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Excited-State Dipole Moments and Transition Dipole
Orientations of Rotamers of 1,2-, 1,3-, and

1,4-Dimethoxybenzene

Michael Schneider,? Martin Wilke,™ Marie-Luise Hebestreit,'” Christian Henrichs,™

W. Leo Meerts,® and Michael Schmitt*®

Rotationally resolved electronic Stark spectra of rotamers of
1,2-, 1,3-, and 1,4-dimethoxybenzene have been recorded and
analyzed using evolutionary strategies. The experimentally de-
termined dipole moments as well as the transition dipole mo-
ments are compared to the results of ab initio calculations. For
the electronic ground states of the experimentally observed di-
methoxybenzenes, the permanent dipole moments can be ob-
tained from vectorial addition of the monomethoxybenzene

1. Introduction

The knowledge of excited-state dipole moments and of transi-
tion dipole moments are important prerequisites for the un-
derstanding of resonance energy transfer processes such as
Forster resonant energy transfer (FRET)"? and for molecular
excitonic interactions.”! Whereas experimental dipole moment
measurements in the electronic ground state are straightfor-
ward, their exact values in electronically excited states can only
be determined reliably using gas-phase spectroscopic meth-
ods. Despite numerous attempts to improve the original Lip-
pert-Mataga theory,*'” for a determination of excited-state
dipole moments (or at least their changes from the ground
state values), the results are not very encouraging.''¥ On the
other hand, theoretical approaches frequently fail when the ex-
cited states involve considerable charge-transfer character."”
Very subtle changes of the electron densities can change both
magnitude and direction of the excited-state dipole moments
considerably.

Ligands that show mesomeric (+M for electron releasing or
—M for electron-withdrawing groups) effects cause large elec-
tron-density changes upon electronic excitation of the chro-
mophore. The hydroxy or methoxy groups, for example, shift
electrons into an aromatic chromophore via their +M effect.
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dipole moment. However, this is not the case for the electroni-
cally excited states. This behavior can be traced back to a state
mixing of the lowest electronically excited singlet states for
the asymmetric rotamers. For the symmetric rotamers however,
this is not valid. We discuss several possible reasons for the
non-additivity of the dipole moments in the excited states of
the symmetric rotamers.

This effect is substantially larger in the lowest excited singlet
states of methoxy- and hydroxy-substituted benzenes,">'®
leading to quinoidal structures upon excitation, especially in
the ortho and para disubstituted conformers."” However, in-
ductive (+1 or —I) effects and even through-space effects also
influence the electron distribution between the ligand and the
chromophore. For the hydroxy and methoxy substituents, it
has been found that the adjacent C-atom to which the lone
pairs of the O-atom points, has the lower electron density.'®"
Thus, it is interesting to investigate the dipole moments of dif-
ferent rotamers of disubstituted benzenes, which either can
talk to each other electronically (ortho and para), or communi-
cate only via inductive effects (meta).

Structural changes upon electronic excitation have been ad-
dressed by rotationally resolved electronic spectra of (mono)-
methoxy substituted benzene (anisole) in the groups of Becuc-
ci" and Pratt,” and of (mono)hydroxybenzene (phenol) in
the groups of Meerts"™ and Schmitt.”? For anisole, no spectral
splitting due to the hindered threefold internal rotation of the
methoxy group has been observed, probably because of the
high barriers for this motion.

Molecular beam R2PI spectra of 1,2-, 1,3-, and 1,4-dihydroxy-
benzene have been reported by Dunn et al., from which they
concluded the existence of two rotamers for 1,4-dihydroxyben-
zene and of three rotamers for 1,2- and 1,3-dihydroxybenzene,
respectively.”® Biirgi and Leutwyler studied 1,2-dihydroxyben-
zene (catechol), using hole-burning spectroscopy.”” They
found, that all bands in the vibronic spectrum belong to a
single rotamer. Myszkiewicz et al. presented a study on 1,3-di-
hydroxybenzene (resorcinol), using rotationally resolved laser-
induced fluorescence spectroscopy.”” Only two rotamers could
be identified in the molecular beam spectra of 1,3-dihydroxy-
benzene. Two 1,4-dihydroxybenzene (benzoquinone) rotamers
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have been studied at rotational resolution in the group of
Pratt and the two origins were assigned to the cis and trans ro-
tamers on the basis of their different nuclear spin statistical
weights and the different rotational constants.!"”

Huang et al.”® measured the vibrational spectrum of 1,2-di-
methoxybenzene (1,2-DMB) in the S, and in the D, states and
found only one conformer in the resonant two-color ionization
spectrum. A high-resolution study of 1,2-DMB and its water
cluster has been performed in the Pratt group.”” They could
show that all bands in the vibronic spectrum have the same
rotational constants in the ground state and belong therefore
to the same rotamer, which was identified from a comparison
to quantum chemical calculations as the trans-1,2-DMB rota-
mer. Three bands, labeled A, B, and C at 36101.5, 36163.9, and
36256.9 cm™' in the R2PI molecular beam spectrum of 1,3-di-
methoxybenzene (1,3-DMB) have been assigned to the origins
of three different rotamers by Breen et al.”® Yang et al.?” per-
formed two-color resonant two-photon mass-analyzed thresh-
old ionization spectroscopy to investigate selected rotamers of
1,2-DMB and 1,3-DMB in their ionic states. They found three
different ionization potentials for the bands A to C in the R2PI
spectrum of the 1,3-conformer from ref. [28] and also conclud-
ed the existence of three different rotamers. However, Schneid-
er et al® could show that the C-band is, in fact, not due to
another rotamer, but is a vibronic transition that is built on the
electronic A band origin. Oikawa et al.*" and Tzeng et al.®? in-
vestigated structures and vibrations of 1,4-dimethoxybenzene
(1,4-DMB) conformers in their S, and S, states. They found two
planar rotamers, which they named cis and trans. Yamamoto
et al.®™ recorded the fluorescence emission spectra of both ro-
tamers of 1,4-DMB. They found that the cis rotamer of 1,4-DMB
selectively forms complexes with polar solvent molecules,
whereas both the cis and the trans rotamer form complexes
with unpolar solvent molecules.

In the following we will present a detailed study of the per-
manent dipole moments of several rotamers of the three iso-
meric DMBs in the ground and the first electronically excited
singlet state and of the transition dipole moments for the tran-
sition connecting these two states.

Computational and Experimental Methods
Quantum Chemical Calculations

Structure optimizations were performed employing Dunning’s cor-
relation consistent polarized valence triple zeta (cc-pVTZ) basis set
from the Turbomole library.?*** The equilibrium geometries of the
electronic ground and the lowest excited singlet states were opti-
mized using the approximate coupled cluster singles and doubles
model (CC2) employing the resolution-of-the-identity approxima-
tion (RI).2>® Anharmonic normal mode analyses have been per-
formed to compute vibrational averaging effect on the inertial de-
fects of the molecules under consideration. Such an anharmonic
analysis is implemented in the Gaussian program package.*” The
procedure for the calculation of cubic and of some of the quartic
force constants utilizes numerical derivatives of the analytically de-
termined Hessian with respect to the normal coordinates. We per-
formed the analysis at the MP2 level with the 6-311G(d,p) basis set.
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Fits of the Rovibronic Spectra Using Evolutionary Algo-
rithms

Evolutionary algorithms have proven to be perfect tools for the au-
tomated fit of rotationally resolved spectra, even for large mole-
cules and dense spectra.®*! Beside a correct Hamiltonian to de-
scribe the spectrum and reliable intensities inside the spectrum, an
appropriate search method is needed. Evolutionary strategies are
powerful tools to handle complex multi-parameter optimizations
and find the global optimum. For analysis of the presented high-
resolution spectra we used the covariance matrix adaptation evolu-
tion strategy (CMA-ES), which is described in detail elsewhere."**!
In this variant of global optimizers, mutations are adapted via a co-
variance matrix adaptation (CMA) mechanism to find the global
minimum even on rugged search landscapes that are additionally
complicated due to noise, local minima and/or sharp bends. The
analysis of the rotationally resolved electronic Stark spectra is de-
scribed in detail in ref.[46].

Experimental Methods

1,2-Dimethoxybenzene (>99%), 1,3-dimethoxybenzene (98 %) and
1,4-dimethoxybenzene (>98%) were purchased from Sigma-Al-
drich and used without further purification. The samples were
heated to 60°C (for 1,2- and 1,3-dimethoxybenzene) and 100°C
(for 1,4-dimethoxybenzene) and co-expanded with 200-300 mbar
of argon into the vacuum through a 200 um nozzle. After the ex-
pansion, a molecular beam was formed using two skimmers (1 mm
and 3 mm, 330 mm apart) linearly aligned inside a differentially
pumped vacuum system consisting of three vacuum chambers.
The molecular beam was crossed at right angles with the laser
beam 360 mm downstream of the nozzle. To create the excitation
beam, 10 W of the 532 nm line of a diode-pumped solid-state laser
(Spectra-Physics Millennia eV) pumped a single frequency ring dye
laser (Sirah Matisse DS) operated with Rhodamine 110. The light of
the dye laser was frequency doubled in an external folded ring
cavity (Spectra Physics Wavetrain) with a resulting power of about
25 mW (1,2-dimethoxybenzene) and about 80 mW (1,3- and 1,4-di-
methoxybenzene) during the experiments. The fluorescence of the
samples was collected perpendicular to the plane defined by laser
and molecular beam using an imaging optics setup consisting of a
concave mirror and two plano-convex lenses onto the photoca-
thode of a UV enhanced photomultiplier tube (Thorn EMI 9863QB).
The signal output was then discriminated and digitized by a
photon counter and transmitted to a PC for data recording and
processing. The relative frequency was determined with a quasi
confocal Fabry-Perot interferometer. The absolute frequency was
obtained by comparing the recorded spectrum to the tabulated
lines in the iodine absorption spectrum.*”! A detailed description
of the experimental setup for the rotationally resolved laser in-
duced fluorescence spectroscopy has been given previously.®*?

To record rotationally resolved electronic Stark spectra, a parallel
pair of electro-formed nickel wire grids (18 mesh per mm, 50 mm
diameter) with a transmission of 95% in the UV was placed inside
the detection volume, one above and one below the molecular
beam—Iaser beam crossing with an effective distance of 23.49+
0.05 mm."® In this setup, the electric field is parallel to the polari-
zation of the laser radiation. With an achromatic A/2 plate (Bern-
hard Halle, 240-380 nm), mounted on a linear motion vacuum
feedthrough, the polarization of the incoming laser beam can be
rotated by 90° inside the vacuum.
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2. Results

2.1. Computational Results

The nomenclature for the rotamers of the three isomeric dime-
thoxybenzenes we adopt here refers to the dihedral angles of
the methoxy groups with respect to the aromatic plane. The
numbering starts at the lowest number in the benzene ring, at
the position adjacent to the first substituent. For the first rota-
mer of 1,2-DMB in Figure 1, the first dihedral angle formed by
C(2)C(1)O(7)C(9) is 180°, the second by C(3)C(2)O(8)C(10) is 0°.
Thus, the labeling for this rotamer is (180/0). The second rota-
mer has a dihedral angle C(2)C(1)O(7)C(9) of 0° and
C(3)C(2)0(8)C(10) of 0°, therefore named (0/0).

The (180/0) rotamer of 1,2-DMB was optimized at the CC2//
cc-pVTZ level of theory in the S, and the lowest excited singlet

b b
aVa
’ O
2
o:(é z)ﬁ a a
(180/0) (0/0)
b b
a
(180/0) (0/0) (0/180)
b b
a
a
(180/0) (0/0)

Figure 1. Structures of the rotamers of 1,2-dimethoxybenzene, 1,3-dimethox-
ybenzene, and 1,4-dimethoxybenzene with their principal inertial axes. The
(180/180) rotamers of all three conformers are equivalent to the (0/0) rota-
mer. For 1,4-dimethoxybenzene, (0/180) and (180/0) are also equivalent
structures. The (0/180) rotamer of 1,2-dimethoxybenzene is not a stable min-
imum because of steric hindrance of the neighboring methoxy groups.
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state S; and found to be the most stable conformer of 1,2-
DMB. The Cartesian coordinates of all stable structures are
given in the Supporting Information. Starting the optimization
at the (0/0) geometry, the structure converges to a gauche
rotamer with one methoxy group tilted out of the aromatic
plane, while the other methoxy group stays in-plane. The
energy of this rotamer is 6.2 kJmol™" higher than the lowest
energy rotamer (180/0), cf. Table 1. Under molecular beam con-
ditions, this conformer is probably not populated. Furthermore,
the experimentally determined inertial defects (cf. section 2.2)
prove heavy-atom planarity for all observed rotamers. There-
fore, this rotamer is omitted from the further discussion. Con-
fining the optimization of the (0/0) rotamer to a planar heavy
atom arrangement, leads to a first-order transition state. For
the (0/180) rotamer, the methyl groups overlap within their
van der Waals radii. A structure optimization starting from this
geometry converges to the most stable (180/0) rotamer.

Three 1,3-DMB rotamers, shown in the second line of
Figure 1, have been found to be energetically compatible with
cooling conditions in a molecular beam. The lowest energy
rotamer is (0/0), followed by (180/0), which is 2.2 kimol™
higher in energy and (0/180), which is 2.7 kkmol™" higher. All
three rotamers are planar in the electronic ground state. The
(0/0) and (180/0) structures are also planar in the electronically
excite state, whereas the six-ring of the (0/180) rotamer is
tilted considerably out-of-plane in the excited S,-state. This
nonplanarity upon electronic excitation has already been re-
ported by Wilke et al.>”

The smallest energetic difference between the two stable ro-
tamers is found for 1,4-DMB. The (180/0) rotamer is more
stable by 1.1 kJmol™' than the (0/0) rotamer. Also for 1,4-DMB,
both rotamers have planar heavy atom structures in both elec-
tronic states.

Additionally, we calculated the dipole moments of anisole
(monomethoxybenzene) at the CC2/cc-pVTZ level of theory for
both electronic states. These quantities will be utilized in the
following for construction of the dipole moments of the dime-
thoxybenzenes from vector addition arguments; they are
given in Table 2.

The dipole moments in the ground and lowest excited sin-
glet states of anisole and of the most stable rotamers of 1,2-
DMB, 1,3-DMB, and 1,4-DMB are compiled in Tables 2, 3, 4, and
5. The rotamers, with the methoxy groups symmetric to the b-
axis, have for symmetry reasons no component of the dipole
moment in the a direction.

stable rotamer of each isomer.

Table 1. Absolute energies, zero-point vibrational energies, and relative energies including zero-point energy (ZPE) corrections of different rotamers of 1,2-
, 1,3-, and 1,4-dimethoxybenzene in the electronic ground state at CC2//cc-pVTZ level of theory. The relative energies are given with respect of the most

1,2-DMB 1,3-DMB 1,4-DMB
Rotamer (180,0) (0,0) (180,0) (0,0) (0,180) (180,0) (0,0)
Eops [a.ul] —460.4062926 —460.4036199 —460.4107042 —460.4115791 —460.4105434 —460.4085741 —460.408131
ZPE [a.ul] 0.1659015 0.1655773 0.1660763 0.1660966 0.1660894 0.1658473 0.165837
E. [kJmol™'] 0.000 6.166 2244 0.000 2.700 0.000 1.137

ChemPhysChem 2018, 19, 307 -318 www.chemphyschem.org

309

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

\\,* ChemPubSoc
et Europe

Table 2. Calculated rotational constants, permanent electric dipole mo-
ments u, and their components y; along the main inertial axes i=a,b,c of
anisole compared to the respective experimental values. Doubly primed
parameters belong to the electronic ground and single primed to the ex-
cited state. 6, is the angle of the dipole moment vector with the main in-
ertial a-axis. A positive sign of this angle means a clockwise rotation of
the dipole moment vector onto the main inertial a-axis. € is the angle of
the transition dipole moment with the main inertial g-axis. A positive
sign of this angle means a clockwise rotation of the dipole moment
vector onto the main inertial a-axis for a molecular orientation as in
Figure 1.

Theory Experiment
A” [MHz] 5019 5028.84414(19)
B” [MHz] 1578 1569.364308(68)"
C" [MHz] 1210 1205.825614(41)%
Al' [amuA?] —3.29 —3.409
u', [D] 0.58 0.69
JZA )| 1.20 1.054
«"[D] 1.33 1.26%
AR 64 56.7
A’ [MHz] 4773 4795.17(13)
B’ [MHz] 1566 1555.68(4)
C [MHz] 1188 1184.45(3)
Al' [amu A?] -3.20 —3.58
W, D] 1.55 1.59(3)
'y [D] 1.70 1.50(3)
i [D] 230 2.19(4)
05 [’ +48 +43.4
0] 73 69.70(1)
Vo [em™] 37179%! 36384.07

[a] Set to the microwave values from Ref.[51] [b] Adiabatic excitation
energy, including ZPE corrections.

2.2. Experimental Results

2.2.1. Permanent Dipole Moments and Transition Dipole
Moment of Anisole

The rotationally resolved electronic spectrum of anisole (mono-
methoxybenzene) has been presented and analyzed
before.®?" However, no Stark measurements have been per-
formed until now, and the dipole moment in the excited sin-
glet state is not known experimentally. For anisole in solution,
an excited-state dipole moment from solvatochromic shifts has
been reported.®” However, agreement with gas-phase Stark
data are usually bad, and the components in the inertial frame
of the molecule were not given. Given that the orientation of
the dipole moments in the excited state are needed in the dis-
cussion of the DMBs, we measured and analyzed the Stark
spectrum of anisole (shown in Figure S1 of the Supporting In-
formation). The dipole moments have been obtained from a
combined fit to the Stark spectra in parallel as well as in per-
pendicular arrangement of laser polarization and electric
field.*® The fit using the CMA-ES algorithm yielded the param-
eters given in Table 2. The dipole components, which have
been obtained by Desyatnyk etal.”" using microwave Stark
spectroscopy, have been kept fixed in our fit, due to the inher-
ently greater accuracy of the MW values. Experimental rota-
tional constants and dipole moments of both electronic states
are in good agreement with the results for the CC2//cc-pVTZ
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optimized structure. From the ratio of intensities of the a and
the b lines of anisole, the angle of the TDM with the inertial a
axis can be determined to be 72°, in close agreement with the
theoretical value.

2.2.2. Permanent Dipole Moments and Transition Dipole
Moment of 1,2-DMB

Figure 2 shows the rotationally resolved electronic spectrum of
the origin band of 1,2-DMB at zero field and at a field strength
of 400.24Vcm™' with parallel orientation of electromagnetic
and electric field (AM=0). The zero-field spectrum of 1,2-DMB
has been measured before in the group of David Pratt and its
inertial parameters are reported in Ref.[27]. The zero-field
spectrum was fit using a rigid rotor Hamiltonian,*? while the
spectrum with electric field was fit using a Stark rigid rotor
Hamiltonian with AM =0 selection rules."®*%4

The experimental rotational constants and the permanent

Experiment
Simulation
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Figure 2. Rotationally resolved electronic spectrum of the electronic origin
of the A band of 1,2-DMB at zero field and at 400.24 Vcm™' AM =0 selection
rules, along with a simulation with the best CMA-ES fit parameters.

dipole moments in both electronic states, which are derived
from the fit of the Stark spectrum are given in Table 3 and
compared to the calculated dipole moments of both rotamers
of 1,2-DMB. Both the inertial parameters and the dipole mo-
ments point to the (180/0) rotamer as being responsible for
the origin band of 1,2-DMB. The small dipole moment of
0.17 D in the ground state and 0.78 D in the electronically ex-
cited state makes an angle 6, of 90° with the inertial a-axis in
both states, which means that it is oriented along the inertial
b-axis of the molecule. Also the transition dipole moment is
purely b-axis polarized with an angle 6 of 90°. This value has
already been reported by the Pratt group.?” They presented a
fit of the zero-field spectrum of 1,2-DMB with pure b-type se-
lection rules. Thus, for 1,2-DMB, the dipole moments in both
electronic states, as well as the transition dipole moment are
collinear.
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Table 3. Calculated rotational constants, permanent electric dipole mo-
ments u, and their components y; along the main inertial axes i=a,b,c of
the (180/0) and the (0/0) conformers of 1,2-dimethoxybenzene compared
to the respective experimental values. Doubly primed parameters belong
to the electronic ground and single primed to the excited state. 6, is the
angle of the dipole moment vector with the main inertial a-axis. A posi-
tive sign of this angle means a clockwise rotation of the dipole moment
vector onto the main inertial g-axis.

Theory Experiment

(180/0) (0/0)® A band
A" [MHZz] 1679 1751 1663.1(1)
B” [MHZ] 1348 1375 1349.8(1)
C" [MHZ] 755 778 752.6(1)
Al" [amu A% —6.40 —6.58 —6.80
u', [D] 0.00 1.87 0.00
)| 0.05 1.42 0.17(22)
" [D] 0.05 235 0.17(22)
0, 90 37 90(1)
A’ [MHz] 1658 1734 1641.6(1)
B’ [MHz] 1322 1369 1329.1(1)
C [MHZ] 742 773 742.7(1)
Al' [amuA?] —6.42 —6.82 —7.68
AA [MHz] —21 -17 —215
AB [MHz] —26 -6 —20.7
AC [MHz] -13 -23 -9.9
', [D] 0.00 3.48 0.00
'y [D] 0.97 0.92 0.78(4)
' [D] 0.97 3.59 0.78(4)
! 90 14 90(1)
011 90 40 90
v [em™] 37884 35586" 35751

[a] First-order transition state [b] Adiabatic excitation energy, including
ZPE corrections.

The CC2/cc-pVTZ calculated rotational constants of the (180/
0) rotamer are in very good agreement with the experimentally
determined parameters. This holds for the ground-state rota-
tional constants, as well as for the excited state. The
changes of the rotational constants upon electronic excitation
are all negative and similarly small (AA=-21.5MHz, AB=
—20.7 MHz, AC=—9.9 MHz).

2.2.3. Permanent Dipole Moments and Transition Dipole
Moment of 1,3-DMB

Three origin bands of different rotamers of 1,3-DMB have been
observed by Tzeng et al.”® and Breen et al.”® using resonant
two-photon ionization spectroscopy and labeled A, B, and C.
The zero-field spectra of these three bands of 1,3-DMB have
been presented previously by Schneider et al.*” They showed
that the C band is not due to a third rotamer, but instead to a
vibronic band built on the A band origin. The rotational con-
stants for the fit of A and the B band in the two electronic
states have been set fixed to the values from this publication
and only the dipole moment components in both states have
been fit. Figure 3 shows the rotationally resolved electronic
spectrum of the A band of 1,3-DMB at zero field and at
400.24 Vcm™'. The zero-field and Stark spectra of the B band
are shown in the Supporting Information (see Figure S2).
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Figure 3. Rotationally resolved electronic spectrum of the electronic origin
of the A band of 1,3-DMB at zero field and at 400.24 Vcm™" with 80% transi-
tions of AM=0, along with a simulation with the best CMA-ES fit parame-
ters.

The experimental rotational constants and the permanent
dipole moments from CMA-ES fits of both bands are given in
Table 4 and compared to the calculated molecular parameters
of the three most stable rotamers of 1,3-DMB. From the com-
parison of the rotational constants it is clear that the A band
belongs to the (0/0) rotamer and the B band originates from
the (180/0) rotamer. Although the (0/180) rotamer is only by
2.7 kJmol ™' less stable than the most stable (0/180) rotamer, it
has not been observed in molecular beam experiments. This
finding has been explained in a previous publication by the
nonplanarity of the (0/180) rotamer in the electronically excit-
ed states, which causes a small Franck-Condon factor in the
excitation spectrum.”

It should be noted that not only do the ground-state rota-
tional constants of the A and the B band of 1,3-DMB allow for
a straightforward assignment of the origin bands to the (0/0)
and (180/0) rotamers, but also the changes of the rotational
constants upon electronic excitation show very good agree-
ment for both rotamers. Interestingly, the changes of the A ro-
tational constants are quite different: AA for the (0/0) rotamer
decreases by 55.79 MHz, while AA for the (180/0) rotamer de-
creases by 123.68 MHz. AB and AC are both small and nega-
tive.

The permanent dipole moment of the A band, which is as-
signed to the (0/0) rotamer, has components along both the a
and the b inertial axes, which result in an absolute dipole
moment of 1.19 D in the ground state and of 1.42 D in the ex-
cited state. The dipole moments make angles 6, with the a
axis of 15° in the electronic ground state and of 29° in the ex-
cited state. The transition dipole makes an angle 6 with the a
axis of 14.5°. Thus, the dipole moment and transition dipole
moment have roughly the same orientation in the molecular
frame.
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Table 4. Summary of the CC2/cc-pVTZ calculated and experimental permanent electric dipole moments x and their components y; along the main inertial
axes i=a,b,c of the rotamers of 1,3-dimethoxybenzene. Double primed parameters belong to the electronic ground and single primed to the excited state.
Additionally the angle 6, of the dipole moment vector with the main inertial g-axis is given.

Theory Experiment

(0/0) (180/0) (0/180) A band B band
A" [MHz] 2539 3486 1892 2533.44(45) 3461.98(36)
B” [MHz] 893 771 1108 887.52(2) 768.20(4)
C" [MHz] 666 636 705 663.11(2) 634.01(4)
Al [amuA?] —6.40 —6.40 —6.41 —6.78 —6.74
u, 0] 1.04 0.00 0.00 1.15(4) 0.00
w, [D] 0.79 1.52 2.62 0.31(5) 1.66(1)
" [D] 1.30 1.52 262 1.19(5) 1.66(1)
0, [°] 37 90 920 15(3) 920(1)
A’ [MHz] 2482 3358 1863 2477.65(45) 3338.30(36)
B [MHz] 880 763 1091 875.60(3) 760.63(4)
C' [MHz] 655 626 695 652.93(3) 624.86(4)
Al' [amu A?] —6.42 —6.42 744 —7.14 —~7.03
AA [MHz] —57 —128 -29 —55.79 —123.68
AB [MHz] —-13 -8 —17 —11.92 —7.57
AC [MHz] -1 —-10 —10 —10.18 —9.15
w4 [D] 1.71 0.00 0.00 1.25(4) 0.00
'y [D] 0.16 1.28 3.01 0.68(10) 1.36(1)
' [D] 1.72 1.28 3.01 1.42(8) 1.36(1)
05[] 6 90 90 29(5) 90(1)
011 6 0 0 +14.5(1) 0.0°
Vo [em™] 36809" 36986 36455 36117.61(2) 36185.72(1)
[a] For reasons of symmetry the angle was set to zero. [b] Adiabatic excitation energy, including ZPE corrections.

The permanent dipole moment of the B band, which is as-
signed to the (180/0) rotamer, is oriented along the inertial b
axis, with a slightly smaller absolute value in the excited state
(1.36 D) compared with the ground state (1.66 D). However,
the transition dipole is oriented along the a axis and thus ro-
tated by 90° with respect to the individual permanent dipole
moments of both states. This surprising behavior will be ex-
plained later.

2.2.4. Permanent Dipole Moments and Transition Dipole of
1,4-DMB

1,4-DMB exists in two different stable rotamers, named A and
B by Oikawa et al.,®" equivalent to the cis and trans 1,4-dihy-
droxybenzene (hydroquinone) rotamers, which are, according
to the above nomenclature, the (180/0) and the (0,0) rotamer,
respectively. Given that the (0/0) rotamer has a center of sym-
metry, the resulting dipole moment should be exactly zero by
symmetry arguments. The rotationally resolved zero-field elec-
tronic spectra of both rotamers have not been presented
before and are used in the following to determine the inertial
parameters of the two rotamers.

In a first step, the zero-field spectra of the A (cf. Figure 4)
and the B (Figure S3 of the Supporting Information) bands
were fit using the CMA-ES algorithm, yielding the inertial pa-
rameters in both electronic states. These are presented in
Table 5, along with the results of the CC2/cc-pVTZ calculations.
Comparison of the experimental and calculated rotational con-
stants clearly shows that the A band can be assigned to the (0/
0) rotamer, whereas the B band is due to the (180/0) rotamer.
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For 1,2-DMB and 1,3-DMB, the changes of the rotational con-
stants upon electronic excitation are also very well reproduced
by the CC2 calculations. For both rotamers of 1,4-DMB, large
negative changes of AA and very small changes for AB and AC
are found.

Subsequently, the Stark spectra were recorded at field
strengths of 400.24 Vcm™' and were fit using the CMA-ES algo-
rithm (Figure 5). The spectrum of the A band does not show

1,4-Dimethoxybenzene, 0V/cm, A band Experiment
WLWMMWMWWWWMWWM«MMWMMWUWKW'
Simulation
WLWVMMWJWWMMMMWfMWM
—30(;00 ‘ -20(l)00 ‘ —10(;00 ‘ (; ‘ Experiment
| | '
A i M b A A
Simulation
|
MMWWWWWMLMAWMMWMWMl
-20(;00 -1 5(‘)00 ‘ -1 O(‘)OO ‘ -50‘00 ‘ (; ‘ 502)0

relative frequency [MHz]
Figure 4. Rotationally resolved spectrum of the electronic origin of the A

band of 1,4-dimethoxybenzene, along with a simulation using the best
CMA-ES fit parameters.
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Table 5. Molecular parameters of the two rotamers of 1,4-dimethoxyben-
zene from a CMA-ES fit of the electronic zero-field spectra. The angle of
the transition dipole moment with the main inertial ag-axis is given by 6
and the adiabatic excitation energy by v,.

Theory Experiment

(0/0) (180/0) A band B band
A" [MHz] 4477 3963 4494.55(20) 3995.84(8)
B” [MHz] 699 721 693.99(4) 714.52(2)
C" [MHz] 609 615 606.26(4) 611.23(2)
A" [amuA’] —6.40 —6.39 —-7.07 —6.96
u', [D] 0.00 0.00 0.00(10) 0.00”
u', [D] 0.00 2.24 0.00(10) 2.23(1)
" [D] 0.00 224 0.00(14) 2.23(1)
0, [’ - 90 - 90(1)
A" [MHz] 4294 3794 4319.35(36) 3835.76(11)
B’ [MHZz] 701 724 695.47(5) 716.68(3)
C [MHz] 607 613 604.18(5) 609.05(3)
Al' lamu A% —6.42 —6.43 -7.21 ~7.14
AA [MHZ] —183 —169 —175.2 —160.08
AB [MHz] +2 +3 +1.48 +2.16
AC [MHz] -2 -2 —2.08 —2.18
w4 (D] 0.00 0.00 0.00 0.007!
'y [D] 0.00 292 0.00 2.76(1)
' [D] 0.00 2.92 0.00 2.76(1)
0[] - 90 - 90(1)
0[] 81 90 71.91(1) 90.00
7 [ns] - - 2.58(1) 2.64(1)
Vo [cm™'] 33674"  33945" 33629.66(21)  33849.63(11)
[a] Fixed to zero for symmetry reason. [b] Adiabatic excitation energy, in-
cluding ZPE corrections.

Experiment
Simulation

s

1,4 Dimethoxybenzene, 0V/cm, B band

“‘W\Wt

20000

60000
0V/cm

16000

relative frequency [MHz]

Figure 5. Rotationally resolved electronic spectrum of the electronic origin
of the B band of 1,4-DMB at zero field and at 400.24 Vcm ™' with 80% transi-
tions of AM=0, along with a simulation with the best CMA-ES fit parame-
ters.

line splitting or shifts, and for the permanent dipole moment
in both states we determine an upper limit of 0.1 D for the in-
dividual components and 0.14 D for the absolute value in
both states. The B band, which is due to the (180/0) rotamer,
has a dipole moment along the inertial b axis of 2.76 D.
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3. Discussion

3.1. Permanent Dipole Moments
3.1.1. Ground State

The molecular dipole moments of the three isomeric DMBs in
their electronic ground states can be derived from simple
vector addition models. Each of the DMB dipole moments can
be thought of as a sum of two individual anisole dipole mo-
ments, the orientations of which are given by the mutual ori-
entation and the position of the two methoxy groups in the
aromatic ring.

Using microwave Stark spectroscopy, the dipole moment
components of anisole in the electronic ground state has been
determined by Desyatnyk et al.®" to be u,=0.6937(12) D, u, =
1.0547(8) D from which a value of |u|=1.2623(14) D results
for the absolute dipole moment. The dipole moment makes an
angle of 56.7° with the inertial a axis of anisole (cf. Figure 6a).

Figure 6 shows the results of a vectorial addition of the
dipole moments derived from anisole for the 1,2-, 1,3-, and
1,4-DMB rotamers in this study. The dipole vectors have been
shifted from the anisole center of mass (COM) to the COM of
the respective DMB for clarity. Figure 6a shows the dipole
moment of anisole in its inertial axis frame.

For the only rotamer that was observed for 1,2-DMB (180/0),
the vector addition shown in Figure 6b results in a cancelation
of the a-components of the dipole moment in the ground
state. Given that the angle between the two anisole dipole
moment vectors is small, the resulting dipole moment is ori-
ented along the b-axis of the molecule and is close to zero, as
determined experimentally. The exact analysis yields an angle
of 170° between the two vectors with a length of 1.26 D, re-
sulting in a sum dipole moment of 0.2 D, which is close to the
experimental value of 0.17 D.

Two rotamers were observed for 1,3-DMB. For the (180/0)
rotamer, the two anisole dipole moments lie symmetrically
about the b-axis and form an angle of 50° with the b-axis (Fig-
ure 6¢). The resulting dipole moment in the b direction is
1.62 D, which is again in good agreement with the experimen-
tal value for u, of 1.66 D. For the (0/0) rotamer, vector addition
of the two anisole dipole vectors results in a vector with both
a and b components (Figure 6d). Assuming an angle between
the anisole fragment dipoles of 104° (as in the (180/0) rota-
mer), numerical values of 1.20D and 0.45D for the dipole
moment components are obtained, in fair agreement with the
experimental values of 1.15 D for u, and of 0.31 D for b.

For 1,4-DMB, two rotamers have also been found experi-
mentally. Whereas for the (0,0) rotamer no dipole moment re-
sults, due to its inversion symmetry (Figure 6f), the (180/0)
rotamer shows a dipole moment in the b direction, which has
the largest value of all components for the rotamers of the
three DMB conformers, due to the small angle of 63° between
the anisole fragment dipoles. From this angle, we calculate a
resulting dipole moment of 2.24 D, in good agreement with
the experimental value of 2.22 D.

Thus, for the electronic ground state, the dipole moments of
all rotamers can be nicely calculated from the anisole fragment
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Figure 6. a) Inertial axes and ground-state dipole moment of anisole (from
Ref. [51]). b) Vector addition of the experimental anisole ground-state dipole
moment for (180/0)-1,2-DMB. c) Vector addition of the experimental anisole
dipole moment for (180/0)-1,3-DMB. The resulting dipole moment (in red) is
oriented along the b-axis. d) Vector addition of the experimental anisole
dipole moment for (0/0)-1,3-DMB. The resulting dipole moment (in red) has
components both on the a- and the b-axis. e) Vector addition of the experi-
mental anisole dipole moment for (180/0)-1,4-DMB. The resulting dipole
moment (in red) is oriented along the b-axis. f) Vector addition of the experi-
mental anisole dipole moment for (0/0)-1,4-DMB. The individual dipoles
cancel each other out.

dipole moments. For rotamers in which the dipole moment is
oriented along one of the inertial axes, the agreement is very
good, for the (0/0) rotamer of 1,3-DMB, which shows an ab
hybrid dipole, the agreement is fair. This ground state additivi-
ty of bond dipole moments has already been shown for differ-
ent conformers of aminophenol by Reese et al.>” and for ami-
nobenzonitrile by Borst et al.>

3.1.2. Excited State

In the following section, we will apply the same vector addi-
tion of bond dipole moments of anisole to the excited states
of the DMBs. The resulting dipole moment components in the
excited state have been determined to be u,=1.59(3) D and
1, =1.50(3) D from which a value of |u|=2.19(4) D results for
the absolute dipole moment (cf. Table 1). Thus, the absolute
dipole moment of anisole increases by 0.93 D, and the angle
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between the dipole moment vector and the inertial a axis
changes from 56.7° to 43.4° upon electronic excitation. The ori-
entation and absolute value of the excited state anisole dipole
is shown in Figure 7 a.

For 1,2-DMB, we found that the dipole moment in the b di-
rection greatly increases from 0.17 D to 0.78 D. However, this
increase is not found in the vectorial addition of the anisole
bond dipole moments. Figure 7b shows the result of the
vector addition with the anisole bond dipole moment added

a) a

b
b)

a

C) a
ﬁ
e) a

b

f) a

Figure 7. a) Inertial axes and excited-state dipole moment of anisole.

b) Vector addition of the experimental anisole excited-state dipole moment
for (180/0)-1,2-DMB. c) Vector addition of the experimental anisole dipole
moment for (180/0)-1,3-DMB. The resulting dipole moment (in red) is orient-
ed along the b-axis. d) Vector addition of the experimental anisole dipole
moment for (0/0)-1,3-DMB. The resulting dipole moment (in red) has compo-
nents both on the a- and the b-axis. e) Vector addition of the experimental
anisole dipole moment for (180/0)-1,4-DMB. The resulting dipole moment (in
red) is oriented along the b-axis. f) Vector addition of the experimental ani-
sole dipole moment for (0/0)-1,4-DMB. The individual dipoles cancel each
other out.
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for each of the methoxy groups in 1,2-DMB. Although the ex-
cited-state dipole vector of anisole is larger by a factor of 1.7,
the angle between the inertial a axis and the dipole moment
changes by only 10°. Thus, both bond dipoles are still nearly
antiparallel and almost cancel each other out.

For the (180/0) rotamer of 1,3-DMB, vectorial addition com-
pletely fails for the excited-state dipole moment. For the
ground state, a permanent dipole of 1.66 D in the b direction
was determined experimentally, which decreases to 1.36 D
upon electronic excitation. Vector addition of the anisole di-
poles, which include an angle of 100°, should lead to a value
of 1.92 D (Figure 7 ¢); that is, an increase of 16 % in spite of the
experimentally determined decrease of 8%.

Finally, the same analysis for the (180/0) rotamer of 1,4-DMB
leads to an excited-state dipole moment from vector addition
of 3.35 D in the b direction, which is much higher than the ex-
perimentally observed value of 2.76 D (cf. Figure 7d).

3.2. Transition Dipole Moments

We start the discussion with the cases in which dipole mo-
ments and transition dipole moment (TDM) are oriented along
one of the inertial axes. The S,«—S, TDMs of the (180/0) rotam-
ers of 1,2-DMB and 1,4-DMB are oriented along the inertial b-
axis, as the permanent dipole moments in the ground and ex-
cited states. For the (180/0) rotamer of 1,3-DMB, the TDM is
oriented along the inertial a-axis, whereas both ground- and
excited-state dipole moments are oriented along the b-axis. So
we have the special case in the (180/0) rotamer of 1,3-DMB,
that the permanent dipole moments in both states and the
transition dipole moment are perfectly perpendicular to each
other. We recall the fact that the expectation value of the per-
manent dipole moment is defined as < ¥"|a|¥" > for the
ground state, < ¥'|@|¥’ > for the excited state dipole mo-
ments, and < ¥'|@|¥" > for the transition dipole moment.
Here, the ¥ and ¥’ are the wave functions of the ground
and excited state, respectively, and & is the dipole operator. In
other words, the transition dipoles are the off-diagonal matrix
elements of the three-dimensional position operator, multi-
plied with the elementary charge and the permanent dipoles
are the diagonal elements. For dipole moments along one axis,
the question arises, if a nonzero expectation value of the
dipole moment with respect to this axis defines also a nonzero
expectation value of the transition dipole moment with re-
spect to the same axis. Clearly, this is not the case for the (180/
0) rotamer of 1,3-DMB. The molecular frontier orbitals and the
excitations, which contribute to the S,<S, transitions of the
observed rotamers of the three dimethoxybenzenes are given
in the Supporting Information (Figures S4-S6). For the discus-
sion here, the relative phases of the leading contributions to
the transition are sufficient. Figure 8 shows how the orienta-
tion of the TDM in the inertial axes frames can be derived
from the relative phases of the MOs. The upper row of
Figure 8 shows the phases of the HOMOs of the respective
conformer, the second row those of the LUMOs and the third
row gives the product, from which the TDM orientation results.
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1,2-DMB 1,3-DMB 1,3-DMB 1,4-DMB 1,4-DMB
(180/0) (180/0) (0/0) (180/0) (0/0)
HOMO

LUMO ¥
Figure 8. TDM orientations of the experimentally observed rotamers of 1,2-
DMB, 1,3-DMB, and 1,4-DMB. The lowest row shows the direct product of

the phases of the HOMO and the LUMO wavefunctions, the resulting TDM
(in green) and the inertial axes systems.
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The angles that the TDMs make with the inertial axes in the
(0/0) rotamers of 1,3-DMB and of 1,4-DMB are determined only
by the rotation of the inertial axis system, due to the internal
rotation of one of the methoxy groups. For both the 1,3-DMB
and 1,4-DMB (0/0) rotamers, the inertial axis systems are rotat-
ed by 15° with respect to the (180/0) rotamers. The experimen-
tal TDM orientation of (0/0) 1,3-DMB makes an angle of 14.5°
with the g-axis, in excellent agreement with the former consid-
eration. For (0/0) 1,4-DMB, the angle of the TDM with the a-
axis is 72°, which is close to the value expected from a pure
geometric axis rotation of 90°—15°=75°".

The electronic character of the excited state can be de-
scribed by the nodal planes of the molecular orbitals involved
in the transition. According to the particle-on-a-ring model for
cata-condensed hydrocarbons of Platt,”” nodes of the MOs
that bisect the bonds of benzene lead to a L, state, whereas
nodes of the MOs that go through the atoms of benzene lead
to a L, state. Heilbronner and Murrell have extended the origi-
nal Platt classification of excited states for substituted ben-
zenes, which have a C, symmetry axis. Here, the labels a and b
distinguish the symmetry with respect to that symmetry axis,
cf Figure 9.' States that give transitions that are parallel to the
twofold axis have the label a, whereas those transitions that
are perpendicular to this axis are label b.5®

We start the discussion with the three rotamers that have a
twofold symmetry axis. For the (180/0) rotamer of 1,2-DMB,
the symmetry axis is the b axis, and the TDM is parallel to this
axis (Figure 8). Hence, the S,<S, transition of 1,2-DMB is la-
beled as L, state, in agreement with the fact that the leading
contribution to the S,<S, transition of 1,2-DMB is LUMO «HO-
MO. For the (180/0) rotamer of 1,3-DMB, the symmetry axis is
still the inertial b axis, but now the TDM is oriented perpendic-
ular to that axis. Hence, the resulting excited state is an L,
state for this isomer. Finally, for the (180/0) rotamer of 1,4-
DMB, the symmetry axis is the inertial b axis, which bisects the
bonds of the aromatic ring in this case. The TDM is parallel to
this axis, leading to an L, state.

" For both the odd and even-atom systems, if the molecule has a two-fold sym-
metry axis passing through an atom, then transitions to a states are polar-
ized parallel to that axis, transitions to b states at right angles to this.*®
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Figure 9. Nodes of the four frontier MOs for benzene and for the three sym-
metric DMBs. The two (degenerate) LUMO «—HOMO transitions in benzene
(L, dashed lines, L, dotted) are forbidden by symmetry. The degeneracy is
lifted by the substituents in the DMBs.

These assignments are further supported by the experimen-
tally observed changes of the rotational constants upon elec-
tronic excitation. Whereas excitation to an L, state leads to a
benzenoid distortion of the ring, excitation to the L, state re-
sults in a quinone-like distortion. The first case will have the
decrease of the rotational constants distributed evenly, where-
as the L, excitation will show a large AA and much smaller AB
and AC. Table 6 shows exactly this behavior.

Table 6. Changes of the rotational constants upon electronic excitation.
The rotamers with C, symmetry axis are (180/0), those without are (0/0)
rotamers.

G, axis no G, axis

1,2-DMB 1,3-DMB 1,4-DMB 1,3-DMB 1,4-DMB
AA [MHZz] -215 —123.7 —160.1 —55.8 —175.2
AB [MHz] —20.7 —7.6 +22 —-11.9 +1.5
AC [MHz] -9.9 —9.15 —22 —10.2 —2.1
state L, L, L, mixed L,/L,

The electronically excited states of the asymmetric (0/0) rota-
mer of 1,3-DMB are mixed, which can be deduced from the in-
termediate changes of the rotational constants (Table 6) and
from the coefficients of the MOs for the excitation to the
lowest singlet state (Figure S5 of the Supporting Information).
Whereas all other (symmetric) rotamers have components of
the excitation from HOMO to LUMO and from HOMO-1 to
LUMO +1, there is some amount of HOMO—1 to LUMO excita-
tion in this rotamer. There is surprisingly little mixing of the ex-
cited states in the asymmetric (0/0) rotamer of 1,4-DMB. There-
fore, the orientation of the TDM in the molecular frame is de-
termined by the amount the inertial axes are rotated away
from the positions of the symmetric molecules.

ChemPhysChem 2018, 19, 307 -318 www.chemphyschem.org

316

CHEMPHYSCHEM
Articles

4. Conclusions

For several rotamers of the three isomeric dimethoxybenzenes,
the orientation and magnitudes of the permanent dipole mo-
ments in the ground (S,) and lowest excited singlet (S,) states,
and the orientation of the transition dipole moment for the
S,<S, transition, have been determined from rotationally re-
solved electronic Stark spectroscopy. The orientation of the
permanent dipole moments and of the transition dipole
moment for excitation of the same electronically excited state
of the DMB rotamers is not necessarily the same. For 1,2-DMB,
the permanent dipole moments in both states and the transi-
tion dipole moment for the transition to the S;-state are all ori-
ented along the inertial b axis. For 1,3-DMB, the permanent
dipole moments lies along the b axis, whereas the TDM for the
S,<=S, transition is a-polarized. 1,4-DMB shows the same be-
havior as 1,2-DMB. All dipoles and the TDM are oriented along
the inertial b axis. For the (0/0) rotamers, which do not have
the TDMs oriented along one of the inertial axes, the angle of
TDM with the inertial a axis is directly obtained from the rota-
tion of the inertial axis system upon internal rotation of one of
the methoxy groups by 180°; that is, the effect of the orienta-
tion of the oxygen lone pairs with respect to the chromophore
is small.

For all isomers and rotamers studied here, the ground-state
dipole moments of the dimethoxybenzenes can be deduced
from the dipole moment of anisole by bond dipole moment
vector addition. Application of vector addition rules for molec-
ular dipole (or higher multipole) moment works in the approxi-
mation of bond dipoles, if the distribution of the electrons is
localized in the regions of the bonds. This is, in general, fulfil-
led in the electronic ground state of a molecule. However, this
is not true for the electronically excited singlet state. Such a
non-additivity of bond dipole moments has been found before
by Reese et al.®™ for cis and trans m-aminophenol. The authors
assumed that the off-axis substitution in these isomers is re-
sponsible for a state mixing of S, and S, zero-order states®. We
therefore calculated the contributions to the excitation to the
S, and S, states, respectively; these are summarized in Table 7.
For the symmetric (180/0) rotamers, the contributions to the
excitations to the S, state are either HOMO—1—LUMO and
HOMO —LUMO +1 with different relative phases, or nearly
pure HOMO —LUMO excitations; that is, they can be described
in a pure L, or L, scheme. The respective S, states have strong
contributions of mixed excitations. Thus, for the S, state of the
symmetric rotamers of DMB, there is no strong state mixing,
which might be responsible for the non-additivity of the excit-
ed-state dipole moments.

It has to be mentioned that the direction of the excited
state dipole moments is predicted correctly for all symmetric
rotamers. Simple addition of bond dipole moments completely
ignores the higher multipole expansion terms such as quadru-
pole moments. The CC2 calculations show that both the mag-
nitude and the anisotropy of quadrupole moments are sub-
stantially different in both electronic states. Therefore, dipole-

2 The 'L, and 'L, states in the notation of Platt.””
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Table 7. CC2/cc-pVTZ calculated vertical excitation energies and coefficients of the contributions to the excitation to the S, and S, states.
1,2-DMB 1,3-DMB 1,4-DMB
(0/0) (180/0) (0/0) (180/0) (0/0) (180/0)
S S, S, S, S S, S, S, S S, S, S,
Veert 33580 33597 34805 35173 30245 30651 37503 42581 32594 33376 32992 33091
HOMO —LUMO 0.91 —0.61 - 0.85 - 0.91 - 091 0.60 0.74 0.95 -
HOMO—1—LUMO - 0.44 0.50 —0.21 0.87 0.21 0.85 - 0.34 —0.20 - 0.41-
HOMO—-2—LUMO 0.22 - - 0.18 - —0.22 - 0.31 - - - -
HOMO —LUMO + 1 - 0.51 —0.69 0.31 —0.31 - —0.49 - —0.66 0.57 - —0.86
HOMO —LUMO + 2 - - - - - —0.14 - - - - 0.16 -

quadrupole interactions can also be expected to be quite dif-
ferent in both electronic states, leading to the observed dis-
crepancies in the excited state. Inductive effects might also
play a big role, given that the polarizability of the DMBs can
be expected to be higher in the excited state compared with
the ground state.
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