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ABSTRACT: Fusion of benzene, naphthalene, and phenalene
rings with the D ring of the planar Blatter radical leads to extension
of the π-system and increased spin delocalization. The effect of this
π-extension and the position of the ring fusion on the electronic
structure of the radicals was investigated by UV-photoelectron
spectroscopy and DFT CAM-B3LYP/6-311G(d,p) method. The
experimental data obtained for 3 out of 8 derivatives were
correlated with DFT-derived ionization energies.

■ INTRODUCTION

Advances in chemistry of 1,4-dihydrobenzo[e][1,2,4]triazin-4-
yl radicals,1 derivatives of the prototypical Blatter radical2 (A,
Figure 1), have opened up access to functional paramagnetic
materials and enabled their investigation in such fields as
spintronics,3,4 near-IR sensing,5 and organic electronics.6 The
newest developments are in the area of the planar Blatter
radical7 1a (Figure 1) and its derivatives,8,9 which offer not
only planarity and greater spin delocalization but also
tunability of properties by judicious choice of substituents
and π-system extension. Radical 1a can also be considered as
the central structural element of a class of paramagnetic
subnanographenes, formally obtained by fusing its B and D
rings with (het)aromatic systems.
Planar radical 1a is an attractive new platform for

preparation of functional materials. For instance, appropriately
functionalized derivatives of 1a have been shown to form
paramagnetic and switchable antiferroelectric liquid crystalline
phases.10 Further applications of 1a and its derivatives,
especially in surface science, require the knowledge of their
electronic structures and ionization energies in particular, and
also the extent of tunability of their molecular properties. In
this context we have recently obtained gas phase vertical
ionization energies for a series of C(10)-substitited derivatives
of 1a and correlated them with solution electrochemical
potentials and optical band gap energies.11 On the other hand,
the effect of expansion of the π-system in 1a on these
properties is still uncharted. To fill in this gap we focused on
three recently available9 benzene-fused derivatives 1b−1d and
their naphthalene and phenalene analogues (1e−1h, Figure 1)

to asses impacts of the π-extension in the “upper” part (ring D)

of the planar radical 1a on properties, and set out to develop

tools for predicting such properties for even larger para-

magnetic π systems.
Herein we report experimental (1a−1d) and DFT (1a−1h)

investigation of a series of derivatives of the parent planar

Blatter radical 1a with π-extension in the D ring. The π-

extension is obtained by fusing benzene (1b−1d) and

naphthalene rings (1e−1g) at the k, l, or m edges or by

periannulation of phenalene at the k and l edges (1h) of the

parent 1a (Figure 1). For two of the three known derivatives,

1c and 1d, vertical ionization energies were measured using

UV-photoelectron spectroscopy. The entire series was

investigated using density functional theory (DFT), theoretical

IEn were compared to the experimental data for A, 1a, 1c, and

1d, and the correlation was used to predict first ionization

energies for other members of the series. Spin delocalization

and IE1 were analyzed in the context of the ring size and

position of its fusion.
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■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Materials. Radicals 1b−1d were obtained from appropriate
precursors 2 as shown in Scheme 1 and described elsewhere.9

UV−Photoelectron Spectroscopy. The UV−PES spec-
tra were recorded on a home-built (IPREM), three-part
spectrometer equipped with a main body device, He I radiation
source (21.21 eV and/or 48 eV) and a 127° cylindrical
analyzer. The spectrometer works at constant analyzer energy
under 5 × 10−6 hPa working pressure and ≤10−7 hPa for
channeltron (X914L) pressure. The monitoring is done by a
microcomputer supplemented by a digital−analogue converter
(AEI spectrum). The spectra resulting from a single scan

contain 2048 points and are accurate within 0.05 eV. Spectra
are calibrated with lines of xenon (12.13 and 13.44 eV) and of
argon (15.76 and 15.94 eV). The accuracy of the measured
ionization energies is ±0.03 eV for sharp peaks and ±0.05 eV
for broad and overlapping signals. The samples were slowly
vaporized under low pressure (1.3 × 10−6 hPa) inside a
homemade three-valve injector (3/4 in. diameter; 10 cm
length; working temperature: −190 °C ≤ T ≤ +300 °C), and
the gaseous flow was simultaneously and continuously
analyzed by a UV−photoelectron spectrometer. The evapo-
ration was conducted at the following temperatures: 205 °C for
1b (mp 210 °C), 275 °C for 1c (mp 249 °C), and 260 °C for
1d (mp 219 °C).

Computational Methods. All calculations were per-
formed using the Gaussian 0912 computational package.
Geometry optimizations were carried out with the UCAM-
B3LYP13−16 functional and the triple-ζ 6-311G(d,p) basis
set.17 Frequency calculations were performed for the optimized
geometries in order to verify that the stationary points
obtained were true energy minima. Atomic spin densities
summed up to heavy atoms in series 1 were obtained using
Barone basis set18 at the UCAM-B3LYP/EPR-III//UCAM-
B3LYP/6-311G(d,p) level of theory in vacuum and also in
benzene dielectric medium requested with the SCRF-
(IEFPCM, Solvent = Benzene) keyword (IEFPCM, the default
PCM model).19,20 Visualization of molecular orbitals was done
with Avogadro software.21

Vertical IEn were calculated using two methods at the
UCAM-B3LYP/6-311G(d,p) level of theory as recently
demonstrated for a series C(10)-substituted derivatives 1a.11

Thus, in the first, frequently used method22−24 the lowest
ionization energy (IE1) was calculated as ΔESCF = ESCFcation −

ESCFradical for the fully optimized radical in its ground state and
the cation at the radical geometry (single point calculations).
Higher vertical ionization energies (IEn) were obtained as a
sum of ΔESCF and ETD‑DFT(n), where the latter is the En

excitation energy calculated with the TD method for the
cation at the radical geometry. The TD method takes into
account also low-lying ionic states, and this approach has been
demonstrated to be particularly reliable for obtaining accurate
ionization energies.25,26

In the second method, vertical ionization energies (IEn) are
calculated on the basis of Koopmans’ theorem27 and “shifted
eigenvalue” correction.28 In this formalism adopted for analysis
of open-shell molecules, the first ionization energy is IE1

KS =
−εSOMO

KS , where εSOMO
KS is the Kohn−Sham energy of the highest

occupied MO (SOMO) of the radical in its ground state,
obtained with the unrestricted method (UCAM-B3LYP/6-
311G(d,p)). Following the Stowasser and Hoffmann sugges-
tion,28 ionization energies for the first and higher ionization
can be calculated from Kohn−Sham orbital energy corrected
by a constant factor x as IEn = −εHOMO−n+1

KS + xΔESCF, where the
εHOMO−n+1
KS for n > 1 is obtained for fully geometry-optimized
radical, using restricted open-shell method (RO-CAM-B3LYP/
6-311G(d,p)). The “shifted eigenvalue” correction is calculated
as xΔESCF = IE1

ref (ΔESCF)
− IE1

KS using theoretical first ionization
energy as the reference (IE1

ref (ΔESCF) = ΔESCF = ESCFcation −

ESCFradical, vide supra; then xΔESCF = IE1
ref (ΔESCF)

− IE1
KS).29

■ RESULTS AND DISCUSSION

UV−photoelectron spectra were successfully measured for 1c
and 1d, and results together with selected MO contours are
shown in Figure 2. For comparison purposes, Figure 2 also

Figure 1. Structures of Blatter radical A and planar Blatter radical
derivatives 1. Rings and edges are labeled in 1a and rings fused to the
parent 1a are shown in red.

Scheme 1. Synthesis of Radicals 1b−1d According to Ref 9
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contains previously obtained data for 1a. Photoelectron spectra
could not been obtained for 1b probably due to its insufficient
vapor pressure and decomposition during evaporation of the
liquid phase.
The lowest energy band in the PE spectra of 1c and for 1d is

found at 6.35 and at 6.38 eV, respectively, and is ascribed to
the SOMO, which is a π−type antibonding orbital extending
mainly over rings A−D. The second PE band appears at 7.71
eV for 1c and 7.41 eV for 1d and has the same character as the
SOMO: π antibonding extending over most of the heterocycle.
The next higher energy PE band of 1c at 8.08 eV is attributed

to the HOMO−2 and corresponds to the antibonding MO
extending over all aromatic rings. The HOMO−3 and the
HOMO−4 (8.59 and 8.81 eV, respectively) are localized
mainly on the C(2)−phenyl substituent. Finally, the band at
9.12 eV is due to antibonding interactions of four aromatic
rings and nitrogen lone pairs (HOMO−5).
For 1d, the UV−PES band at 8.32 eV is also attributed to

the HOMO−2, localized mainly on rings D and E, while
HOMO−3 at 8.62 eV corresponds to the antibonding MO
extending over the naphthalene fragment and the C(2)−
phenyl substituent. The next band at 8.80 eV contains two
ionizations and is associated with the HOMO−4, localized on
the C(2)−phenyl substituent, and the HOMO−5 correspond-
ing to the antibonding MO extending over all aromatic rings,
with a contribution of nitrogen lone pairs. Full assignment of
the observed bands to particular electronic states (MOs) for all
members of series 1 is provided in the Supporting Information.
A comparison of experimental ionization energies IEn for

three derivatives with DFT-calculated ionization energies
demonstrates that the best correlation is observed for data
obtained using method 2. Analysis of data in Table 1 shows
that DFT systematically underestimates IEn by 0.06 eV with
the uncertainty of ±0.03 eV, which is comparable to the
experimental error. The particularly good performance of
method 2 was noted before in analysis of a series of C(10)-
substituted derivatives of 1a, in which the DFT-derived IEn

were underestimated by 0.04(2) eV.11

The observed high accuracy of method 2 permits prediction
of ionization energies for other π-extended derivatives of 1a
with the experimental precision of ±0.03 eV. Analysis of data
in Table 1 shows that ionization energies have a tendency to
decrease with increasing π-delocalization. Thus, fusing the
benzene ring to 1a lowers IE1 by about 0.1 eV with the biggest
difference for 1b isomer (k edge, ΔIE1 = −0.12 eV). A much
bigger effect of ring fusion is observed for IE2, which is
moderately lower in the isomer with fusion at the m edge (1d,
ΔIE2 = −0.33 eV) and strongly affected in isomer 1b (k edge,
ΔIE1 = −0.63 eV), while little impact on IE2 has fusion at edge
l (1c, ΔIE2 = −0.03 eV).
Fusing the naphthalene ring with 1a shows essentially the

same, within the experimental error, lowering of IE1 by about
0.1 eV relative to 1a. As observed for benzo-fused systems, the
biggest decrease in IE1 is observed for the k edge in isomer 1e
(ΔIE1 = −0.15 eV). Finally, periannulation with phenalene at

Figure 2. UV−photoelectron spectra of radicals 1a, 1c, and 1d with
contours of three highest occupied MOs corresponding to the lowest
IEn.

Table 1. Ionization Energies, IE1 and IE2, and Spin Delocalization Parameter RDV−1 for Radicals 1 and A

experimental IEn/eV
a

DFT method 1b

IEn = ΔESCF + ETD‑DFT/eV DFT method 2b IEn = −ε
KS + xΔSCF /eV

compd IE1 IE2 IE1 IE2 IE1 IE2 xΔSCF RDV−1 c

Ad 6.40 7.98 6.41 7.70 6.41 7.97 0.319 3.538

1ad 6.45 7.74 6.43 7.33 6.43 7.63 0.320 3.809

1b 6.33e 7.11e 6.27 7.05 6.27 7.38 0.252 3.832

1c 6.35 7.71 6.39 7.32 6.39 7.53 0.245 3.789

1d 6.38 7.41 6.28 7.07 6.28 7.40 0.257 3.628

1e e e 6.24 7.04 6.24 7.35 0.219 3.893

1f e e 6.31 7.17 6.31 7.35 0.208 3.906

1g e e 6.28 7.08 6.28 7.37 0.205 3.718

1h e e 6.25 6.96 6.25 7.00 0.183 3.877

aUV−PES; estimated accuracy ±0.03 eV. bIE1 = ΔESCF = ESCFcation − ESCFradical at the UCAM-B3LYP/6-311G(d,p) level of theory. See text for
details. cRadical delocalization value obtained from spin densities using UCAM-B3LYP/EPR-III//UCAM-B3LYP/6-311G(d,p) in a vacuum.
dReference 11. eCalculated from relationship: IEn(UVPES) = IEn(DFT) + 0.06(3).
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edges k and l of 1a has a moderate effect on both IE1 and IE2 in
1h, which are lower than those in the parent 1a, but similar to
those in 1e (Table 1).
Lastly, the effect of π-extension on spin density distribution

in radicals in series 1 was analyzed using an inverse of Radical
Delocalization Value30 (RDV−1), which is a sum of square of
DFT-derived spin densities on all heavy atoms (RDV =
Σ(ρi)

2).11,31 Analysis of data in Table 1 shows that the RDV−1

value remains essentially unchanged, when the benzene ring is
fused at edges k and l of 1a, but it is markedly lower for isomer
1d (the m edge). An analogous effect is observed for fusing the
naphthalene ring: the RDV−1 value slightly increases for
isomers 1e and 1f (k and l edges), but it is lower for fusion at
the m edge (1g isomer). Periannulation of phenalene at edges
k, l of 1a gives essentially the same effect in 1h as fusion of
naphthalene in 1e and 1f. This very modest spin delocalization
in derivatives 1b−1h is in contrast with findings for the parent
Blatter radical A: fusion of benzene at ring B of radicals A
decreases spin concentration on the central [1,2,4]triazinyl
unit by 9.3%,32 while the same fusion on ring D in flat Blatter
radical 1a diminishes the total spin concentration by only 1−
2.3%, depending on the fusion edge.
The above analysis demonstrates, that the electron spin

remains localized largely in rings A, C, and D, as shown for 1a
and 1h in Figure 3, essentially unaffected by π-extension of ring

D. Also, the electrostatic potential of the “lower” rings is little
changed upon π-extension (Figure 3). These observations are
consistent with the fact that spin delocalization onto “upper”
rings C and D of 1a requires zwitterionic resonance structures
(Figure 4) and thus is unfavorable.

■ CONCLUSION

Photoelectron results for radicals 1c and 1d combined with
those for parent 1a and A revealed an excellent correlation

with DFT computational results, which allowed us to assess IE1

for more highly delocalized systems. Detailed analysis of IE1

and spin delocalization in series 1 demonstrated only a modest
impact of π-extension in the “upper” ring D of the parent
planar Blatter radical 1a on its electronic properties. Thus,
extension of π system of 1a by up to 10 sp2-hybridized atoms
in ring D resulted in lowering the ionization energy IE1 by 0.15
eV in 1h with an average in the series of −0.11(3) eV.
Similarly, modest impact of π-system expansion on spin
delocalization, measured by RDV−1, in series 1 was observed.
Analysis also revealed some minor differences in these two
parameters IE1 and RDV−1, between isomers and it appears
that the biggest, although still small, impact is observed for π-
system fusion at the k edge of 1a. These findings and trends are
consistent with the mechanism of electronic communication of
the spin-supplying [1,2,4]triazinyl (ring A) with ring D of the
parent 1a, which involves energetically unfavorable zwitterionic
resonance structures.
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