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1. Introduction

Mobius—Hiickel topology switching in an
expanded porphyrin cation radical as studied by
EPR and ENDOR spectroscopy

Klaus Mobius,*®° Martin Plato,® Gudrun Klihm,® Christoph Laurich,”
Anton Savitsky,*® Wolfgang Lubitz,° Bartosz Szyszko,© Marcin StepieA® and
Lechostaw Latos-Grazynski*©

The symmetry of the arrangement of objects has fascinated philosophers, artists and scientists for a long
time, and still does. Symmetries often exist in nature, but are also created artificially, for instance by
chemical synthesis of novel molecules and materials. The one-sided, non-orientable M&bius band topology
is a paradigm of such a symmetry-based fascination. In the early 1960s, in synthetic organic chemistry the
interest in molecules with M&bius symmetry was greatly stimulated by a short paper by Edgar Heilbronner.
He predicted that sufficiently large [nlannulenes with a closed-shell electron configuration of 4n
n-electrons should allow for sufficient n-overlap stabilization to be synthesizable by twisting them with a
180° phase change into the Mobius symmetry of their hydrocarbon skeleton. In 2007, the group of
Lechostaw Latos-Grazynski succeeded in synthesizing the compound di-p-benzi[28]hexa-phyrin(1.1.1.1.1.1),
compound 1, which can dynamically switch between Huckel and Mobius conjugation depending, in a
complex manner, on the polarity and temperature of the surrounding solvent. This discovery of “topology
switching” between the two-sided (Huckel) and one-sided (Mébius) molecular state with closed-shell
electronic configuration was based primarily on the results of NMR spectroscopy and DFT calculations.
The present EPR and ENDOR work on the radical cation state of compound 1 is the first study of a
ground-state open-shell system which exhibits a Huckel-M&bius topology switch that is controlled by
temperature, like in the case of the closed-shell precursor. The unpaired electron interacting with
magnetic nuclei in the molecule is used as a sensitive probe for the electronic structure and its symmetry
properties. For a Huckel conformer with its higher symmetry, we expect — and observe — fewer ENDOR
lines than for a M&bius conformer. The ENDOR results are supplemented by and in accordance with
theoretical calculations based on density functional theory at the ORCA level.

molecules of annulenes should be capable of reaching adequate
n-overlap in a twisted Mobius-band configuration. Hence,

The Mobius band has been an object of fascination both in the
arts and sciences, and much has been written about such lines of
thought and inspiration.” ™ In organic chemistry the interest in
molecules with Mdbius topology was stimulated by a paper by
Edgar Heilbronner® in which he predicted, on the basis of Hiickel
molecular orbital (HMO) theory,"*™® that sufficiently large
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Heilbronner’s prediction extended the Hiickel rule by disclosing
a complementary type of aromaticity, wherein Mobius systems
with [4n] n-electrons are “M&bius aromatic”’, whereas those with
[4n + 2] m-electrons are “Mobius antiaromatic”. The premise for
this to happen is the easy accessibility of non-planar conforma-
tions, i.e., the annulene molecules must be large enough to avoid
too much steric strain that would not be overcompensated by
additional m-conjugation.®'” The concept of Mébius topology
as a determining factor for aromaticity in organic molecules
has gained further momentum from quantum chemistry theory
with large-scale calculations up to the level of modern density
functional theory (DFT).'®2*> A number of theoretical and experi-
mental papers followed.>*%102023,24

Quite a number of organic chemistry laboratories took on
the challenge to synthesize Mobius-type conjugated molecules.
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Scheme 1 Accessible conformations of free-base 1 (Mes = mesityl, Ph = phenyl). The 28-n-electron conjugation pathway is shown in bold. The cation

radical of form TO-1 was not observed in the present EPR study.

But it was not until 2003 when the first synthesis of an aromatic
Mobius annulene was accomplished by Rainer Herges and
co-workers.>>*® Subsequently, it has been demonstrated that
expanded porphyrinoids can acquire Mébius topologies.*220:2427-49
In this group of compounds several different approaches have
been applied to induce Mdobius-strip structures including pro-
tonation,'®*® metal and metalloid coordination,>?:3>294%*3 and
fusion reactions.***%**

In 2007, the Wroclaw group of Lechoslaw Latos-Grazynski
succeeded to synthesize the compound di-p-benzi[28]hexaphyrin-
(1.1.1.1.1.1), 1 (Scheme 1), which can dynamically switch between
Hiickel and Mobius aromaticity depending on the polarity and
temperature of the surrounding solvent.”® Di-p-benzihexaphyrin 1
combines structural features of expanded porphyrins!®:444:46:50
and benziporphyrins.>”?#°173%

The macrocyclic framework is built of four pyrrolic (B, C, E,
F, Scheme 1) and two p-phenylene rings (A and D). It is the
relative arrangement of these two benzene rings, acting as
“topology selector”, that allows the molecule to switch between
twisted Hiickel (72-1) and M&bius (T1-1) topology without any
covalent bonds being broken. In the figure-of-eight conforma-
tion, the two benzene rings can form a parallel setting (twisted
Hiickel antiaromatic, 72-1), or orient themselves to each other
perpendicularly (Mébius aromatic, 77-1).>"**° Room-temperature
solutions of 1 dissolved in chlorinated solvents contain an equili-
brium mixture of 77 and 72 conformers. Lowering the temperature
of solution shifts the equilibrium towards Mobius aromatic struc-
ture, while raising the temperature favours the Hiickel antiaromatic
species. The Hiickel species is also the dominant form of 1 when
dissolved in aliphatic hydrocarbons and alcohols. In addition
to T1 and T2 conformers, a planar Hiickel metastable form 70
was also observed by Stepien et al.”"*° during the deprotonation
of hexaphyrin 1 dications at low temperatures.

The present work is the first study of a ground-state open-shell
system which exhibits a Hiickel-Mdobius topology switch, like the
closed-shell precursor does. It should be emphasized here that up
to now only ground-state closed-shell Mobius systems have been
studied both theoretically and experimentally.

For an open-shell system, the appropriate spectroscopic tool
for characterizing such switchable topologies in detail is EPR

This journal is © the Owner Societies 2015

spectroscopy and its extension to electron-nuclear double reso-
nance (ENDOR). The unpaired electron interacting with mag-
netic nuclei (I # 0) in the molecule (hyperfine interaction)
is used as a sensitive probe for the electronic structure and
symmetry properties of the open-shell system.>® Such symmetry
aspects are particularly important in ENDOR since this method
essentially allows one to identify the topology of the observed
species by merely counting the number of lines in the ENDOR
spectrum, because this number is determined by the symmetry
of the molecule. Thus, for a Hiickel structure with its higher
symmetry, we expect fewer ENDOR lines than for a Mdbius
conformer. The ENDOR experiments are supplemented by
theoretical calculations based on density functional theory.

Our main motivation in pursuing this work is to examine
whether a Hiickel-Mobius topology switch in an expanded
porphyrin 1 exists not only in its singlet ground state®'® but
also in its radical doublet groundstate. The switch can be controlled
by a proper choice of solvent, temperature and counter-ion.
The present report is restricted to radical cations of 1, but work
is in progress also on radical anions of 1.

2. Experimental

5,15,20,30-Tetramesityl-10,25-diphenyl-4,D-di-p-benzihexaphyrin-
(1.1.1.1.1.1), compound 1, was synthesized as described
earlier.””””® The yield of the synthesis of A,D-di-p-benzi-
[28]hexaphyrin(1.1.1.1.1.1), starting from pyrrole, is extremely
low (ca. 5%). This renders isotope labeling by >N practically
inaccessible, although this would be desirable as far as ENDOR
spectroscopy is concerned.

Liquid-solution cw (continuous wave) EPR and ENDOR spectra
of the radical cations of 1 were recorded in three different solvents:
dichloromethane (CH,Cl,), chloroform (CHCl;) and dimethyl-
formamide (DMF), over a temperature range between 190 K and
330 K. This wide temperature range was chosen to get the largest
possible population differences between the two conformers,
the Mobius form T7-1 (dominant at low temperatures) and the
Hiickel form 72-1 (dominant at high temperatures). The caveat
of this approach is that at 190 K both CHCl; and DMF are close
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to their melting points (210 K and 212 K, respectively, for the
pure solvents). On the other hand, CH,Cl, has a sufficiently low
melting point (177 K) to cause no problem in this respect.
However, the highest temperature (330 K) slightly exceeds the
boiling point (313 K) of pure CH,Cl, at normal pressure, but,
due to the sealed sample tubes, the liquid phase was always
retained, as was apparent from observing the quality factor of
the microwave cavity. There is another reason for preferring CH,Cl,
over the other two solvents: since the switching behavior between
Hiickel and M6bius aromaticity depends, among other parameters,
on the polarity of the surrounding solvent,”® CHCl; is an unfavour-
able solvent also because of its considerably lower polarity
(e(CH,Cl,) = 9.1, ¢(CHCl;) = 4.9). Although DMF has an even higher
polarity than CH,CL, (¢(DMF) = 38.3), all our ENDOR measurements
for this solvent in the accessible low (Mobius) or high (Hiickel)
temperature regions resulted in spectra with very poor S/N ratio.
Apparently, the critical requirements for the ENDOR-in-solution
effect in terms of viscosity and temperature cannot be matched
for this radical-solvent system.*® Consequently, we focus the
following discussion on the ENDOR results obtained for the
solvent CH,Cl,. The ENDOR measurements were performed in
different rf frequency ranges, i.e., between 12 MHz and 17 MHz
for the detection of "H resonances and between 0 MHz and
8 MHz for N resonances. Experimental parameters, such as
radical concentration as well as mw and rf power, were varied to
optimize the cw ENDOR signal-to-noise ratio.

The radical cations of 1 in CH,Cl, were generated coulo-
metrically under controlled potential at room temperature using
a potentiostat EG&G 283. The coulometry was performed under
high-vacuum conditions in a home-built electrolysis cell using
tetrabutylammonium hexafluorophosphate (TBAPF,) as supporting
electrolyte. The coulometry setup with four electrodes was con-
nected to a high-vacuum line to ensure oxygen-free conditions. The
reference electrode was made from an uncoated silver wire. The
second electrode was a platinum wire, the third one a platinum net,
and the fourth one was the counter electrode. Compound 1 (1 mM)
and supporting electrolyte TBAPF, (10 mM) were put into the cell
and degassed by high-vacuum pumping. About 1 mL of CH,Cl,
(dried over CaH, and deoxygenated using three freeze-pump-
thaw cycles) was then distilled into the electrolysis cell from the
high-vacuum line with its detachable solvent flask.

Cyclic voltammetry of compound 1 was measured before
performing coulometry to assure reversibility of the one-electron
oxidation reaction, and to check for the correct redox potential of the
sample. In the cyclic voltammetry measurements the Pt-wire acted
as working electrode, whereas for the coulometric radical-sample
generation, the Pt-net was used as a working electrode. The applied
voltage was 100 mV more positive than the first oxidation peak.
Oxidation was performed using a charge quantity of 85 mC which,
under ideal conditions, yields 85% singly oxidized compound 1. The
estimated radical-ion concentration was about 10> M. An EPR pyrex
sample tube (3 mm o.d;; 2 mm i.d.) was directly fused to the
coulometry cell. About 40-100 pL of the solution were transferred to
the EPR sample tube and frozen in liquid nitrogen. Subsequently,
the tube was pumped, flame sealed and inserted into the ENDOR
cavity containing the Dewar for sample temperature control.
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Cw EPR and ENDOR measurements at X-band microwave
(mw) frequency (9.5 GHz) were performed with a computer-
controlled ER 200D spectrometer (Bruker) upgraded with
home-built ENDOR and TRIPLE resonance accessories.”” For
optimizing the ENDOR detection sensitivity, a new TM;;o-type
mw cavity/ENDOR coil arrangement was constructed® which is
based on design principles described earlier.”®®° The advantages
of this cavity are stable mw coupling and constant mw field B,
over the sample volume, a high Q factor (~5000) and high radio-
frequency (rf) NMR field B, available over a wide rf frequency
range to cover nitrogen and proton NMR transition frequencies
(up to 2 mT (rotating frame) at 14 MHz for "H ENDOR and 3 mT
(rotating frame) at 2 MHz for “*N ENDOR). The rf power can be
leveled in such a way to achieve a constant effective B, field
across the whole ENDOR spectrum. The temperature at the
sample could be adjusted between 100 K and 350 K, using a
temperature-control system with nitrogen gas passing through a
quartz Dewar that is placed inside the ENDOR cavity. For the
analysis of the ENDOR patterns a simulation program was used
which has been developed in our laboratory.

3. Theoretical

The observed line splittings in the ENDOR spectra of the radical
cations of 1 in liquid solutions are caused by the isotropic
hyperfine interactions of the delocalized unpaired electron with
the various nuclei n of the molecular skeleton. Quantitatively,
this “Fermi contact” interaction is described by the scalar
hyperfine coupling constant (hfc) a,. Its value is proportional
to the squared amplitude of the electronic wave function at the
associated nucleus n, e.g., n = “*N or "H.°" It can be calculated
by the nowadays widely accepted quantum chemical density func-
tional method DFT.%*®* This method is an essential component
of the software package ORCA (Version 3.0) developed by Frank
Neese and coworkers.**

For a set of a, values, the ENDOR line positions on the
frequency scale are given by

VENDOR — |Vn + an/2| (1)

expressing the fact that two lines, symmetrically placed around
the free nuclear Larmor frequency |v,| or |a,/2|, whichever is
larger, are expected for each set of symmetry-equivalent nuclei
n with an hfc a,.

Nuclear coordinates are adopted from the publication of
Stepienr and coworkers.” Their listings contain the Cartesian
coordinates for the DFT-optimized structures of both the Mobius
(T1-1) and Hiickel (72-1) molecules in their neutral singlet ground
states. These structures were obtained by minimum-energy
geometry optimization with the functional B3LYP®>®® and basis
set 6-31G**% on predetermined single-crystal X-ray structures.
They comprise altogether 158 atoms (82 C, 72 H, 4 N), resulting
in 420 or 419 valence electrons in the neutral singlet ground
state or cation doublet state, respectively.

Other essential DFT program settings concern the choice of
a closed or open shell treatment, of a geometry optimization

This journal is © the Owner Societies 2015
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run and of various accuracy options. We have taken various
refinement approaches defined as Cases 1 to 7 and specified in
Tables S1 and S2 of the ESL} For these refinements the isotropic
hfc’s belonging to the four **N- and selected "H-positions in both
structures, T1-1 and 72-1, were calculated. Additional calculations
have been performed to acquire the total energies of the two
conformers and, thereby, to determine their relative stability. They
include the use of the basis set Def2-TZVP (TZVP = triple zeta
valence basis set including f-polarization functions).*® This basis
set is particularly well-suited for determining molecular wave
functions in the near vicinity of nuclei in organic systems.
However, this quite elaborate basis set requires CPU times at
least 10 times longer than conventional double-zeta Pople-type
basis sets, e.g., 6-31G**.

Another important feature of ORCA is the implementation
of the COSMO solvation model developed by Klamt and
Schiiiirmann.®” This model describes the solvent as a dielectric
polarizable continuum. It is initially assumed to be a perfect
conductor which completely shields the charge density of the
solute. The interaction is then scaled to a finite dielectric
constant by an empirical relation. COSMO works as an iterative
process in order to find self-consistent values of the screening
charges and the molecular charge density.

All calculations were performed on the HERMES cluster at the
Max Planck Institute for Chemical Energy Conversion in Miilheim
(Ruhr) with 65 nodes each having 12 cores and 48 GB RAM.

4. Results and discussion

4.1 Experimental

The EPR spectra of the cation radicals of T7-1 and 72-1 show
the broad Gaussian lines typical of unresolved hyperfine struc-
ture (see insets of Fig. 1a and b). This is mainly due to
inhomogeneous line broadening caused by the large number
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of magnetically inequivalent protons in the molecule. Hence, the
EPR spectra lost most of their structural information and are
indistinguishable for the T7-1 and 72-1 conformations. Therefore,
we resort to ENDOR with its inherently higher resolving power.
But, even the 'H-ENDOR spectra are characterized by a large
number of lines (>70), which overlap in the narrow frequency
range between 12 MHz and 17 MHz and, hence, are exceedingly
difficult to disentangle. Thus, the present analysis concentrates
on the "N spectra for which a maximum of eight lines is expected
for symmetry reasons. Our preferential choice of the solvent
CH,Cl, is even more justified because of the fact that here the
topological switching between the Mo6bius and Hiickel topologies
was most convincingly observed in our experiments (see Fig. 1). It
should be pointed out that, owing to the complexity of the
electronic structure of compound 1 and its changes under solvent
and temperature variation, the ENDOR-determined hyperfine
couplings alone do not allow one to identify the Hiickel-M&bius
topology switch, but need to be unambiguously assigned and
analyzed by advanced quantum chemical calculations (here at
the DFT level).

N-ENDOR spectra. Since the proton ENDOR spectra are
characterized by a large number of close-lying lines, most of
which are exceedingly difficult to disentangle, we focus mainly
on the nitrogen ENDOR spectra (see Fig. 1). According to eqn (1),
the "N-ENDOR spectra are expected to contain at most eight
separated lines from the four nitrogens over the frequency range
0 MHz to 4.5 MHz. From the observed line positions, we derived
the corresponding "“N-ENDOR isotropic hfc’s given in Table 1
for both topologies. These results are supported by corresponding
spectra simulations also shown in Fig. 1a and b, respectively.
Information on the linewidths required for these simulations
is included in Table 1.

Both ENDOR spectra in Fig. 1a and b have been corrected for
base line drifts after applying low-pass filtering. Spectral ranges
below 1.0 MHz are omitted because of instrumentally conditioned

ENDOR intensity

16 17 18 19 20

ENDOR intensity

1 1.5 2 25 3 3.5 4

Fig. 1 The liquid-solution X*N cw ENDOR spectra (full lines) of the cation radicals of the conformers T1-1 at 230 K (a) and T2-1 at 330 K (b) in CH,Cl,. The
ENDOR spectra are shown in the usual first-derivative representation with respect to the rf frequency, v;+. The simulated ENDOR spectra (dotted lines) of
the cation radicals of T1-1 and T2-1 are also shown. The simulations are based on the theoretical **N hyperfine couplings, aff!, calculated by ORCA-DFT
as guideline. For details, see text and Table 1. The inset in the upper left corner of (b) shows the zoomed frequency section around 1.8 MHz. In the other
insets (a, left upper corner, b left lower corner) the cw EPR spectra of the cation radicals of compound 1 at the respective temperatures are shown in the

usual first-derivative representation with respect to the external field, Bo.
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Table 1 Experimental results for isotropic 1*N- and *H-hyperfine coupling
constants with additional information on observed ENDOR line positions
and linewidths

Structure

T1-1 72-1
Nucleus Hfc? Position Linewidth Hfc Position Linewidth
N;4(H) 2.70 2.40; 0.30° 0.35° 3.30% 2.70; 0.60° 0.20°
N;5(H) 1.10 1.60; 0.50 0.20 3.30  2.70; 0.60 0.20
N33 4.10 3.10; 1.00 0.40 1.44 1.77; 0.35 0.20
N, 0.20 1.15; 0.95 0.10 1.44 1.77;0.35 0.20
H(N34,Nsg) 3.60 16.4;12.8 0.10 3.60 16.4;12.8 0.10

¢ Hyperfine coupling constants in MHz, assignments according to
theoretical predictions (see Tables 2 and 3). > ENDOR line positions
according to eqn (1), in MHz. Free nuclear frequencies: 1.05(*'N),
14.6(*H) MHz. ° Linewidths (half width at half height, Lorentzian line
shape), in MHz.

strong noise increase. The simulated ENDOR spectra are based
on the theoretical “*N hyperfine couplings, a, which were
calculated by ORCA-DFT as guideline. The ENDOR spectrum of
T2-1 reveals a resonance feature of relatively low amplitude
centered around 1.8 MHz (see upper inset in Fig. 1b). By
applying a well-established combination of numerical spectral
smoothing and differentiation methods®® in the ENDOR data
analysis across the vfrequency region 1.5 < vy < 2.1 MHz,
this feature could be clearly identified as an additional reso-
nance line. The comparatively low amplitude of this line results
from its smaller hyperfine-enhancement factor and smaller
nuclear spin-lattice relaxation rate W,, (ref. 56) as compared
to the corresponding values for the strong line at 2.70 MHz. For the
same reasons, “*N-ENDOR-lines often show a marked decrease
in signal amplitude towards lower frequencies.®® A comparison
with the ENDOR lines of "°N labeled compound 1 would have
been desirable but was precluded for reasons given above
(see Experimental).

In principle, the observed temperature dependence of the
ENDOR spectra of the radical cations of 1 point to a two-site
exchange process between conformers. Their electronic struc-
tures can basically be affected by three mechanisms: (i) by
Coulomb interactions because of ion pairing of the radical
cations and hexafluorophosphate counter anions, PFs , of the
supporting electrolyte, TBAPF; (ii) by solvation effects of the
radical cations; (iii) by different topologies of the cations, or by
a combination thereof. If ion pairing would play a substantial
role, one would expect that at high temperatures, where the
solvent polarity decreases because of averaging-out of the
orientational part of the solvent polarization, the electron spin
and charge densities of the radical cations get more localized.
This would lead to a lower symmetry of the molecular electronic
structure.”® This is in contrast to the experimental ENDOR
results which clearly show that at high temperatures the Hiickel-
conjugated conformer with its higher symmetry dominates,
whereas at low temperatures the Mobius-conformer with its
lower symmetry dominates. Hence, we conclude that ion pairing
is not likely to play a substantial role in the two-site exchange
process between the conformers of 1. We are thus left with

6648 | Phys. Chem. Chem. Phys., 2015, 17, 6644-6652
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mechanisms (ii) and/or (iii) as potential sources for the observed
temperature dependence of the ENDOR spectra — analogous to
the situation of the neutral singlet-state of 1. There, the NMR
spectra and DFT calculations were interpreted to reflect the
topology switching from Hiickel to Mobius conformers when
lowering the temperature.®>°

On physical grounds, we expect different energy gaps AH
between the radical cations of the two conformers T7-1 and
T2-1 than between the corresponding neutral species. In con-
sequence, the equilibrium constants K = [T2-1]/[T1-1] at differ-
ent temperatures may also be different for the radical cations
and the neutral species. On the other hand, our ENDOR
observations on the radical cations show qualitatively the same
temperature behavior as found for the neutral states®° in that
we also get fairly pure conformers at the temperature limits
230 and 330 K. Even more so, the ENDOR results imply an
exceedingly higher concentration (approx. 10: 1) of 72-1 cations
at 330 K relative to that of T1-1 cations. For the neutral species,
this ratio is 1.1: 1, as calculated from the AH and AS values given
in ref. 20. At 230 K, the concentration ratio of T1-1 over 7T2-1 is
found to be approx. 5:1 (19:1 for the neutral species, ref. 20).
Thus, the corresponding relative populations py/py (H = Hiickel,
M = Mobius), are estimated as 10.0 at 330 K and 0.2 at 230 K.
The given concentration ratios for the cation radicals were
determined by simulation of the two respective ENDOR spectra
when superimposing different contributions of T7-1 and 72-1.
In the simulation procedure the main additional contribution in
Fig. 1a is expected from the line at 2.7 MHz in Fig. 1b. In Fig. 1b,
it is mainly the line at 3.2 MHz in Fig. 1a which would cause the
strongest changes in the spectral features.

We now estimate the thermodynamic parameters for the two-
jump conversion of the T7-1 and 72-1 radical cations. In terms of
the associated equilibrium constant K(7), defined by the relative
populations py/py we obtain from the values derived above

K(230 K) ~ 0.2, K(330 K) ~ 10.0. 2)
Inserting these values into the van’t Hoff equation®
K(T) = exp(AS/R — AH/RT), (3)

where R = 8.314 ] mol ' K™ is the universal gas constant and
AS and AH are the reaction entropy and enthalpy changes, yields

AH =25k mol™!, AS=95]mol 'K @)

These values for the conversion of the cation radical species are of
the same order of magnitude as those found for the neutral singlet-
state species®® (19 kJ mol™*, 59 J mol ' K~! measured in CDCI,).
Provided that the solvent effect on the thermodynamic parameters is
of minor importance, the larger value of AH for the charged species
would appear plausible on account of the larger changes in the
charge distributions in 77-1 and 72-1 under the site conversion.
The experimental results for the isotropic '*N- and "H-hyperfine
coupling constants are collected in Table 1 together with additional
information on the observed ENDOR line positions and widths.
Considerable linewidth variations are observed in particular
in the T1-1 spectrum, which is taken at low temperature. This
behaviour is typical of an ENDOR spectrum of a radical in
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solution in the “slow-motion regime”, where the rotational
motion in the solvent is already considerably slowed down.
In this situation, contributions of anisotropic hyperfine inter-
actions to the linewidth become increasingly effective.”® In the
fast rotational motion region at high temperatures, where the 72-1
spectrum is taken, such anisotropic interactions are averaged
out, resulting in a practically constant linewidth over the entire
spectrum. On the other hand, our results indicate the presence
of additional line broadening effects in the 72-1 spectrum as
compared to the narrowest lines in the T7-1 spectrum. This is
attributed to an increasing influence of Heisenberg exchange”"
towards higher temperatures.

"H-ENDOR spectra. A rather problematic situation is encoun-
tered in the case of the proton-ENDOR spectra which, although
satisfactory in their signal-to-noise ratio, are difficult to analyze
on account of their large number of overlapping lines.

The "H-ENDOR spectra reveal only one well-resolved hyperfine
coupling of 3.6 MHz derived from the two lines symmetrically
placed around the free-proton Larmor frequency at 14.6 MHz (see
Fig. 2 and Table 1). These lines are sufficiently separated from the
otherwise badly resolved accumulation of lines in the central part
of the spectrum. We assign this exceptionally large proton hfc to
the two protons attached to one pair of the four nitrogen atoms,
N3, and Njg in compound 1. At present it is unclear why this
hyperfine line does not appear at least partly resolved into two
different hfc’s in the T1-1 spectra, as is predicted by DFT theory
(predicted splitting Av ~ 0.4 MHz, see Case 3 in Table 3). Most
probably, the explanation is that a number of energetically
close-lying tautomers can coexist at comparable concentration.
This would result in an average value of these proton couplings
as is the case of the Hiickel structure 72-1.

4.2 Theoretical

All results of the DFT calculations of isotropic hfc’s, a are
compiled in tabular form for up to seven different ORCA program
settings, including solvent effects by the COSMO model. These
tables are contained in the ESLT The hfc’s for "N nuclei, alf, are
listed in Table S1 (ESIt), those for 'H nuclei, a® in Table S2
(ESIT). It turns out that the COSMO model calculations yield
unsatisfactory results concerning the energetic ordering of the
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Table 2 ORCA-DFT results for isotropic 1*N hyperfine coupling constants
all in cation radicals of T1-1 (Mobius) and T2-1 (Huickel), respectively

a/MHz
Case” Structure” Nj, Njg Ns; N3,
3¢ Ti1 2.64 3.01 4.62 —0.17
T2-1 3.25 3.26 1.44 1.45°
54 Ti1 1.72 3.36 4.10 0.50

“ Different program settings (functional, basis-set, etc.). ” Initial geo-
metries from optimized X-ray structures.’’ ° B3LYP,”* Def2-TZVP.*®
4 B3LYP,”? Def2-TZVP,® but with geometry optimization in the cation
doublet state, spin unrestricted option.®® ¢ Values practically pairwise
equivalent for symmetry reasons.

Table 3 ORCA-DFT results for isotropic *H hyperfine coupling constants
at! in cation radicals of T1-1 (Mébius) and T2-1 (Huckel), respectively.
Meaning of suffixes same as in Table 2

a/MHz
Case” Structure? H(N3,) H(N3g)
3¢ T11 —3.63 —4.58
T2-1 —4.22 —4.23°
54 T1-1 —2.56 —5.13

“ Different program settings (functional, basis-set, etc.). * Initial geo-
metries from optimized X-ray structures.’’ ° B3LYP,”* Def2-TZVP.®®
4 B3LYP,”? Def2-TZVP,® but with geometry optimization in the cation
doublet state, spin unrestricted option.®® ¢ Values practically pairwise
equivalent for symmetry reasons.

two conformers, T7-1 and 72-1. This is not unexpected owing to
the subtle interplay of the interactions of the solvent molecules
with the radical cations and with the counter anions (we thank
the referee for pointing this out).

Here, in the main text, we restrict ourselves to Cases 3 and 5,
which give the best agreement with the experimental results
(see Tables 2 and 3).

The pattern of the selected N and H isotropic hfc’s in the
radical cations of T1-1 and 72-1, as determined by DFT calcula-
tions (Case 1), is visualized in Fig. 3.

Essential features of the theoretical results are the following:
they reflect the increase of molecular symmetry when switching
from the Mobius to the Hiickel structure, in that both nitrogen

0.5

ENDOR intensity /arb.u.

-0.5

0.5

ENDOR intensity /arb.u.
°

12 13 14 15
Vi IMHz

14 15 16 17
Vs IMHz

Fig. 2 (a) Experimental *H-ENDOR-spectrum of the cation radical of T1-1 in CH,Cl, at 190 K. (b) Experimental *H-ENDOR-spectrum of the cation
radical of T2-1in CH,Cl, at 300 K. The cw ENDOR spectra are shown in the usual first-derivative representation with respect to the rf frequency, v, After
applying low-pass filtering, both ENDOR spectra in (a) and (b) have been corrected for base line drifts and amplitude variations due to hyperfine

enhancement of the applied rf field.>®
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O +5.0 MHz
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O -50MHz

Fig. 3 Theoretical hyperfine couplings in the T1-1 (a) and T2-1 (b) open-shell cation electronic states (as specified in each figure). Black and blue
circles or squares refer to protons and nitrogens, respectively. The hyperfine couplings are proportional to the areas of the respective squares (@ < 0)

and circles (@ > 0).

and proton isotropic hfcvalues appear practically pairwise equiva-
lent in 72-1. The four nitrogen couplings in the T7-1 structure appear
rather scrambled over nearly the same frequency range as in 72-1.
This fact explains some of the problems encountered in the analysis
of the ENDOR-spectrum of T1-1 due to partial overcrowding of
certain spectral regions. For this reason, additional computational
approaches, e.g., Cases 4 to 7 presented in Tables S1 and S2 in ESL ¥
were chosen for T7-1 in the attempt to get a closer agreement
between experimental and theoretical a-values.

The comparatively best result for 77-1 (M6bius) was achieved
in Case 5 by using the functional/basis-set B3LYP/Def2-TZVP in
conjunction with a geometry optimization procedure in the
radical cation open-shell doublet state. However, there remains
a maximum discrepancy of 0.7 MHz between theoretical and
experimental results, which is still quite satisfying in view of
the complexity of the electronic structure with its 419 valence
electrons. As shown in Fig. 4, the changes between the optimized
neutral singlet and the optimized charged doublet state struc-
tures of T1-1 turned out to be small (<0.03 A).

As potential candidates for structural changes, we considered
the N-H bond lengths as well as various C-C and C-N bond lengths
in the macrocycle (see Fig. 4). Changes in the attached mesityl
and phenyl rings (see Scheme 1) turned out to be negligibly
small (<0.001 A) and are therefore not displayed. The largest
changes (~0.03 A) occur in the C-C bonds between the

371 A
388 A)
1019 A
(1.020 A)
1357 A | 1430A 1473A
¢ (1.384 A) e (1459 A) (1.468 A)

Fig. 4 Specific structural changes between the geometry optimized doublet
and singlet states (in brackets) of T1-1 (Mébius topology). For the sake of clarity,
all mesityl- and phenyl groups (see Scheme 1) as well as all hydrogen atoms
have been omitted, except those belonging to the two N—H bonds. The largest
changes are marked with a red exclamation mark. For more details, see text.
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macrocycle and the benzene ring having its plane positioned
vertically to the mean molecular plane.

Despite the smallness of all these geometrical changes, the
effects on particular hfc’s are quite significant (compare Cases
3 and 5 for T7-1 in Tables 2 and 3). This demonstrates the
strong dependence of the various local isotropic hyperfine
interactions on the large-scale (global) features of the molecular
orbital (HOMO) carrying the unpaired electron.

A potential problem associated with any quantum chemical
calculation on porphyrinoid molecules like compound 1 is the
choice of the actually observed tautomers. At the free-base level
studied in this work, there are two possible tautomers for the
T2 structure (each of C, symmetry) and three for the 77 structure
(two C,-symmetric and one with C; symmetry).” Energies for all
tautomer structures in vacuo are given in ref. 9 (Table S5, ESIY).
The energy difference between the tautomers of 72 is small
(0.26 kcal mol "), but for T7 the spread of energies is larger. In
particular, the structure of 77 with C; symmetry that originally
was given in ref. 10 and used in the present work’s calculations,
is not the lowest energy structure according to the DFT calcula-
tions.® There exists a tautomer with C, symmetry that is 0.72 kcal
mol ' lower in energy, it is shown in Scheme 1. In the present
work, we focus on the radical cations and, hence, in principle, we
should consider the energy ordering for the cations rather than
that for the neutral species. The ENDOR measurements on the
cation radical of T1 clearly show a C; symmetry on the basis of
the higher number of "N hyperfine lines than allowed for a C,
symmetry. Thus, the energy ordering in the cations turns out to
be not identical with that in the neutral singlet-state molecule.

5. Summary and conclusion

The EPR and ENDOR study on radical cations of di-p-benzi-
[28]hexaphyrin-(1.1.1.1.1.1) presented here allowed to discriminate
between topologically different conformers, the Hiickel structure
72-1 and the Mobius structure T7-1. Evidencing the topological
switch between the two conformers is not feasible alone by
spectroscopic experiments but must be corroborated by quantum
chemical calculations of the spin density distributions. For this
purpose, we applied state-of-the-art DFT theory using different
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refinements of functionals and basis sets supplied by the ORCA
program package. The hyperfine-coupling results of these
various refinements are collected in Tables S1 and S2 of the
ESIt (and partly in the main text).

As the main result, it turned out that the open-shell cation-radical
system, regardless of its number of n-electrons, exhibits the ability to
change between Hiickel and Mobius topologies, similar to what is
known for the closed-shell system. This result is corroborated by
extended DFT calculations searching for total-energy minima of the
electronic structure on twisting the molecular framework. The DFT
calculations indicate, however, that there is only a small energy gap
between Hiickel and Mobius conformations in [28]hexaphyrins.
Apparently, Hiickel and Mébius structures coexist as an equilibrium
in compound 1 which depends on temperature and is shifted at low
temperature towards the Mobius conformer.>°

In this context, and as an outlook, additional EPR and ENDOR
studies on the relationship between Hiickel-Mobius aromaticity and
topological properties of expanded porphyrins in their open-shell
electronic configurations constitute an important extension of the
present research. They are anticipated to provide further insight into
the understanding of the electronic and magnetic characteristics of
Mobius-band aromatic molecules. Both ground-state radical anions
(S = 1/2) and photoexcited triplet states (S = 1) of hexaphyrin 1 are
envisaged as suitable candidates of such studies, and first experi-
ments are in progress in our laboratories.
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