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Low-temperature absorption and luminescence spectra of three crystalline nitronyl nitroxides are presented.
For 2-(2-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide and 2-(2-benzimidazolyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide, luminescence with resolved vibronic structure is observed between 700

nm and 1100 nm. The modes forming the resolved structure have frequencies of approximately 600 cm™

"and

1400 cm~'. They are characterized by Raman spectroscopy and electronic structure calculations. The intensity
distribution within the vibronic progressions indicates small structural changes between the ground and
emitting states. The lowest-energy absorption bands observed between 450 nm and 700 nm of the two
luminescent compounds and of 2-cyano-4.,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide also show resolved
structure, but the overall width of these absorption band systems is larger by a factor of 2 than that of the
luminescence spectra. This difference is rationalized in terms of overlapping electronic transitions to at least two
excited states arising from the (SOMO — 1)'(SOMO)? and (SOMO)’(SOMO + 1)! electron configurations,
supported by transition energies and oscillator strengths from density functional calculations.

Introduction

An important current research direction in the area of molecu-
lar magnets is the development of multifunctional materials
using a combination of magnetic and other physical proper-
ties.> Among such materials, those with novel magneto-
optical properties receive particular attention in view of their
potential applications in optoelectronic devices.®> Quantitative
information on the optical spectroscopy and the properties
of excited electronic states is essential in the search for such
materials. A recent review* on molecular solids incorporating
free radicals indicates that their electronic spectroscopy has
not been investigated in detail, in marked contrast to transition
metal compounds with diamagnetic ligands, for which the
effects of magnetic exchange interactions on absorption and
luminescence spectra have been studied extensively.”” This is
surprising, as stable nitronyl nitroxide free radicals receive
considerable use today as spin carriers in the field of molecular
based magnets,® either as tectons of pure organic materials’ !>
or in combination with metal ions in the engineering of
organic—inorganic materials."*'® Molecular solids based on
radicals are highly promising systems with novel magneto-

1 Electronic supplementary information (ESI) available: solution
absorption and luminescence spectra of NITBzImH, Raman spectra
of NITBzImH and NITCN, SOMO — 2 and SOMO - 3 calculated
molecular orbitals for NITCN, SOMO + 1, SOMO and SOMO — 1
calculated molecular orbitals for NITPy and output files for all PM3
and DFT calculations. See http://www.rsc.org/suppdata/nj/
b3/b301479g/
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cedex, France.
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optical properties, as demonstrated recently by Matsuda and
Irie.® By incorporating two nitronyl nitroxide moieties into
a photosensitive diarylethene core, they succeeded in reversibly
switching the intramolecular (radical-radical) magnetic inter-
action upon illumination.?® Nitronyl nitroxides also show
interesting nonlinear optical properties due to their large nega-
tive second hyperpolarizability.>!

Room-temperature absorption spectra of nitroxides and
their complexes in solution have been reported as short
descriptions given when the compounds were first synthe-
sized.??>* A complete study of the absorption and Raman
spectra of a series of nitronyl nitroxide complexes of Cr(ii)
and Ni(i1) was recently carried out by Kaizaki er al.>>*® The
authors were able to correlate the strength of the Ni(i)-radical
magnetic exchange coupling with the absorption intensity.?® A
limited number of other transition metal and lanthanide com-
plexes with nitroxide radicals have also been characterized by
room temperature Raman and absorption spectroscopy.>” %

We recently initiated the magnetic and spectroscopic studies
of a series of nitronyl nitroxides with lanthanide ions and have
reported their unprecedented near-infrared luminescence cen-
tered on the radical ligand.?®3! This has led us to investigate
the low-temperature, solid-state electronic spectroscopy of
uncoordinated nitronyl nitroxides, in order to characterize
their excited states in the visible and near-infrared spectral
regions based on the following comparison of the first full
luminescence spectra and detailed absorption spectra of three
different crystalline nitronyl nitroxide free radicals.

Experimental

Syntheses

2-(2-Pyridyl)-4.,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
(abbreviated in the following as NITPy), 2-(2-benzimidazo-
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lyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (abbreviated
in the following as NITBzImH) and 2-cyano-4,4,5,5-tetra-
methylimidazoline-1-oxyl 3-oxide (abbreviated in the follow-
ing as NITCN) were prepared according to literature
methods and characterized as described earlier.!>'$?? The
molecular structures of all three compounds are shown sche-
matically in Fig. 1.

Spectroscopic instrumentation

Absorption spectra were measured on a Varian Cary SE spec-
trometer using the photomultiplier tube detector for the visible
range. The sample crystals were cooled in a He gas flow cryo-
stat (Oxford Instruments CF-1204) and the temperature was
monitored with a RhFe resistor connected to an electronic
controller (Oxford Instruments ITC4) to stabilize the tempera-
ture to better than +1 K by adjusting both a heater for the He
gas cooling the sample and the gas flow valve from the He sto-
rage Dewar to the cryostat. All spectra presented in the follow-
ing are unpolarized, as no strong dichroic effects were observed
in preliminary spectra polarized along the optical extinction
directions of simple crystals.

Luminescence was excited with the 514.5 nm and 488 nm
lines of an Ar" ion laser. The sample crystals were again
placed in the He gas flow cryostat. The emitted light was dis-
persed with a Spex 500M monochromator and detected with
a Ge diode (Applied Detector Corporation ADC403L). This
detector is sensitive in the 600 nm to 1800 nm wavelength
range and its sensitivity varies very little over the range
examined for the title compounds. The signal was averaged
and stored with a lock-in amplifier, as described previously.*
Raman spectra were measured using a commercial micro-
Raman spectrometer (Renishaw System 3000), again with the
488.0 nm and 514.5 nm Ar™ excitation lines. Care was taken
to reduce the laser power to avoid decomposition of the com-
pounds. This instrument was also used as a sensitive alterna-
tive to measure luminescence spectra at wavelengths shorter
than 1000 nm>® using a liquid helium flow cryostat designed
for this microscope (Janis Research Supertran ST-500). The
origin regions of the luminescence spectra of several lanthanide
complexes with nitronyl nitroxide radical ligands were mea-
sured with this instrument, as reported in a preliminary com-
munication.*

Spectroscopic results

The lowest-energy electronic transitions are characterized by
the combination of luminescence and absorption spectra.
Fig. 2 compares spectra for two different nitronyl nitroxide
free radicals, NITPy in Fig. 2a and NITBzImH in Fig. 2b.
The luminescence spectra have their onsets at very similar
energies of approximately 14820 cm ™! and 15290 cm™! and
overall band widths at half height of approximately 1100
em™ "' and 2100 cm ™' for NITBzImH and NITPy, respectively.
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Fig. 1 Schematic representations of the nitronyl nitroxide radicals
studied by optical spectroscopy. From left to right: NITCN, NITB-
zImH, NITPy.
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Fig. 2 Solid-state absorption and luminescence spectra of (a) NITPy
and (b) NITBzImH measured at 5 K. The inset to (b) shows an
enlarged view of the highest-energy luminescence transition of NITB-
zImH.

The luminescence intensities are low, indicating low quantum
yields, and luminescence lifetimes are shorter than the lower
limit of approximately 500 pus imposed by the near-infrared
detector used. No luminescence was observed for the NITCN
radical, likely due to efficient nonradiative relaxation processes
involving the high-frequency C=N vibrational mode or to effi-
cient intermolecular energy transfer to killer traps in the solid.
The luminescence spectrum of NITBzImH is well resolved and
shows a short vibronic progression with an average interval of
14004 30 cm ™', as illustrated in Fig. 2b. Each member of this
progression has a shoulder lower in energy by 650 +50 cm ™!,
corresponding to at least one additional vibrational mode. The
Iuminescence spectrum of NITPy also shows resolved maxima,
but the resolution is not sufficient to clearly identify vibronic
progressions. Nevertheless, two sets of maxima separated by
500 cm~! are observed, an energy interval similar to that in
the luminescence spectrum of NITBzImH. The energy separa-
tion between the two sets is on the order of 2300 cm™'. All
energy intervals determined from luminescence spectra are
summarized in Table 1.

It is surprising that the luminescence spectra are not mirror
images of the lowest-energy absorption bands. The absorption
spectra in Figs. 2 and 3 have widths at half height estimated to
be of the order of 4000 cm ™', significantly larger than those of
the luminescence bands in Fig. 2. Many nitronyl nitroxides and
their transition metal complexes show absorption spectra with
resolved patterns as illustrated in Figs. 2 and 3, consisting of
a sequence of four to six peaks.>*>* The energy differences
between these maxima are constant within experimental preci-
sion between the high-energy peaks, but a different interval is
observed between the lowest-energy transition, labeled band
A in Figs. 3 and 4, and the next higher peak. This is well illu-
strated for NITBzImH, where band A is lower in energy by
approximately 1200 cm~' than the following band, but a larger
difference of approximately 1500 cm ™! is observed between the
maxima at higher energy. This latter interval is denoted by the
progression labeled band B in Fig. 3. The energy intervals indi-
cate that the sequence of peaks forming bands A and B in the
absorption spectra does not correspond to a single vibronic
progression, for which a constant energy separation is
expected. This conclusion is confirmed by the intensity distri-
bution within the band sequences in the Iuminescence and
absorption spectra. The first member of the progression in
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Table 1 Selected peak positions and energy intervals from absorption
and luminescence spectra, Raman frequencies

Quantity NITBzImH NITPy NITCN
Luminescence highest 14663 14085
energy maximum,/cm ™"
Intervals/cm ™" 30 516
620 2334
1422 3072
Absorption band 15175 15550 13236
A Lowest energy
maximum/cm ™!
Intervals/cm ™' 208 310
Absorption band 16367 17199 14892
B Lowest energy
maximum//cm !
Intervals/cm™" 200 1270 364
1523 462
968
1498
Raman frequencies/cm ™" 620 372
778 523
955 695
1005 1263
1135 1394
1271 1444
1365 1536
1422 1604

the luminescence spectra has the highest intensity. The absorp-
tion spectrum should show the same intensity distribution
if only a single excited state were involved. The experimental
absorption spectra have a very different intensity distribution:
the lowest energy peak is much less intense than the following
higher energy bands. This is most obvious in the spectra of
NITPy in Fig. 2a, where the intensity of the first peak is lower
by at least an order of magnitude than that of the following
bands. To the best of our knowledge, the results in Fig. 2
are the first comparison of full luminescence and absorption
spectra for nitronyl nitroxides, and we will discuss the implica-

Absorbance

! Band B

L A LA L

14000 16000 18000 20000
Wavenumber [cm'1]

Fig. 3 Solid-state absorption spectra of NITPy, NITBzImH and
NITCN (top to bottom). All spectra were measured at 5 K, except
for one spectrum of NITCN, which was measured at 20 K, as indicated
in the figure.
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Fig. 4 Temperature dependent absorption spectra of NITBzImH.
The top spectrum, shown as a dotted line, was measured at room tem-
perature. Temperatures for the spectra shown as solid lines are 77 K,
40 K, 20 K and 5 K (top to bottom).

tions of the observed energy differences and intensity distribu-
tions in the following section.

The detailed view of the highest-energy luminescence tran-
sition for NITBzImH in the inset to Fig. 2b shows resolved
low-frequency vibronic structure in the luminescence spec-
trum. The average interval is on the order of 30 cm ™!, signifi-
cantly less than the interval of 208 cm™! in the lowest-energy
absorption band for this compound. These small energy
separations could be due to delocalized vibrational modes in
the crystal. The intensity distribution within these energetically
close resolved transitions is not identical in luminescence and
absorption spectra and it has been shown that the patterns
for uncoordinated free radicals and their lanthanide complexes
are not identical.*® These differences again underline that the
lowest-energy electronic transitions provide very detailed spec-
troscopic information for the characterization of molecular
materials based on nitronyl nitroxide radicals.

Fig. 3 shows the absorption spectra throughout the visible
wavelength range for all three radicals illustrated in Fig. 1.
All absorption band systems are similar and consist of a weak
lowest-energy band, corresponding to the luminescence transi-
tion discussed above and denoted as band A in Fig. 3. The set
of absorption spectra in Fig. 3 shows clearly that the weak,
lowest-energy absorption bands are not the first member of
the intense progressions at higher energy, in agreement with
the conclusion based on the comparison of absorption and
luminescence spectra in Fig. 2. The lowest-energy absorption
band is the mirror image of the luminescence spectrum and
its higher energy components are in the energy range given
by the dotted line segment for band A in Fig. 3, masked by
the more intense bands corresponding to a different electronic
transition. This higher-energy band system is labeled as band B
and shows resolved progressions with at least three members,
the first of which is most intense. The progressions are indi-
cated on the spectra by the grids in Fig. 3 and the progression
intervals determined from the spectra are summarized in Table
1. The best resolution is observed for the NITCN radical,
shown at the bottom of Fig. 3. Two spectroscopic features
are specific to the NITCN radical. First, a series of very sharp
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peaks at 5 K is observed for band A. These peaks are no longer
observed at 20 K and they have been assigned as cooperative
magnetic excitations.'> Second, the higher energy band B
shows vibronic structure involving at least three vibrational
modes with frequencies of 1500+20 cm ™!, 470 +20 cm !
and 360 +20 cm ™.

Fig. 4 shows the temperature dependence of the absorption
spectrum of NITBzImH. The low-frequency vibronic features
are well resolved at 5 K, but this resolution disappears even at
77 K. The intensity distribution of the low-frequency resolved
bands in the lowest frequency peak, denoted as band A, is
different from the following higher-energy peaks, denoted as
band B. This difference again illustrates that two overlapping
electronic transitions to different excited states are observed.
The band maxima of the main vibronic progression shift by
less than 15 cm™! in this temperature range. The room tem-
perature spectrum, shown as a dotted line in Fig. 4, has less
resolution and the band maxima are shifted to lower energy
by 380 cm ™' compared to their positions at 77 K. This shift
can be due to both vibrational hot bands or slight structural
changes with temperature that influence the energies of the
electronic states. The integrated intensities of bands A and B
are independent of temperature, indicating the absence of effi-
cient vibronic intensity mechanisms.

Discussion

Assignment of low-energy excited states

The comparison of luminescence and absorption spectra in
Figs. 2 and 3 shows that transitions to at least two excited
states form the observed absorption band system. This
experimental conclusion is based on both the luminescence
band shape that is not a mirror image of the absorption band
and on the different shapes of absorption bands A and B in
Figs. 3 and 4. Electronic structure calculations leading to the
molecular orbital energy level schemes illustrated in Fig. 5
and Table 2 further confirm the presence of several excita-
tions in the range of the experimental absorption spectra.
Density functional calculations®> were carried out using the
crystallographic structures!®*®37 of the three radicals shown
schematically in Fig. 1 in order to obtain the molecular orbi-
tals. The unpaired electron occupies the SOMO orbital,
located on the nitroxide group, as has been characterized in
detail by both theoretical calculations and experimental mea-
surements of the unpaired spin density.****° For all three
radicals studied here, qualitatively similar energy level schemes
are obtained, as illustrated in Fig. 5: the energy differences
AE, and AE, separating the SOMO from the SOMO — 1
and SOMO + 1 levels, respectively, are of comparable

30000 -]
20000 |
SOMO+1
— 10000
*-g AE,
) 0 ; J f SOMO
[0
[
- 10000 2
| e ——f—— SOMO-1
t :H:H: ==
-200004  —H—— —H—
NITCN NITBzImH NITPy

Fig. 5 Calculated molecular orbital energy levels of NITCN, NITB-
zImH and NITPy obtained with density-functional theory. The ener-
gies of the SOMO orbitals are set to 0 for this diagram.

View Online

Table 2 Calculated molecular orbital energies using density func-
tional theory. Orbitals are identified by the same labels as in Fig. 5.
The energy of the SOMO orbital was set to 0 for all three compounds
and all energies are given in cm !

Orbital NITCN NITBzImH NITPy

SOMO — 4 —33544 —18295 —19471
SOMO - 3 —20174 —16753 —17279
SOMO - 2 —-20172 —13596 —16789
SOMO — 1 —16058 —12396 —13963
SOMO 0 0 0
SOMO + 1 14389 14222 13219
SOMO + 2 28592 26522 17244
SOMO + 3 35284 29796 26631
SOMO + 4 42160 34034 33371
SOMO + 5 45931 39399 39634

magnitude. It can therefore be expected that excited elec-
tronic states arising from the (SOMO — 1)'(SOMO)? and
(SOMO)’(SOMO + 1)! excited electron configurations are
observed at similar energies and are expected to lead to
overlapping absorption bands. The molecular orbitals in
Fig. 6 can be used to estimate intensities for transitions
between electronic states arising from different orbital
configurations.*! We compare the SOMO—SOMO + 1
and SOMO — 1 —SOMO excitations. The most important
quantity to consider is the heuristic transition density, corre-
sponding to the product of the two orbitals involved in the
excitation.*! We discuss this quantity in the same qualitative
manner given for the HMO model in the literature.*' If the
overlap between orbitals of the initial and final configurations
is small, the transition density is low, resulting in a weak
band. In addition, for orbitals with significant overlap, the
heuristic transition density can be low if there is no net
charge redistribution, corresponding to the parity selection
rule.*! For NITCN, the product of the SOMO — 1 and
SOMO orbitals is very small, as the former orbital has its
main probability density in the plane of the molecule, the lat-
ter perpendicular to this plane. In addition, the sequence of
black-to-grey color changes along the O-N-N-O fragment,
the “phase” of the orbitals, are identical. The SOMO —
1 — SOMO excitation is therefore expected to lead to a weak
band. In contrast, the SOMO and SOMO + 1 orbitals are

Fig. 6 Calculated molecular orbitals for NITCN (left-hand column)
and NITBzImH (right-hand column). The SOMO + 1, SOMO and
SOMO — 1 orbitals are shown from top to bottom.

New J. Chem., 2003, 27, 1200-1206 1203


http://dx.doi.org/10.1039/B301479G

Downloaded on 26 October 2010
Published on 26 June 2003 on http://pubs.rsc.org | doi:10.1039/B301479G

both perpendicular to the plane of the molecule and their dif-
ferent phases lead to a large transition density and an intense
electronic transition. This comparison shows that the molecu-
lar orbital calculations for NITCN correctly indicate that
both weak and more intense low-energy electronic transitions
can occur. The comparison of the same two excitations for
NITBzImH shows that they both lead to nonzero transition
densities based on their phases. The different intensities arise
because of the amount of electron density that is delocalized
onto the benzimidazole ring system. This density is estimated
to be largest for the SOMO + 1 orbital, leading to a weaker
band than for the SOMO — 1—SOMO excitation. This
qualitative analysis confirms therefore that one of the two
lowest-energy absorption bands of NITBzImH is expected to
be significantly weaker than the other. Calculated oscillator
strengths for the two lowest-energy electronic transitions of
NITBzImH using an advanced density functional method*?
and a computationally optimized molecular structure are 5 x
107* and 1 x 1072 with calculated absorption maxima at
11500 cm™! and 12700 cm™", respectively, lower by approxi-
mately 4000 cm™' than the experimental band maxima in
Fig. 4. These calculations therefore also suggest the presence
of two electronic transitions separated by 1200 ecm™' for
NITBzImH, in very good agreement with the energy difference
derived from the spectra in Figs. 3 and 4. The calculated oscil-
lator strengths confirm that the lowest-energy band is weak.
The experimental oscillator strength determined from the solu-
tion absorption spectrum of NITBzImH in dichloromethane is
1.2 x 1072 for bands A and B combined, similar to estimated
oscillator strengths from solution spectra of other nitronyl
nitroxides in the literature,?® and in excellent agreement with
the total oscillator strength of 1.05 x 1072 obtained from the
calculation. All density functional calculations therefore sup-
port the spectroscopic analysis concluding that the absorption
band system observed between approximately 14000 cm ™' and
21000 cm™' shown in Fig. 3 corresponds to two different
electronic transitions.

Vibronic structure in absorption and luminescence spectra

The molecular orbital pictures can be used to qualitatively
characterize the vibronic structure in the absorption and lumi-
nescence spectra shown in Figs. 2 to 4. The main change in
electron density for the two lowest-energy excited configura-
tions occurs on the nitroxide group, as illustrated by the orbi-
tals for NITCN and NITBzImH in Fig. 6. As a consequence,
the O-N-C-N-O bond lengths show the largest differences
between the ground state and the low-energy excited states
discussed here, and modes involving this fragment form the
observed progressions. Experimental energy intervals and
intensities determined from the vibronic structure of the lumi-
nescence and absorption spectra are used to quantitatively ana-
lyze the structural changes along normal coordinates between
the ground and low-energy excited states.*> An appealing spec-
trum for such an analysis is the resolved luminescence spec-
trum of NITBzImH in Fig. 2b. The intervals defining its
vibronic structure correspond to vibrational frequencies
observed in the Raman spectrum as summarized in Table 1.
The spectrum can be calculated by assuming harmonic poten-
tial energy surfaces for both the ground and excited states.

The potential energy surface of the excited state is given by
eqn (1):

E =33 on(0: m

where k& numbers the dimensionless normal coordinates Q,
with frequency w,. The minimum of the excited state potential
energy surface is offset along each normal coordinate by Ay .
These offsets are the only unknown quantities and will be

1204 New J. Chem., 2003, 27, 1200-1206
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determined from the calculations of absorption and lumines-
cence spectra described in the following. For the calculation
of the luminescence spectrum of NITBzImH we assume iden-
tical vibrational frequencies for the ground and emitting states.
The luminescence intensity 7 as a function of the wavenumber

o is given by eqn. (2):* %
oo A? —ia iyt . 2.2
B (74(1 —e “k’)f—k) —iEgt— I
I{(w)=Cw* /e"’”e % ’ ’ dt
(2)

In this equation, C'is a scaling factor, x is equal to 3 for a lumi-
nescence transition, Ey, denotes the energy of the electronic
origin transition and I is a phenomenological damping factor
defining the linewidth of each vibronic band in the calculated
spectrum. Only normal coordinates Q, with nonzero offsets
A have to be considered for the calculation of the vibronic
bandshape considered here. The energy of the electronic ori-
gin, Eq, always corresponds to the highest energy lumines-
cence transition and, in the absence of vibronic origins, to
the first member of the vibronic progressions. From the spectra
in Fig. 2 and Fig. 3, Ey can be evaluated to within 100 cm ™.
The damping factor I' is adjusted to give an acceptable overall
calculated width for each vibronic band and a value of 80 cm ™"
is obtained. Fig. 7a shows the comparison of experimental and
calculated luminescence spectra of NITBzImH. The sim-
ple model calculation based on offsets along only two normal
coordinates leads to a satisfactory agreement with the experi-
mental spectrum. All resulting parameters are summarized in
Table 3. Two experimental vibrational frequencies determined
from the luminescence spectrum, 1422 cm~ ! and 620 cm™!, are
sufficient to calculate the spectrum in Fig. 7a and they are close
to the frequencies of 1325 em ™!, 1432 em™ !, 1455 ecm ™! and
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Fig. 7 Comparison of experimental and calculated spectra, shown as
dotted and solid lines, respectively. (a) Luminescence of NITBzImH.
(b) Absorption of NITCN, second-lowest energy transition (band B
in Fig. 3).
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Table 3 Parameter values used to calculate the luminescence and
absorption spectra in Fig. 7

NITBzImH NITCN
Luminescence Absorption
Parameter spectrum spectrum
Ego/cm™! 14663 14892
we/em™!, Ay 1422, 0.84 1498, 1.52
620, 0.84 982, 1.00
470, 1.41
360, 1.41
I'/em™! 80 25

556 cm ™!, 578 em ™!, 704 cm ™! resulting from electronic struc-
ture calculations® with normal coordinates involving the
O-N-C-N-O fragment, as derived from the molecular orbital
calculations in the preceding section.

The same approach can be applied to the absorption spec-
tra.** % We analyze the absorption spectrum of NITCN
because it shows the best resolution of the three compounds,
and calculate band B. The experimental spectrum shows sev-
eral distinct energy differences and more than two vibrational
modes form the resolved vibronic structure. Their frequencies
are easily determined from the absorption spectrum in Fig. 3
because the individual vibronic bands are narrower than for
the luminescence spectrum in Fig. 7a and a smaller damping
factor I' of 25 cm™' is used for the calculation. The excited-
state vibrational frequencies are not expected to be exactly
identical to the ground-state transitions measured by Raman
spectroscopy. The excited state potential energy surface is
again given by eqn. (1) and the absorption spectrum can be
calculated with eqn. (2), using a value of 1 for x. The resulting
parameters are summarized in Table 3. The vibrational fre-
quencies chosen for the calculation of the spectrum are again
supported by the frequencies obtained from electronic struc-
ture calculations.® Three modes are calculated at 352 cm™',
361 ecm ™! and 372 ecm™ !, close to the experimental frequency
of 360 cm ™' determined from the absorption spectrum. The
calculated frequency of 613 cm™' is close to the experimental
interval of 470 cm ™', and calculated frequencies of 884 cm™ !,
924 cm™ !, 970 cm ™!, and 993 cm ™! correspond to the experi-
mental frequency of 982 em™'. Finally, calculated frequencies
of 1454 em™! and 1557 cm™' are close to the experimental
interval of 1498 cm™'. All of these modes involve the atoms
with significant SOMO electron density, but due to the low
symmetry and high number of atoms in all title compounds,
it is not possible to provide intuitively appealing visualizations
of the coordinates. We note that the molecular orbital calcula-
tion gives ground-state frequencies, but excited-state frequen-
cies define the vibronic patterns in the calculated absorption
spectrum in Fig. 7b. The calculated values provide therefore
a reasonable approximation allowing the assignment of vibro-
nic intervals in the absorption spectrum of NITCN in Fig. 3.

Larger offsets A; are observed for NITCN than for NITB-
zImH. This can be rationalized qualitatively from Fig. 6, where
the change in bonding between SOMO and SOMO + 1 is more
pronounced for NITCN than for NITBzImH. The delocali-
zation of electron density onto the aromatic ring system of
NITBzImH dilutes these changes, leading to weaker bonding
changes and smaller A; values and also to its less resolved
absorption spectrum. Nevertheless, the overall characteristics
of these low-energy excited states are similar. The main struc-
tural difference between the ground state and the low-energy
excited states involves the bonds in the region of high unpaired
electron density. The analysis of our low-temperature absorp-
tion and luminescence spectra shows that nitronyl nitroxides
have several excited states in the visible region of the optical
spectrum. They can be characterized from their resolved vibro-
nic structure.
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