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The intramolecular spin-spin interaction in the highly oxid-
ized species of a star-shaped oligoarylamine, namely
hexakis{4-[bis(p-methoxyphenyl)amino|phenyl}benzene (1),
in which six diphenylamine units are introduced as redox-
active sites into a central hexaphenylbenzene core, has been
investigated by EPR spectroscopy. The hexacation-rich sam-
ple was prepared by chemical oxidation with 7.5 equivalents.
of [bis(trifluoroacetoxy)iodo]benzene (PIFA) in the presence
of 10 vol.-% trifluoroacetic acid (TFA) in dichloromethane at
195 K. Variable-temperature EPR measurements provided
the non-Curie temperature dependence of the signal inten-

sity. The fine structure of the EPR spectrum also varies with
temperature. In order to identify the spin multiplicity of the
generated poly(radical cation), we carried out electron spin
transient nutation (ESTN) measurements based on pulsed
EPR spectroscopy at various temperatures. From the ESTN
spectra, it was found that the high-spin states are thermally
populated with increasing temperature. These results indi-
cate the low-spin ground state of the poly(radical cation) of
1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Owing to the facile preparation and the stability of their
oxidized states, radical cations of arylamines have been
studied extensively as prototypes for organic conductive or
magnetic materials.'! Recent improvements in palladium-
catalyzed aromatic C-N bond-formation has allowed the
synthesis of high-molecular-weight oligoarylamines in a
wide variety of geometrical forms, such as linear,®! star-
shaped, cyclic,®! and ladder structures.®!’ Among them,
the star-shaped oligoarylamines are widely used as hole-
transport components in organic electroluminescent (EL)
devices by taking advantage of their ability to form glassy
amorphous phases.!”]

Lambert et al. have investigated the intramolecular
charge-transfer  properties of  hexakis{4-[bis(p-meth-
oxyphenyl)amino]phenyl}benzene (1) radical cations, in
which six triarylamine redox-active units are arranged in a
nominal D¢-symmetrical geometry (Scheme 1).81 An inter-
valence charge-transfer (IV-CT) absorption band in the
NIR region was observed in the partially oxidized species
(1*=1°%) by UV/Vis/NIR spectroscopy measurements. This
supports the optically and thermally induced electron trans-
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fer among six redox-active sites. These studies found a rela-
tively weak electronic interaction among the six tri-
phenylamine redox-active sites of 1. However, interest is not
limited to the electron-transfer process in 1, therefore we
decided to focus on the magnetic interactions in the higher
oxidized species of 1. It can be expected that highly quasi-
degenerate HOMOs result from the highly symmetrical
structure of 1. This leads to the possibility that high-spin
states (up to the spin septet state for 1°*) can be realized in
the higher oxidized species of 1. In this paper, we report the
spin state of the polycations of 1 on the basis of variable-
temperature continuous wave EPR (CW-EPR) and pulsed
EPR measurements.

Scheme 1.
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Results and Discussion

Polycationic States of 1

As described previously,® the cyclic voltammogram of
1 shows only one broad, unresolved redox couple, thereby
indicating that the redox process corresponds to a quasi six-
electron transfer from the six triphenylamine redox-active
sites but not to a simultaneous six-electron transfer. This
behavior confirms the weak redox interaction between the
six sites. In fact, the dependence of the EPR spectral line
shape on each oxidation state was observed from the frozen
solution EPR spectra for 1 (Figure 1). In this measurement,
the cationic species in the various oxidation stages were pre-
pared by stepwise chemical oxidation with tris(4-bro-
mophenyl)aminium hexachloroantimonate (TBA-SbCly) at
195 K in n-butyronitrile. The signal intensity increases with
increasing amounts of added oxidant. This strongly indi-
cates that the spins generated on the six triphenylamine re-
dox-active sites of 1 are not cancelled out and can therefore
bring the higher oxidized species into diamagnetic states at
higher temperatures. The oxidized species formed by treat-
ment with two equivalents of oxidant shows a three-line
EPR pattern due to the hyperfine interaction with one ni-
trogen nucleus in a triphenylamine site [4,,(N) = 1.86 mT;
Figure 1, a]. However, the addition of further oxidant re-
sults in the disappearance of this EPR pattern. More note-
worthy is that a weak forbidden transition (AMg = *2)
gradually appears at g = 4 with increasing quantity of added
oxidant; this indicates the emergence of a high-spin species.
A fine-structure-like spectral pattern was clearly detected in
the oxidized species treated with six equivalents of oxidant
(Figure 1, d). These results strongly suggest that the highly
oxidized species of 1 contain high-spin species.
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Figure 1. EPR spectra of 1 oxidized with (a) 2 equiv., (b) 3 equiv.,
(¢) 4 equiv., and (d) 6 equiv. of TBA-SbClg in n-butyronitrile re-
corded at 123 K.

The above results led us to focus on the hexacationic
state of 1. To obtain a hexacation-rich sample, we employed
[bis(trifluoroacetoxy)iodo]benzene (PIFA)P! with trifluoro-
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acetic acid (TFA) as the oxidant. TFA plays an important
role in shifting the equilibrium toward the polycationic spe-
cies. More noteworthy is that the residual unused oxidant
does not interfere with the EPR measurements since PIFA
has no unpaired electrons. Chemical oxidation of 1 with
7.5 equivalents of PIFA in dichloromethane in the presence
of 10 vol.-% TFA at 195 K yielded only a pale greenish-blue
solution. However, once the sample had warmed up to
room temperature the color of the solution changed to deep
blue, thus indicating the generation of the higher oxidized
species. The Vis/NIR spectrum of the resulting deep blue
solution reveals an intense absorption band at 760 nm,
which is characteristic for triarylamine radical cations.
However, the IV-CT band at around 1390 nm observed in
the cationic species from 1* to 1°*® was not observed in
this sample (Figure 2). This suggests that 1 is almost com-
pletely oxidized into the higher oxidized species. In ad-
dition, the oxidized sample was found to be stable in solu-
tion at room temperature for hours to days. This was con-
firmed by no change in either the EPR signal intensity or
the spectral line shape with time.
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Figure 2. UV/Vis/NIR spectrum of 1 oxidized with 7.5 equiv. of
PIFA in CH,CL/TFA (9:1 v/v) recorded at room temperature.

CW-EPR Studies

Variable-temperature CW-EPR measurements on the
hexacation-rich frozen solution sample were carried out be-
tween 4 and 80 K in order to elucidate the spin state of 1°7.
The EPR spectrum shows a single broad line at g = 2.0033
with poorly resolved fine structure over the whole tempera-
ture range (Figure 3). In addition, the forbidden AMg = *2
resonance was also detected at g = 4, thus indicating the
existence of the high-spin species (inset in Figure 3). The
other forbidden resonances were not found due to the very
low transition probability.['” It is noteworthy that the fine
structures of the AMg = =1 transition extend over a large
area of magnetic field with increasing temperature (Fig-
ure 3), thus suggesting that thermal excitations into the ac-
cessible excited high-spin states take place. On the contrary,
the shape of the AMg = £2 transition signal remains un-
changed and only one broad line is observed over the whole
temperature range. The complicated temperature depen-
dence of the spectral shape for the AMg = *1 transition
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probably arises from the difference of the distribution
among the accessible excited high-spin states of the higher
oxidized species at each temperature.
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Figure 3. EPR spectra of 1 oxidized with 7.5 equiv. of PIFA in
CH,CI,/TFA (9:1 v/v) recorded at different temperatures. The inset
shows the resonance for AMg = =2 at 80 K.

The signal intensities for the AMg = =1 and AMg = *2
transitions were plotted as a function of the reciprocal of
the temperature over the range of temperatures between 4
and 80 K, as shown in Figure 4. Apparently, the tempera-
ture dependence for the AMg = =1 and AMg = =2 transi-
tions does not obey the Curie law (I « T7'). At the begin-
ning of cooling, there is a steep rise in both the AMg = *1
and AMg = =2 signal intensities, and these signals then
reach their maximum intensities at about 18 K. Finally,
their intensities decrease gradually with decreasing tem-
perature, thereby indicating that the observed high-spin
states are thermally populated. More importantly, the tem-
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Figure 4. Temperature dependence of the signal intensity for the
AMg = *1 resonance (+) and the forbidden AMg = *+2 resonance
(O) of 1 oxidized with 7.5 equiv. of PIFA in CH,CL/TFA (9:1
viv).
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perature dependence of the signal intensity and the spectral
line shape was found to be reversible. This behavior strongly
suggests that no conformational change of the oxidized spe-
cies nor aggregation of the oxidized species takes place.

Pulsed EPR Studies

In the preceding section, we found that various high-spin
species with different spin multiplicities emerge in the hexa-
cation-rich sample due to thermal excitation. In order to
identify the spin multiplicity of these species at low tem-
perature, we performed electron spin transient nutation
(ESTN) measurements based on pulsed EPR spec-
troscopy!!! at various temperatures. The ESTN method is
based on the fact that magnetic moments with different spin
multiplicities precess with a specific nutation frequency (w,,)
in the presence of a microwave irradiation field and a static
magnetic field. If the microwave irradiation field is weak
enough as compared to the fine-structure parameter, the
nutation frequency for the |S, Ms> < |S, Mg — 1> allowed
transition is given, to a good approximation, by [Equa-
tion (1)].

@, = [S(S + 1) - Ms(Ms — )], )]

This equation indicates that the nutation frequency, w,,
can be scaled with the spin quantum numbers S and Mg in
a unit of w;, the nutation frequency for the doublet state.
Thus, the nutation frequency can be regarded as a useful
physical property to determine the definite spin multiplicity
of the high-spin species existing in the oxidized sample of
1.

At 5K, the 2D contour plot of the ESTN spectrum
shows an intense peak at 343.6 mT with w, = 23.4 MHz
(Figure 5, a). This peak can be assigned to the |1/2, +1/2>
< |1/2, —1/2> allowed transition (w, = ®;) for the spin
doublet state, judging from the subsequent measurements.
In addition to the doublet peak, a trace of the nutation
signal was observed in the higher frequency region above
30 MHz, which is attributable to the transitions originating
from high-spin states. At 10 K, however, two distinct peaks
at 341.8 and 345.6 mT with a nutation frequency of
33.1 MHz were observed in the ESTN spectrum (Figure 5,
b). Furthermore, two new peaks at 341.6 and 346.6 mT
with a nutation frequency of 40.0 MHz appeared in the
ESTN spectrum at 20 K (Figure 5, c¢). The frequency ratios
between those additional nutation frequencies and w, =
23.4 MHz for the doublet state are estimated to be 1.41 and
1.71, whose values are nearly 2 and 3, respectively. On the
basis of Equation (1), these new peaks are assigned to the
[1, 0> «> |1, £1> transition for the spin triplet state and
the |3/2, £3/2> « |3/2, £1/2> transition for the spin quar-
tet state, respectively. The reason why the nutation signal
corresponding to the |3/2, +1/2> <« |3/2, —1/2> transition
for the spin quartet state is not observed is unclear at this
stage.
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Figure 5. ESTN spectrum of 1 oxidized with 7.5 equiv. of PIFA in
CH,CI,/TFA (9:1 v/v) recorded at (a) S K, (b) 10 K, and (c) 20 K.

In light of the result that the nutation frequency peaks
corresponding to the transitions for the high-spin states
gradually appear with increasing temperature, the observed
spin triplet and quartet states can be interpreted as the ther-

Eur. J. Org. Chem. 2007, 186-190

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mally excited states of the higher oxidized states of 1. This
means that the higher oxidized species of 1 has a low-spin
ground state. This interpretation is consistent with the
aforementioned CW-EPR results. Unfortunately, the ESTN
spectra at temperatures over 40 K could not be obtained
because the spin echo phase memory time (7,,) of this sam-
ple at these temperatures was found to be so short that the
electron spin echo (ESE) signal decays away during the in-
strument “dead time”.

Conclusions

In order to investigate the spin state of polyradicals with
nominal Dg symmetry, we have focused on the polycations
of the star-shaped oligoarylamine 1. We have prepared a
hexacation-rich sample by chemical oxidation with PIFA in
the presence of TFA. The temperature dependence of the
EPR signal intensities corresponding to the AMg = *1 and
+2 transitions does not exhibit Curie-like behavior. In ad-
dition, the ESTN measurements based on pulsed EPR spec-
troscopy show that the high-spin species increase with in-
creasing temperature. From these temperature-dependent
spectral changes, we have demonstrated that the observed
high-spin states are attributed to the thermally excited
states, the ground state of which is a singlet or other lower-
spin states. We have therefore succeeded in tracking the
change of the spin state due to thermal excitation in poly-
cations of 1.

Experimental Section

General Remarks: Commercial grade regents were used without
further purification. Solvents were purified, dried, and degassed
following standard procedures. The synthesis of hexakis{4-[bis(p-
methoxyphenyl)amino]phenyl} benzene (1) was performed accord-
ing to a previously reported procedure.® Cyclic voltammograms
were recorded using an ALS/chi Electrochemical Analyzer Model
612A with a three-electrode cell using a Pt disk (2 mm?) as the
working electrode, a Pt wire as the counter electrode, and an Ag/
0.01 M AgNO; (MeCN) solution as the reference electrode and
were calibrated against the ferrocene/ferrocenium (Fc/Fc™) redox
couple in a solution of 0.1 M tetrabutylammonium tetrafluorobo-
rate as supporting electrolyte (298 K; scan rate: 100 mVs'). The
UV/Vis/NIR spectra were measured with a Perkin—Elmer Lambda
19 spectrometer.

EPR Measurements: EPR spectra were measured with a JEOL JES-
TE200 X-band spectrometer. Temperatures were controlled by a
JEOL ES-DVTS3 variable temperature unit or an Oxford ITC503
temperature controller combined with an EPR 910 continuous He
flow cryostat. The determination of the g values and the hyperfine
coupling constants was performed with a Mn?>*/MnO solid solu-
tion as standard. Pulsed EPR measurements were carried out on a
Bruker ELEXES E580 X-band FT EPR spectrometer. The ESTN
measurements were performed by the three-pulse sequence shown
in Figure 6. The two-pulse (/2 — 1 pulses) electron spin-echo signal
S(#,) was detected by increasing the width (¢;) of the nutation pulse.
The observed signal S(z;, By) as a function of external magnetic
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field By is converted into the nutation frequency S(w,, By) spec-
trum. The parameters used for the measurements were ¢, = 200 ns,
t3 = 8ns.

echo
/2 pulse 7 pulse S(t)

LA

n o 1000-fns

nutation pulse

—
t; 2t

Figure 6. Pulse sequence used for the present electron-spin tran-
sient-nutation measurements.

Preparation of the EPR Sample: The higher oxidized sample was
easily prepared by chemical oxidation with [bis(trifluoroacetoxy)-
iodo]benzene (PIFA) in a 5-mm quartz EPR tube under nitrogen.
Thus, 7.5 equiv. of a 6.0 mM solution of PIFA in dichloromethane
and then 10 vol.-% trifluoroacetic acid were added to a 1.0 mm
solution of 1 in dichloromethane at 195 K. After mixing, the sam-
ple was flame-sealed under vacuum.
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