by measuring the capacity in

the well defined capacitor of the Keysight 16452A Test Fixture combined with the
Keysight E4990A Impedance Analyzer. The permittivity of ethyl acetate was measured
in a temperature range from 277.15 K to 327.15 K with an AC frequency of 1 MHz. The
temperature of the capacitor was controlled using an ethylene glycol bath, whose temper-
ature was regulated by a LKB 2219 Multitemp II thermostatic circulator.

The refractive index of ethyl acetatewasmeasured using an Anton Paar AbbematMW
refractometer in a temperature range from 283.15 K to 343.15 K at a wavelength of
598.6 nm.

2.2.2. Density measurements
The density ρ of eleven solutionswith differentmass fractionsw of 1a in ethyl acetate

has beenmeasured at temperatures between 263.15 K and 343.15 Kwith an increment of
2 K using the Anton Paar DMA 4500 M density meter.

2.2.3. UV/Vis absorption and emission spectroscopy
Absorption andfluorescence spectra of 1a, dissolved in ethyl acetate, weremeasured at

temperatures between 245.15 K and 349.15 K with an increment of 2 K. For temperature
control, a special heatable and cooled cell holder has been constructed, including two Peltier
elements from Uwe Electronics GmbH, whose hot side is cooled using a Julabo Corio 600F
liquid coolingdevicewith Thermal G as cooling liquid. To prevent condensation of humidity
on the cuvette's glass at low temperatures, the cell is mounted into a vacuum chamber,
which was customized to fit in the absorption and fluorescence emission spectrometers.
Absorption spectra were recorded, using a Varian Cary 50 Scan UV spectrometer. Fluores-
cence emission spectra were recorded on a Varian Cary Eclipse spectrometer.

3. Results

3.1. Computational results

The structures of 2-((4-methoxyphenyl)ethynyl)-3-(1-methyl-1H-indol-3-yl)
quinoxaline in the electronic ground and excited states were optimized at the CC2 and
ADC(2)/cc-pVTZ level of theory, and additionally reoptimized using the COnductor Like
ScreeningMOdel (COSMO), in order to simulate the solvent represented as dielectric con-
tinuum. Theminimumof the potential energy surface has been proven by a normal mode
analysis for each electronic state. All Cartesian coordinates of the optimized structures are
given in the online supporting material. The atom numbers used are shown in Fig. 1a.

Wewill start the discussion of the structural changes upon excitationwith the two dihe-
dral angles (for definitions of dihedral angles, cf. Fig. 1a) that define the relative orientation
of the anisole, the quinoxaline, and the N-methylindole moieties. In the electronic ground
state, the dihedral angle (24,23,2,1) is found to be 8°, i.e. anisole and quinoxaline are nearly
co-planar. On the other hand, an angle of 57° is found for the dihedral angle (2,3,13,12) for
the relative orientation of the quinoxaline and N-methylindole moieties. In the lowest elec-
tronically excited singlet state the dihedral angle between anisole and quinoxaline slightly
decreases to 0.5°, while the angle between quinoxaline and N-methylindole strongly de-
creases to 23°. Hence, in the lowest excited singlet state quinoxaline and anisole are virtually
co-planar, the N-methylindole and quinoxaline planes are tilted by 23°. This planarization
points to a delocalized excitation, which involves all three chromophores. The bond length
changes upon electronic excitation to the lowest excited singlet state are shown in Fig. 1b.
Strong variations of the bond lengths are found in the quinoxaline ring, mainly localized in
the pyrazine moiety of quinoxaline. The intermediate bond length changes in the N-
methylindole are alternating, an indication of an La like excitation1 in the indole chromo-
phore [44–48], while the bond lengths in the anisole moiety remain surprisingly small.
excited state dipolemoment of 2-[(4-methoxyphenyl)ethynyl]-3-(1-
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Table 1
Resulting dipole moments from different computational methods and thermochromic
measurements with different evaluations. For each method the number of equation for
determination of the slope and the solvent polarity function F are given. All values which
are not directly calculated with the mentioned method are gray colored. Ground state di-
pole moment value is taken from SCS-CC2/cc-pVTZ calculations, since it was shown by
Hellweg [38] that spin-component scaled CC2 yields a high accuracy of dipole moments
in ground and electronically excited states, and a very good correlation of the computed
dipole moments with data from high-resolution spectroscopy. a Using the SCS-CC2/cc-
pVTZ value for the ground state dipole moment.

Method slope F μg [D] μe [D] Δμ [D]

MP2/ADC(2)/cc-pVTZ - - 3.27 10.33 7.06
COSMO MP2/ADC(2)/cc-pVTZ - - 4.07 14.98 10.91
CC2/cc-pVTZ - - 3.70 10.18 6.48
COSMO CC2/cc-pVTZ - - 4.71 12.66 7.95
SCS-CC2/cc-pVTZ - - 3.35 8.00 4.65
COSMO SCS-CC2/cc-pVTZ - - 3.75 9.93 6.18
Lippert-Matagaa (4) (7) 3.35 18.05(20) 14.7(2)
Bilot-Kawskia (9) (10) 3.35 8.62(3) 5.27(3)
Demissie(BK) (12) (10) 3.0(1) 8.49(6) 5.49(11)

Fig. 3. Frontier orbitals of the isolated molecule and the excitations to the lowest two
electronically excited states. The numbers at the arrows give the contributions to the
excitation to the S1 and S2 states, respectively.
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The permanent dipole moment of isolated 1a in the ground state was calculated at
MP2/cc-pVTZ level of theory to be 3.27 D. For the first excited singlet state the calculated
dipole moment is 10.33 D using ADC(2)/cc-pVTZ. In solution, with EA as solvent,
employing COSMO, the calculated dipole moments increases to 4.07 D in the electronic
ground state and to 14.98 D in the first excited singlet state. From the SCS-CC2/cc-pVTZ
calculations, a ground state dipole moment of 3.35 D is obtained, which increases to
8.00 D upon electronic excitation to thefirst excited singlet state. All calculated dipolemo-
ments are compiled in Table 1. Themolecular structure of the ground state and the dipole
moments in both electronic states at the SCS-CC2 level of theory are shown in Fig. 2. The
ground state dipole moment is shown as green vector, and the excited state dipole mo-
ment as orange vector, both pointing in the direction from positive to negative center of
charge. The angle between the dipole moment vectors of ground and excited state
amounts to 36°. For direct comparison, the excited state dipole vector is given in thegeom-
etry of the ground state. However, it has to be kept inmind that the excited state structure
is different from the ground state.

With the results of the COSMO calculation at the ground state geometry of 1a, which
was optimized at theMP2 level of theory, the volume of the EA cavity has been determined
to be 4.74�10-28 m3. This value slightly decreases to 4.73�10-28 m3 at the ADC(2) optimized
structure of the excited state.

Fig. 3 shows the frontier orbitals of the isolated molecule, including the excitations to
the lowest two electronically excited states. The excitation to the S1 state is characterized
by a nearly pure LUMO ← HOMO transition (coefficient 0.92), while excitation to the S2
state is comprised of similar contributions of LUMO + 1 ← HOMO (0.70) and LUMO ←
HOMO - 1 (-0.59).

From the CC2 wave functions, the density differences have been calculated and
displayed in Fig. 4. The blue shaded areas show decreased electron density upon excita-
tion, while the red shaded areas represent increased electron density.

Inspection of Fig. 4 shows that the π-electron density decreases at the methoxy moi-
ety and increases at the N-methylindolemoiety. A vector through the density changes has
the general direction of the difference vector of S0 and S1 dipole moments in Fig. 2.
Fig. 2. CC2/cc-pVTZ optimized ground state structure and dipole moments of 1a in the ground (
The angle between the dipolemoment vectors of ground and excited state amounts to 36°. The t
ness. (For interpretation of the references to color in this figure legend, the reader is referred t
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3.2. Experimental results

3.2.1. Temperature dependent permittivity and index of refraction
The permittivity was calculated by dividing the capacity of the capacitor filled with

ethyl acetate through the capacity of the capacitor filled with air εr ¼ Cp
Cp

0

. The resulting

temperature dependent permittivities are shown in Fig. 5. For further evaluation purposes

the graph was fitted with a linear function, εr Tð Þ ¼ 11:88−0:02013K−1T , which gave an

R2 value of 0;99966.
The temperature dependent index of refraction (measured at 589.3 nm) was fitted to a

third order polynomial function, n Tð Þ ¼ 1:43766þ 2:2616� 10−4K−1T−2:07045� 10−6

K−2T2 þ 1:83987 � 10−9K−3T3 , for usage in the further evaluations. The measured indices
of refraction and the fit function are shown in Fig. 6.

3.2.2. Temperature dependent cavity volume
A central point in the determination of dipole moment changes upon excitation from

solvent shifts of absorption/emission spectra is the so called Onsager radius of the solvent
cavity [26]. Since this radius enters the Lippert-Mataga [22,23] and the Bilot-Kawski
[28,49] equations for the calculation of dipole moments in cubic power, small errors in
green vector) and lowest electronically excited singlet state (orange vector), respectively.
wo subfigures show different projections of the samemolecular structure for sake of clear-
o the Web version of this article.)
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Fig. 4. Electron density difference plot of 1a using the CC2 wavefunctions.

Fig. 6. Temperature dependent index of refraction of ethyl acetate and applied cubic
polynomial fit in the range of 283.15 K–343.15 K.
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Onsager radius cause large deviations in the experimentally determined dipole moments.
Instead of using theOnsager radius,which is not unequivocally defined, the real cavity vol-
ume can be used, as has been shown by Demissie et al. [50]. This quantity is accessible ex-
perimentally from simple density measurements of the solutions. The relation between
the weight fraction w and molar cavity volume Vm is given by Equation (1), where ρ is
the density of the solution, ρ� is the density of the solvent, w is the weight fraction of sol-
vent and solute, Vm is the molar cavity volume, andM is the molar mass of the solute.

1
ρ
¼ 1

ρ� þ
Vm

M
−

1
ρ�

� �
�w ð1Þ

Using the slopemd of the plot of inverse density of the solution versus theweight frac-
tion, the molar cavity volume can be calculated according to Equation (2).

Vm ¼ M � md þ
1
ρ�

� �
ð2Þ

According to Equations (1) and (2) the molar cavity volume can directly be calculated

from the slope of a linear fit of the plot of the inverse density
1
ρ
versus theweight fractionw.

In thisway, the single cavity volume at293:15 K has been evaluated to6:04 4ð Þ � 10−28 m3.
This procedure was repeated for all temperatures, which are used in the thermochromic
shifts. The graphVm Tð Þ, including the result of a linearfit, is shown inFig. 7. The dependence
of the molar cavity volume from the temperature is described by the following linear
equation:

Vm Tð Þ ¼ 4:5 1ð Þ � 10−30 m3K−1 � Tþ 4:74 4ð Þ � 10−28 m3: ð3Þ

3.2.3. Evaluation of excited state dipole moments from thermochromic shifts
Even though the determination of excited state dipolemoments, using absorption and

fluorescence emission spectroscopy in solution, has already been invented in the mid 50s
of the last century by Lippert [22] and Mataga [23], many improvements of their original
method have been given in the meantime. While the original Lippert-Mataga theory
exploited solvatochromic shifts in different solvents, Kawski proposed to use the
Fig. 5. Temperature dependent permittivity of ethyl acetate and applied linear fit in the
range of 277.15 K–327.15 K.
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temperature dependence of the permittivity ε and index of refraction n of the solvent to
induce the spectral shifts of the solutions. In the present work, the methods of Lippert-
Mataga [22,23], Bilot-Kawski [28,49], and Demissie [50] will be used and compared.

The original equation for solvatochromic shifts according to Lippert andMataga can be
used for thermochromic shifts as well, when the temperature dependence of ε and n is
known:

~νA−~ν F ¼ −
2 μe−μg

� �2
4πε0hca

3 � FLM þ const: ð4Þ

where ε0 is the vacuum permittivity, h the Planck constant, c the speed of light, a the On-
sager cavity radius, and FLM the solvent polarity function according to Lippert andMataga
[22,23]:

FLM ¼ ε−1
2ε þ 1

−
n2−1

2n2 þ 1
ð5Þ

Equations (6) and (7) show the relation between spectral shifts and the solvent polar-
ity function,where ~νA and ~ν F are thewavenumbers of themaxima in absorption and fluo-
rescence spectra, μg and μe are the ground and excited state dipole moment, respectively,
ε0 is the dielectric constant of the vacuum, V Tð Þ is the temperature dependent cavity
volume,ε Tð Þ is the temperature dependent permittivity of the solvent, andn Tð Þ is the tem-
perature dependent refractive index of the solvent. Due to its temperature dependence,
the cavity volume, which replaces the Onsager radius a in the original Lippert-Mataga
theory, is included in the solvent polarity function. This replacement of the Onsager radius
has first been suggested by Demissie et al. [50].

~νA Tð Þ−~ν F Tð Þ ¼ −
2 μe−μg

� �2
3ε0hc

� FLM Tð Þ þ const: ð6Þ
Fig. 7. Temperature dependent cavity volume of 1a in ethyl acetate, alongwith a linear fit
of the data.
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Fig. 9. Sum of the wavenumbers of spectral maxima versus solvent polarity function
according to Kawski [28,49], along with a linear fit of the data.
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FLM Tð Þ ¼ 1
V Tð Þ �

"
ε Tð Þ−1
2ε Tð Þ þ 1

−
n Tð Þ2−1

2n Tð Þ2 þ 1

#
ð7Þ

The plot of ~νA Tð Þ−~ν F Tð Þ (Equation (6)) versus FLM (7) yields the change of the dipole
moment upon electronic excitation from the slopemLM of the respective graph:

Δμg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3mLMε0hc

2

r
ð8Þ

Equations (9) and (10) describe the method of Bilot and Kawski and the correspond-
ing solvent polarity function [49]. Also here, the temperaturedependent cavity volumehas
been included in the solvent polarity function FBK Tð Þ, replacing the Onsager radius in the
Bilot-Kawski expression in Equation (9).

~νA Tð Þ þ ~ν F Tð Þ ¼ −
2 μ2

e−μ2
g

� �
3ε0hc

� FBK Tð Þ þ const: ð9Þ

FBK Tð Þ ¼ 1
V Tð Þ �

"
2n Tð Þ2 þ 1

n Tð Þ2 þ 2
� ε Tð Þ−1

ε Tð Þ þ 1
−

n Tð Þ2−1

n Tð Þ2 þ 2

 !
þ

3 n Tð Þ4−1
� �
n Tð Þ2 þ 2
� �2

#
ð10Þ

From the slope m of the plot of ~νA þ ~ν Fð Þ versus FBK Tð Þ (Equation. (9)), the excited
state dipole moment can be evaluated, given that the ground state dipole moment μg is
known:

μe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2
g þ

3ε0 � h � c �m
2

r
ð11Þ

Another equation for describing solvatochromic shifts was given and discussed by
Demissie et al. [50]. We have modified this equation, in order to facilitate its use for
thermochromic shifts as well:

~νA=E Tð Þ ¼ ~ν0
A=E Tð Þ−

2μg=e μe−μg

� �
3ε0hc

� FBK Tð Þ ð12Þ

Using Equation (12), the slopesmA andmF of the respective plots of ~νA Tð Þ and ~νE Tð Þ
versus the solvent polarity functions FBK Tð Þ are used to calculate the dipole moments of
ground and excited state independently:

μg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ε0hcmA

2

2 mF−mAð Þ

s
ð13Þ

μe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ε0hcmF

2

2 mF−mAð Þ

s
ð14Þ

While in the original paper of Demissie et al. both Lippert-Mataga and Bilot-Kawski
solvent polarity functions have been used, we restrict ourselves to the case of the Bilot-
Kawski (BK) solvent polarity function.

Fig. 8 shows the absorption andfluorescence emission spectra of 1a, dissolved in ethyl
acetate, at temperatures between 245:15 K and 349:15 K. For exact determination of the
maxima all spectrawere filtered with a low band pass fast Fourier transform filter. For the
evaluation we used the maximum of the lowest energy band of the absorption spectra as
~νA and the overall maximum of the fluorescence emission spectra as ~ν F .
Fig. 8. Absorption and fluorescence emission spectra at temperatures between 245.15 K
and 349.15 K.
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In order to compare the different approaches of theory, described above, the data have
been evaluated using three different methods. According to Kawski, the plot of the sum of
wavenumber of the maxima ~νA þ ~ν F versus the solvent polarity function of Bilot and
Kawski FBKD Tð Þ is shown in Fig. 9. From the slope of the linear fit function the permanent
dipole moment of the first excited singlet state can be determined to 8:62 3ð Þ D, using the
value of 3.35 from the CC2/cc-pVTZ calculation as ground state dipole moment. Alterna-
tively, the excited state dipolemoment has been evaluated, using the method of Demissie
with the solvent polarity function of Bilot and Kawski (BK). From the slope of ~νA or ~ν F ver-
sus FBK the dipole moments of ground and excited state can be obtained, independently.
For Demissie's equation with the BK solvent polarity function, a ground state dipole mo-
ment of 3.0 D and an excited state dipole moment of 8.49 D is obtained. As reference we
also used the originalmethod of Lippert-Mataga, whichwas developed for solvatochromic
shifts. With this method, a change of the dipole momentΔμ of 14.7 D was calculated. The
plots for the evaluation of the data, following Lippert-Mataga andDemissie (BK), are given
in the online supporting material. As in the case of the Bilot-Kawski evaluation (Fig. 9), all
plots show good linear dependence of the shifts from the different solvent polarity func-
tions. All results are compiled in Table 1.
4. Discussion

The SCS-CC2/cc-pVTZ and CC2/cc-pVTZ optimized structures of 1a
have been proven to be minima, both in the ground state and in the
electronically excited states, from normal mode analyses, using numer-
ical second derivatives of the potential energy implemented in the
NumForce script in TURBOMOLE [39]. Using the equilibrium structures
and the numerical Hessian of ground and excited states, the 3 × 3
Hougen-Watson (HW) rotational matrix [51], which determines the ro-
tation of the inertial axis system upon electronic excitation, has been
evaluated. From the HW matrix Euler angles of θ = -1.0°, φ = 1.1°,
and χχ ¼ −5:9∘ were obtained. Thus, it is roughly justified, to depict
the dipole moment orientations for the ground and excited singlets
states in Fig. 2 in a common coordinate system.

From weight fraction dependent solution density measurements a

cavity volume of 6:04 � 10−28 m3 for 1a dissolved in EA has been deter-
mined at 293.15 K. Assuming a spherical cavity, this volume is equiva-
lent to a cavity radius a of 524.7 p.m. The ab initio calculated value
from COSMO SCS-CC2/cc-pVTZ, using a solvent permittivity ε of 6.09,

is 4.74�10−28 m3, which is equivalent to a spherical cavity with a radius
of 483.7 p.m. An underestimation of the cavity size of 20% from COSMO
SCS-CC2/cc-pVTZ calculations has been found on the much smaller
anisole system [30], and seems to be the limit of the method. Gers et al.
estimated the cavity radius of 1a to be between 440 and 540 p.m., with
an average of 490 p.m. from solvatochromic shifts [31].

Hellweg [38] showed that highly accurate dipole moments in
ground and electronically excited states, and a very good correlation
of the computed dipole moments with data from high-resolution spec-
troscopy can be achieved using spin-component scaled CC2. Thus, we
took the SCS-CC2 computed ground state dipole moment as basis for
excited state dipolemoment of 2-[(4-methoxyphenyl)ethynyl]-3-(1-
olecular Spectroscopy, https://doi.org/10.1016/j.saa.2019.117574
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the methods, which result only in dipole moment changes upon elec-
tronic excitation in order to assess the dipole moments in the excited
state. Demissie's method results in ground and excited state dipole mo-
ments, independently. Using the solvent polarity function of Bilot and
Kawski, a ground state dipole moment of 3.0(1) D is obtained, which
is close to the value of 3.35 D from the SCS-CC2/cc-pVTZ calculations.

The excited state dipole moments obtained from the methods of
Kawski and of Demissie, with the BK solvent polarity function, show
good agreement with the ab initio SCS-CC2/cc-pVTZ calculated values,
cf. Table 1. Genuine CC2 and ADC(2) calculations, both with the cc-
pVTZ basis set, yield values, which are about 2 Debye higher than that
of the spin-component scaled CC2 variant.

The main reason for the deviation of experimental and computed
excited state dipole moments from shifts of absorption and/or emission
spectra, apart from the knowndeficiencies of themethod [52,53],2 is the
fact that the direction of the dipolemoment changes upon excitation, cf.
Fig. 1. An additional source of error is the temperature dependence of
themaximum of the contour of the absorption spectra due to emerging
hot bands. Thus, there is a subtle balance between small temperature
ranges for thermochromic shifts, which will decrease the accuracy and
large ranges, which increase the possible errors due to hot bands. The
system chosen here is in that respect very favorable, since the dipole
moment change is large and hence the spectral shifts can be measured
accurately already for small temperature changes.

5. Conclusions

The method of thermochromic shifts has been utilized to determine
the dipolemoment of 2-[(4-Methoxyphenyl)ethynyl]-3-(1-methyl-1H-
indol-3-yl)-quinoxaline in the lowest electronically excited singlet state
and compared to the results of ab initio calculations at the spin-
component scaled coupled cluster CC2 level of theory.

We found that the replacement of the Onsager radius a by the real
molar cavity volume Vm ¼ 4=3πa3 and inclusion of Vm into the solvent
polarity function, improves the accuracy of the experimentally deter-
mined excited state dipole moments, considerably. Since the cavity
volume is a function of density, temperature, andmolecular parameters
[54], it has to be evaluated at the respective temperatures of
the thermochromic shift measurements, i.e. the quantity Vm Tð Þ has to
be determined experimentally. No deviations from linearity of the
thermochromic shifts have been observed in the temperature range stud-
ied here. Thus, we conclude that the influence of hot bands on the deter-
mination of excited state dipolemoments is negligible. This, however, has
to be confirmed for other systems with smaller dipole moment changes
and hence smaller spectral shifts in a given temperature interval.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.saa.2019.117574.
2 The main deficiencies are(i) The Onsager radius is hard to determine, especially for
moleculeswith a non-spherical shape, but enters the equations in cubic power. (ii) The in-
herently low resolution of the spectra in solution makes the determination of spectral
shifts cumbersome. (iii) The large field strengths of the reaction field in solution lead to
perturbative state mixing with nearby electronic states of different dipole moment.
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