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The luminescence-spectroscopic characteristics (the parameters of the absorption and luminescence spectra and the lifetimes
and conditions in the observation of luminescence) of the radical products of the photolysis of aromatic compounds, namely
abstraction radicals, hydro-radicals, radical-ions, and biradicals, are examined.

The bibliography includes 158 references.

CONTENTS 929
I. introduction 929

1. General characteristics of the luminescence of polyatomic molecular systems 931
111. The benzyl radical 933
1V. Radicals of the benzyl type 936
V. Hydro-radicals 937
Vi. Heteroradicals 938
VI1l. Radical-ions 942

Viil. Biradicals

I. INTRODUCTION

The study of the luminescence-spectroscopic properties
of polyatomic molecular systems can yield information about
the nature and characteristics of the processes involved in
the evolution of electronically excited molecular states. A
number of problems of practical importance have made such
research particularly timely. Among these we may mention
the problem of the selection and creation of active media
for lasers based on solutions of organic compounds, the
development of methods of synthesis of effective organic
phosphors and scintillators, the development of systems
for the photochemical recording of information, the creation
of photostable and radiation-chemically stable systems, etc.

The luminescence-spectroscopic properties of organic
molecules have been so far studied in adequate detail and
at sufficient depth and the general characteristics of their
dependence on the electronic structure of the molecules
have been established.!”™® The principal stages in the
development of such investigations are associated with the
development of orbital models to describe the electronically
excited molecular states, the study of the fine structure of
vibronic states, and the development of theoretical ideas
about the nature and characteristics of non-radiative
conversion processes.

The problem of the determination of a relation between
luminescence-spectroscopic properties and the structure
of radicals and biradicals derived from organic compounds,
which are the primary products of the photochemical and
radiation-chemical reactions, has been solved to a much
lesser extent. It is essential that they be solved because
luminescence (together with EPR) is one of the main proce-
dures whereby the decomposition products of the initial
compounds can be detected. Furthermore, a luminescence
analysis makes it possible to determine the electronic state
in which the decomposition product is formed and hence
to understand the mechanism of the process.

We may mention further that at advanced stages of
photolytic (or radiolytic) processes, the radicals and
biradicals themselves react and the mechanisms of such

reactions cannot be understood without the knowledge of
the nature of their electronic states.

The present review gives a systematic account of exper-
imental luminescence-spectroscopic data for the radicals,
biradicals, and radical-ions derived from aromatic compounds
together with their interpretation based on molecular orbital
ideas concerning the nature of the electronically excited
states and the general characteristics of the processes
involved in radiative and non-radiative evolution. Since
these ideas and characteristic features have been described
in a number of reviews in recent years,?“° in the present
review we will confine ourselves to a brief description.

Il. GENERAL CHARACTERISTICS OF THE LUMINESCENCE
OF POLYATOMIC MOLECULAR SYSTEMS

The electronic states of radicals and biradicals, like
those of molecules, can be classified in terms of the multi-
plicity of the given states. The electronic states of
molecules and biradicals can be of the singlet (S) and
triplet (T) types, because these systems contain an even
number of electrons. In the majority of molecules, the
ground state is of the singlet type (S;) and the electronically
excited state with the lowest energy is of the triplet type.
The ground state of the majority of known biradicals is of
the triplet type. In conformity with the fact that radicals
contain an odd number of electrons, they can have either
doublet (D) or quartet (@) electronic states. The ground
state of known radicals derived from organic compounds
is of the doublet type (D,;). The lowest electronically
excited state in most cases is a D state, while @ states
have a higher energy.

Another important characteristic feature of excited states
is their orbital nature. Ideas concerning the orbital nature
of the electronic transitions and electronically excited states,
which have been developed in detail for planar m-electron
systems, can be used without any changes for planar radicals
and biradicals. Accordingly, Sqpx, Sppx, Tnpt, Tpp*, ete.
states are possible in biradicals, whereas Dypx, Dppx,

Q@ mm*, @uux states are possible in radicals. For systems
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with a non-planar structure, states of the nn* and mwn*
types cannot, strictly speaking, be separated even in
terms of the Condon approximation. However, when the
deviations of the geometrical structure of the system from
planarity are small or when the 7 and n orbitals are separated
by large energy gaps, the lowest excited states of the
system can be approximately classified as wn*, nm*, etc.
states.® As for molecules, we shall retain designations of
the type S,, T,, and D, for the ground state, because they
are adequate for the description of the luminescence-spectro-
scopic properties (we may note that they can be specified
in greater detail for the purpose of the EPR method). Here
we shall also not dwell on the differentiation of the mn* and
nm* states of molecular systems containing { and v orbitals. "
Two principal channels leading to the decomposition of
electronically excited states of photostable polyatomic
systems are known to exist, namely the photon emission
process (luminescence) and non-radiative conversion
processes in which the energy of the electronic excitation
is converted into the vibrational energy of the nuclei of
the system. The probability of both is governed signifi-
cantly by the orbital nature and multiplicity of the combining
states and (especially for the conversion processes) by the
transition energy. The general features which determine
the probability of the radiative processes and the non-
radiative conversion processes as a function of the structure
of the molecular system have been to a large extent elucidated
for n-electron molecules. Some of them can be transferred
to polyatomic radicals and biradicals without significant
changes, while others must be somewhat modified taking
into account the characteristic features of the structures
of these systems and the form of their energy spectra.
Here we shall discuss briefly these features emphasising
their similarity and differences in the case of molecules,
radicals, and biradicals.

(a) Radiative Transitions

The probability of radiative transitions between states of
identical multiplicity (fluorescence in the case of emission)
is determined by the orbital nature of the transition. Since
the expressions for the probability of a radiative transition
in molecules, radicals, and biradicals, contain isotypical
matrix elements of the dipole moment of the transition, the
features found for molecular systems can be used also for
radicals and biradicals. In the case of the symmetry-
allowed m - w* transitions (Dy > Dy, To > Tam*, Sp >
Sqm*) the dipole moment of the transition e<wjr|n*> (where
r is the radius-vector of the electron and e its charge) is
approximately 1 a.u., the oscillator strength f = 0.1-1
and the radiative lifetime 1, of the excited state is ~10~° —
107°% s If the ™ + 7* transition is symmetry-prohibited,
its probability may be found to be non-zero only on going
outside the framework of the Condon approximation. The
oscillator strength is then reduced to approximately 1073 -
107% and T, is increased to ~107°%s.”

The n + 7* electronic transition is allowed in terms of
the Condon approximation only when the n orbital contains
an admixture of an atomic s orbital. The oscillator strength
of such a transition is approximately 10™° and 1, = 105 s.?
For the symmetry-prohibited n -~ m* transitions, the oscillator
strength is ~10~* — 10~° and the lifetime is ~107°s.? We
may note that, when the steric structure of the system
deviates from planarity, the n7* and nn* states of the
corresponding planar configuration are mixed and the
probability of a transition genealogically related to the
n ~ 7* transition increases.
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The probability of multiplicity-prohibited transitions
depends on the energy of the spin-orbital coupling of
states of different multiplicity, which depends in its turn
on the orbital nature of the interacting states. The matrix
elements for the spin-orbital coupling of states (of identical
orbital nature) of planar molecular systems are small,
because they contain only the three-centre one-electron
integrals and two-electron integrals. They are estimated
as approximately 0.1 em~'.*®!!  The matrix elements of
the spin—orbital coupling of electronic states of different
orbital nature (for example, nm* and wr*) include one-centre
one-electron integrals, which are proportional to Z", where
Z is the effective charge of the atomic nucleus carrying the
n electrons. For this reason, the matrix elements
|<Sm*|Hso | Tpyps> | and |<snn*|Hso|Tﬂﬂ*>| are relatively
large, amounting to approximately 100 cm7*. ** The matrix
elements I<Dn-n-*[HSOIQmT*>| and |<Dqp+ | so!@nm*>| can
reach values of the same order of magnitude. Such a
large difference between the coupling energies of states
of the same and different orbital nature and the difference
between the probabilities of the multiplicity-allowed m - w*
and n -+ 7* transitions lead to significant differences between
the probabilities of the multiplicity-prohibited m + m* and
n ~ 7* transitions.

Since the Tp*(Qnq*) states are linked by a comparatively
strong spin—orbital coupling with the Su*(D %) states
and the probability of the S; >~ Sy x (D, > Dyyx) transitions
is high, the radiative lifetime of the T, x(Qpq*) states is
comparatively short. For molecular systems, it amounts
to approximately 10™% - 1073 s.'~* For reasons which are
clear from the foregoing, the radiative lifetime corresponding
to the Tppx > Sy and @ + D, transitions is, unlike the
previous case, large, amounting to 0.1-10 s.*™"

(b) Non-radiative Conversion Processes

Such processes are understood as processes involving
the conversion (total or partial) of the electronic excitation
energy of the system into vibrational energy. Two types
of conversion processes are distinguished in molecular
systems: the internal conversion processes (S—S and
T~T) and intersystem crossing processes: singlet—triplet
(S—-T) and triplet—singlet (T—-S,) (degradation processes).
The internal conversion processes take place as a conse-
quence of non-adiabatic interaction, while intersystem
crossing processes are possible only with participation of
spin—orbital coupling.

The probability of internal conversion processes diminishes
exponentially with increase of the transition energy.® If
the transition energy exceeds approximately 2.5 eV, the
probability of this process is less than the probability
of emission and intersystem crossing. In this case the
contribution of the internal conversion process may be
neglected in the description of the evolution of the electron-
ically excited state. Such a situation is observed in reality
for many polyatomic aromatic molecules in the transition
between the lowest excited S, state and the ground S,
state.'* In molecules containing a comparatively small
number of atoms (for example, in benzene and its simplest
derivatives) the 7 »> 7* electronic excitation entails an
appreciable decrease of the lengths of the C—H bonds whose
stretching vibrations play the role of promoting vibrations
in the internal conversion process. This leads to such a
significant increase of the probability of the internal con-
version that it becomes close to the probability of emission
and S—T conversion even for transitions with energies
exceeding approximately 2.5 ev.*3
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If the transition energy is 1.5-2.5 eV, then the probability
of internal conversion for polyatomic molecules and molecules
with a comparatively small number of atoms is similar to,
as regards order of magnitude, or exceeds the probability
of emission and S—T conversion. In this case the internal
conversion process competes with other processes leading
to the decomposition of the excited state and the role of
conversion increases with decrease of the transition energy.

Finally, if the transition energy is less than approximately
1 eV, the main pathway to the decomposition of the excited
state becomes the internal conversion process whose rate
constant exceeds 10** s™! and it suppresses the emission
process. This energy range is characteristic of transitions
between the electronically excited states of molecular systems:
the very low (approximately 10™") quantum yields of the
fluorescence in the highest excited states are due to this
factor (Kasha's rule!). The internal conversion process
is characterised by an isotope effect (H/D) whose magnitude
increases sharply (exponentially) with the increase of the
transition energy. If the conversion process competes
with the emission process, then the isotope effect affects
also the fluorescence yield,®

Thus, since, as shown below, the energy of the long-
wavelength multiplicity-allowed transition is much smaller
for radicals and biradicals than for molecules, the internal
conversion process (D,~D, or T,~T,) in radicals may com-
pete with the fluorescence process and the fluorescence
quantum yield should be sensitive to isotopic H/D substi-
tution; such a situation has indeed been observed exper-
imentally. As for molecules, the yield of the fluorescence
from the highest excited states of radicals and biradicals
cannot be high.

The probability of the intersystem crossing (degradation)
processes depends on the energy of the spin—orbital coupling
of the combining states and diminishes exponentially with
increase of the transition energy. Since the energy of
the spin—orbital coupling of states of different orbital nature
is relatively high (see above), the probability of the con-
version processes Sqy* > Tpgx and Sppx ~> Tap* is also
high and the rate constant is approximately 10*°-10!* 71
for molecules.?* If there is a possibility of processes of
this type, the fluorescence quantum yield is very low,
(approximately 107°-10""). In conformity with the fact
that the spin—orbital coupling of states of an identical
orbital nature is weak, the probability of the Squp ~> T %
and Spn* > Tpq* conversion processes is appreciably
lower and amounts to approximately 10’-10° s~*, 2** Con-
sequently processes of this kind can compete with the
fluorescence process but do not lead to the complete
suppression of the latter. The relations between the
processes involved in the evolution of excited states
described above serve as a basis for a systematic treat-
ment of molecules in terms of their luminescence-spectro-
scopic properties.'®*” These features can be transferred
without any changes to the S >~ T and T - S transitions in
biradicals and the D > @ transitions in radicals. In particular,
it is shown below that, when there is a possibility of inter-
system crossing between the excited states of different
orbital nature, the fluorescence yield of biradicals is very
low.

In the case of intersystem non-radiative transitions to
the ground state where the probability of the transition
depends on the spin—orbital coupling, the dependence of
such probability on the transition energy, which has been
studied in detail both experimentally and theoretically for
molecular systems,?’*181° becomes of primary importance.

A sharp decrease of the phosphorescence yield with decrease
of the energy of the T + S, transition is a consequence of
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this dependence. Such behaviour also obtains in the case
of radicals and biradicals.

Thus one may expect that, if the energies of the excited
states of radicals and biradicals are relatively low, the quan-
tum yield of their luminescence should be smaller than for
molecules.

111, THE BENZYL RADICAL

The luminescence of radicals of the benzyl type (the
triphenylmethyl radical) was first observed in 1944.2°
This radical was formed chemically in solution in the
ether—isopentane—alcohol (EPA) mixture; on cooling the
solution to 90 K, the absorption and luminescence spectra
of the radical were recorded.

The benzyl radical is the simplest odd alternant aromatic
hydrocarbon and its structure has been thoroughly investi-
gated.?! It is illustrated in Fig.la. Three of the four
electrons of the methyl carbon atom are located in the
hybrid sp® orbitals forming two C—H bonds and one C—-C
bond; the fourth electron is involved in 7 conjugation.

Numerous theoretical calculations by various methods
indicate the occurrence of prohibited electronic transitions
in the range 400-500 nm (2.5—3 eV) and of allowed transitions
in the ultraviolet region of the spectrum at 250—350 nm
(3.5—-5eV).
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Figure 1. a) The structure of the benzyl radical; b) the

excitation (curve 1) and luminescence (curve 2) spectra of
the benzyl radical in a vitreous solution at 77 K.*!

The absorption spectrum (the luminescence excitation
spectrum) of the benzyl radical (Fig.1) has three distinct
bands in the region of 450, 320, and 250 cm, which corre-
spond to different electronic transitions. The characteristics
of these bands are presented in Table 1. The most probable
extinction coefficients are €, = 50 litre mol™* em™! in the
long-wavelength band, €, = (1-5) x 10° litre mol™! em™~? in
the region of 320 nm, and €; = 10" litre mol™? em ™! in the
short-wavelength region. The weak absorption band in



932

the region of 450 nm was first observed in the photolysis of
toluene in solution in the isopentane—methyleyclohexane
glass at 77 K. 2% It has been noted?’ that the extinction
coefficient of the benzyl radical can vary with solvent polarity:
with increase of the polarity, the ratio €,54/€;,4 diminishes:
at room temperature it is 4.4 in cyclohexane, 3.3 in alcohol,
and 2.5 in water.

Table 1. The maxima (A, nm) and extinction coefficients
(e, litre mol~! em~1!) of the first, second, and third
absorption bands of the benzyl radical.

Matrix T, K y N 7, N Py 8 Refs
Methanol 208 | — — 1318 4500 — — [27]
Water 293 | 450 | 50 |317.5) 5500] 258 14 000 28]
Alcohols 298 — — 318 4400 — —_ [29]
Cyclohexane 2903 — —  |317 12 000 — — {30]
Gas phase 203 | — — 1305.3| 10® 253 — [31]
3-Methylpentane 77 453 30 (318 11001 — — {32
3-Methylpentane 771 450 68 |318 9201 250 1900 [33]
3-Methylpentane 77 { — — {318 1 000{ 258 hd {35]
3-Methylpentane 77— — {317.5]12000] — — 137]
2-Methyltetrahydroturan T 420 400 | 320 18 000 — — [34]
Ether-isopentane~alcohol 77 -~ — 318.2 {19200 — — [36]
* ggfr,=4,5.
Table 2. The energies of the long-wavelength 0-0
transition (E;q) in the benzyl radical.
Epg, em! Solvent State T. K Refs.
— gas 293 38
— gas 293 39
— gas 293 46
— gas 293 42
— gas 293 41
Paraftin gl 7 26
3-MP pc 7 41
MCH pc 88 43
CP pe 85 43
MCP pc 88 43
CH pe 77 48
CH pe 77 42
n-Pn pe i 44
22007 neon — 4.2 145]

Notation: gl = vitreous state (glass), pc = polycrystalline
state, 3-MP = 3-methylpentane, MCH = methylcyclohexane,
CP = cyclopentane, MCP = methylcyclopentane, CH =
cyclohexane, and n-Pn = n-pentane.

The luminescence of the benzyl radical was first observed
in an electric discharge in toluene vapour.’®3° It was
subsequently observed in solutions in glasses*®*! and in
polycrystalline hydrocarbons"?”** at 77 K and also in a neon
matrix at liquid helium temperature.“® Table 2 presents
the energies of the 0—0 transitions of benzyl radicals under
different conditions. In the gaseous phase the energy
of 22002 cm™! (454.5 nm) appears to be the most likely.
The same transition energy has been found also in an inert
gas (neon) matrix at 4.2 K. A shift of the 0—0 transition
towards lower energies by 300—400 em™! (~10 nm) has been
observed in the condensed phase. Deuteriation of the

radical reduces the energy of the 0—0 transition by 90—-100 em™ ¢

in both gaseous"“® and condensed“® phases.
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According to theoretical calculations, bands corresponding
to two 7+ w* electronic transitions, having similar energies
but associated with excited electronic levels of different
symmetry (A, and B;), should occur in the long-wavelength
part of the spectrum; according to some calculations, the
lowest excited level has the A, symmetry,"*®% while in
other studies the lowest excited state is said to have the
B, symmetry.2"

A calculation carried out?? taking into account only singly
excited configurations has led to the conclusion that this
state has the B, symmetry; allowance for doubly excited
configurations lowers the energy of the states with the
A, symmetry. It is now regarded as established that the
lowest excited state has the A, symmetry both in solid
solutions®' and in the gaseous phase"’’>? and that the
splitting between the excited 1?A, and 22B, states is
430—485 cm ™! for the benzyl radical and 355—370 cm~?! for
the perdeuteriobenzyl radical.

Thus the 124,~1?B, optical transition is responsible for
the fluorescence of the benzyl radical. This transition is
symmetry-prohibited and the extinction coefficient is
approximately 50 litre mol™ em™! (Table 1) and, when
account is taken of the fact that the energy of this transition
is ~2.5 eV and that the radical contains relatively few atoms,
competition is to be expected between the internal conversion
and D, + D, fluorescence processes. Experimental data
have confirmed this: the fluorescence quantum yield of
the benzyl radical is 0.39, while deuteriation increases it
to 0.47.5°

Table 3. The fluorescence lifetimes (us) of the benzyl
radicals in glasses at 77 K and in the gas phase.

Matrix
Radical 3-MP EPA 3-MP methanol | 3-MH gas
(Ref.33) | (Ref.43) | (Ref.54) | (Ref.54) | (Ref.54) | (Ref.56)
VAR . R . . . .
{_o~ 1.44 1.28 1.45 1.5 1.18 0.88
D
Ve
TN — — 1.80 — — —
N’/
D
an — — 1.52 — — —
/
b7 N ~ - 154 - — -
Ny
y D
SN/
\__/\ N 1.73 — 1.26 — _— -
D
D
/
7 e P 3.1 -~ — — — —
N Np
N
D—// G
— 3.26 - 3.22 — — —
N
D D
N 3.93 2.97 3.65 3.69 — 1.34
p—
Notation: EPA = ether—isopentane—alcohol and 3-MH =

3-methylhexane; for the significance of the remaining
symbols, see the footnote to Table 2.

Table 3 presents the fluorescence lifetimes of the benzyl
radical and its deuteriated analogues in glassy solvents
at 77 K. These times are of the order of 10~ ° s, which
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corresponds to the symmetry-prohibited m + 7* transition. Table 4 (contd.).
Estimation of the oscillator strength from the formula
f=1.51.'3% where v = 22600 cm™' is the average transition No Radical or initial molecule oo cml| 7pos | Solvent | State?| Refs.
frequency, yields f = 8 x 107%;%* the extinction coefficient
estimated from this oscillator strength is 68 litre mol™* em™%%* g /_‘<\_ o0 900 58
The quartet states of the benzyl radical lie above the N/ R mHx pe | 153]
lowest excited doublet states. Theoretical calculations N
lead to the following energies of the lowest quartet states —
3 -1y 23 9 e N, 24231 —_ n-Hx pc | [78]
of the benzyl radical: 3.65 eV (29450 cm™ "), 3.92 eV p— 91 008 — Et g 1571
(31630 cm~1),2* and 3.89 eV (31380 em~!),2% while the >
energy of the doublet—doublet transition is 2.67 eV
(21550 cm~!). The intersystem doublet—quartet conversion 10 TN ;’8%; - ';:‘l“" pe {?8]'
. N 2012 — p 57
D pp*—@Q pq# in the benzyl radical cannot compete with the A < £
D-D internal conversion process whose rate constant exceeds
11 -1 it3 —
10" s7* for the energy. of the transition between the states i _TN\L oro0s | D ve | (581
less than 1 eV; for this reason, the Q—-D phosphorescence >: 21231 | — Et g | (571
of the benzyl radical has not been observed.
N 20408 —_ n-Hx pc {58
12 o\ g)g 408 | 0.54 3.MP gl }g;ﬁ
— 20408 | — Et gl 7
IV. RADICALS OF THE BENZYL TYPE = i S Bt g e
s — .62 t gl 160
This Section deals with the properties of aromatic radicals N 20471 | — n-Hx pc | [58
containing an unpaired electron at the a-carbon atom of 13 _ TN 382% 0.5 ,ZL.MP a [lgg
an aliphatic substituent. These include radicals arising \;< - 0.53 Et g | [60
from the decomposition of alkylbenzenes and their homologues— - 8:‘2;‘; §_",;1‘P gi [gi
radicals of the diphenylmethane and triphenylmethane series.
Their luminescence-spectroscopic characteristics are 14 _ 0.59 3MP d |33
presented in Table 4. The unpaired electrons in these
radicals participate in 7 conjugation and their lowest elec- ~
tronicfally excitfad states are mn* states,. although they s /N 20064 | — nHx pe | [58)
contain an admixture of the on* states in the case of non- \=<
planar systems. Ny
16 ~< :\_ 20450 | — n-Hx pe | [58]
=
AN P
17 /\ ;_ 19493 | — n-Hx pe | [58]
s
’lfabl.e 4. The 0-0 .transition energies and the fluorescence s ’<,_>\‘ 20450 | — b pe | [58]
lifetimes (7f) of radicals of the benzyl type. e
No. Radical or initial molecule Eoo, cm! 68 Solvent State*; Refs. 19 {:\\“ 19399 - n-Hx pe (58]
7N
1 77N\ 22000 | — — 42 P 19s6in | -H 158
<:>— 21 :362 — CH ii: {(i—’ 20 '_< S— 19346} 0.35 ;1? ’ Zlc [60;
S I b SR N
g 18921 | — n-Hx pe | [58]
. 21 —7 N 18762 | 0.24 3-MP o | [33]
2 L al o B, | — = o] & b |l
— 21 345 — n-Hx pc 58
— 1149 3MP g | {53 - TN ] ] ;
— 12 EPA g |13 22 > 21400 | — 3-MP g | [61)
— 11.33 Et g | {80
— 2 77 SR 21680 | — - gas | [62]
3 Dy- “<,>" - 2.85 3.MP g | [33] — _
— 7 N\_R
4 20 964 —_ n-Hx pc 58] 24%* N 21 460 — —_ gas | [62]
7N\ 20942 | — Et gl 57] s
R — 079 EPA o | [53]
N\ - 0.87 3-MP g |33] -
— 0.87 Et gl | (60] 25%* <_\_l'2 21325 | — — gas | [62]
_—
D, & N, 21395 | — cp pc | (63
5 Y N=/ — 1.02 3-MP g | [33] TN 21400 | — CH pe {63{
26 N 21395 | — MCP re | l631
6 I\ 2053 | — | nHx ve | [58] ok W M pe | 199]
N/ 21008 | — Et gl | [57]
— 0.79 3-MP gl [33] 24 144 — CcpP pc 163
— 0.8 Et g | [60] N 24155 [ — CH pe | 163
— 0.75 EPA gl | [53] 97 ZTN_
| \— 21 310
7 /N 20963 | — n-Hx pe | [58] %i %2;} e pe | 1091
N/ ™ 20202 | — Et g |57 51 308
SN — |o.62 3MP g | [33] 598 )| — MCH pe | [63]
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Table 4 (contd.). Table 4 (contd.).
No.| Radical or initial molecule Ego, em'! 1,8 Solvent State* | Refs. No. Radical or initial molecule Epo. em’! %S Solvent State* | Refs.
; 21115 — cp pc | [63] — . —
a8 <, 2105 | — cH pe | [63] (CHs)zN—{ _>—C—< >—N(CH3)=
z = 21 u_sz} 6 = 1= 16640 | — Bz pc | [71]
N 7 21070 f| — MCP pc | [63] 45 {//\" 16680 | — n-Hx pc [7”
- 17035 | — Et gl |7
20960 | — | MCP pc | [64] :
20940 | — MCH pc Eez,] \’/ 16530 | — pe pc | (7]
20880 | — | cp pc | [64
29 20010 | — | oHx pe | [64 N(CHg),
20803 | — n-Hp pe | [64]
20080 | — 224TMP| pc | [B4] [
20979 | — pc pe | [64] 46 /\.‘/\\ }7 012 | — n-Hx pc {;%
i [| I 6593 — — gas
A
30 | 21354 | — MCP pc | [64] i
: . ‘ 21 320 — MCH pc | [64] N
' = 47 VN 16722 | — | nlx | ope | (12
I ! 17017 | — — gas | [73]
NN
21101 | — | Mcp pc | [64]
e %1 263 — MCH pc %gﬁ ‘
N 21 20 — CH pc ZANA N
3t N 5167 — | whx pe | [B4] 48 NN 17010 | — - gas | [74]
| 51165 | — | oHp pc | [64] i
i 20172 | — 2,2,4-TMP | pc | [64] N NS
3._,' v \H’ ; 20835 | — 3-MH gl | [65] o
| N 49 l/\“/\i 16760 | — — gas | [T4)
| - AVAVAN |
2 1/ \il/ | 20053 | — 3-MH g | 165] |
S\ N
NN AVAY
| o 50 P 16774 | — - gas | [74])
2 ‘ S 26006 | — sMH | g | [65) NV
i N | N
. i 7 \1/ \\/
I 7 ~ B s | n H
35 HO— pa— 20120 | — Et g | [66) 51 | K o 16648 | — — 74
| -/ ’ \I/\/ gas | [74]
36 ! HN—7" S, 19050 | — Et g | [66] | :
I " 52 ( \“/ \l’ 16648 | — — gas | [74]
37 ; Ph—C—C—Ph 21500 | — | MCH g | (67 |V
| o P | NN
! ' [\ I | 16828 | — — gas | [74]
- Ph—C—Ph 10120 | — Et ¢ | 168] ! aa
| — 0.44 Et o | [60]
H — 0.41 P gl | [67] Y AVA YN
54 k f 16816 | — — gas | (74)
10474 | — | MCH+IP gl | [69] SN NS
19410 | — | EPA g | [20] -
19455 | — | Et g | [68] A~
p 19400 | — | Tol+EPA | pc | [70] 55 7S 29573 |0.005— - gas | [75]
Ph—C—Ph [ . .02
39 | | 19342 | — Bz pe | [T1] - .02
Ph 19 Bgui — n-Hx pe ? {A}%
19286 | — pc pe 7 .
1028 Et o (0] x| Pva e | [76]
— 033 g 1 ]70] 5 Ph—C—Ph 17600 [21.{x|  EPA g | (771
; | o . -
g : ol 17600 |16 8x|  Et g | [77]
p—C—7 - 16700 | — | Tol+EPA ¢ |70 X103
40 S 7 o pe 4 1501 17520 [5-10-3  CH 1| s
Ph , o
., 57 TN 20360 | — argon — | (159
“ e 16400 | — | Tol+TEA | pc | (70] ' N/ 24900 | — | 3MH g | 1591
— T N— s
Ph !
TN _ /TN 58 < >~' 21900 | — 3-MH gl | [159]
NV N/ /—" N
2 I/ \” 16400 | — | Tol+TEA | pc | [70]
\/ | —
59 I/ \l/ \| 17000 | — aPn pc | 179
« - 17 094 — Bz pc {11}
i (CHIN=C 3G SoNCH | 7182 | = | nEe | e | (7] VN
= PIh == 17330 | — Et g | — -
17036 | — pe pe |71 60 { >—./ 20100 | — | MCH+1P |gi***| (80]
, —_
— — 47035 | — Bz pe 71) ;
HoN—7 S—C=Z" D—N(CHy), | 17065 | — n-Hx pe (1]
a4 [(GHIN=C > i —r (CsHde 17085 | — Et g [71} 6t N 21435 | — | MCH+IP gl | [160)
Ph 17575 — pc pe | [71] N/
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Table 4 (contd.).

No. Radical or initial molecule £00, cml Tf S Solvent State* | Refs.

62 SN_/" 18975 — MCH + IP g | [160]
N/

63 7 N_7T N\ 18940 — MCH + IP gl | [160]
N/

64 /N - 16085 | — MCH + IP gl {160}

65 @——-< 21390 — MCH + IP gl [160]

Notation: Et = ethanol, n-Hx = n-hexane, IP = isopentane,
n-Hp = n-heptane, TMP = trimethylpentane, Tol = toluene,
TEA = triethylamine, Bz = benzene, PVA = poly(vinyl
alcohol), and 1 = liquid state; for the significance of the
remaining abbreviations see the footnotes to Tables 2 and 3.

*In the gas phase and for solution No.56 in CH room
temperature was used; the temperature for specimens
Nos.1-22, 32—47, 56, and 59—66 was 77 K; the temperature
for specimen No.57 in argon and No.59 was 20 K; the
temperature for specimens Nos.26—31 was 88 K.

**Here R = CH;, C,H;, or n-C;H,.
**#*Thermoluminescence was observed on raising the
temperature above 77 K.

It is seen from Table 4 that the introduction of alkyl
substituents into the aromatic ring of the benzyl radical
reduces the energy of the first excited Dgp* state; the
decrease is 2760 cm” ! for hexamethylbenzene. The prob-
ability of the radiative transition increases with increase
of the number of aliphatic substituents as a consequence
of the removal of the symmetry prohibition, which entails
an increase of the fluorescence quantum yield®® and a
decrease of the lifetime of the excited state. As for the
benzyl radical, the D,-D, internal conversion process
competes with the emission process, which is the reason
for the effect of isotope substitution on the fluorescence
lifetime.

The photolysis of certain compounds (pentamethylbenzene,
ethylmethylbenzenes), in solid matrices gives rise to non-
equivalent radicals and at least two sets of vibrational
bands appear in the luminescence spectrum, while a doublet
with a splitting of 100—200 cm™" corresponds to the 0—0
transition (Table 4). However, only one set of vibrational
bands is manifested in a gas discharge regardless of the
nature of the second alkyl substituent.®® This suggests
that the radical is formed in the discharge as a result of
the dissociation of a C—H with minimal energy. The same
result has been obtained also in the condensed phase.®®
It has been shown in relation to reactions involving the
abstraction of a halogen atom on electron capture in
y-irradiated frozen solutions®! that, if a radical with an
unpaired valence at the B-carbon atom of the alkyl sub-
stituent is formed initially, it rearranges to a more stable
radical via the dissociation of the o-C—H bond even in a
vitreous solution.

An interesting effect of the dissociated halide ion on the
luminescence-spectroscopic properties of benzyl type
radicals has been observed.®$3%%>7¢ A halide ion adjoining
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the radical induces a bathochromic shift of the spectrum

(by 140 em~? for CI™!), a change in the vibrational structure
of the fluorescence spectrum of the radical, and a decrease
of the fluorescence lifetime. New bands due to radical-
halide ion charge-transfer complex appear in the absorption
spectrum in the region of 265, 362, 413, and 500 nm for

F~, CI”, Br™, and I™ respectively. This effect is absent

in polar matrices, since the halide ion is solvated by solvent
molecules.

The fluorescence of the diphenylmethyl and triphenyl-
methyl radicals is displaced to the red region relative to the
benzyl radical (Table 4) and the energy of the 0—0 transition
for the diphenylmethyl radical (19120 cm~!) is smaller than
for the triphenylmethyl radical (19400 cm !). This is
apparently associated with the fact that the diphenylmethyl
radical has a structure closer to planarity. It has been
noted’’ that methyl substituents in the para-position sig-
nificantly reduce (by 3000 cm™!) the energy of the 0—0
transition for triphenylmethyl radicals. This appears
doubtful, since the introduction of even the amino-group
shifts the 0-0 transition band by a smaller amount (by
2400 em~1).7* In the benzyl radical the methyl, hydroxy-,
and amino-substituents in the para-position lower the 0—-0
transition energy by 250, 1500, and 2500 cm™?! respectively
(Table 4).

The luminescence of other radicals of the benzyl type is
known only for methylnaphthalenes.’”7* In the photolysis
of methylnaphthalene in n-paraffin matrices at 77 K, a lumines-
cence, attributed to methylnaphthyl radicals, appears in the red
I‘eg'ion.72 Luminescence attributed to methylnaphthyl
radicals has also been observed in an electric discharge in
ethyl- and dimethyl-naphthalene vapours.’®’* Both in
the gas discharge and in the condensed phase, the energy
of the 0—0 transition is in the region of approximately
17000 em ™! (~590 nm), but in the case of the gas discharge
the 0—0 transition of the a-methylnaphthyl radicals has a
lower energy than for the f-methylnaphthyl radical, while
in solid n-hexane the opposite effect has been observed.
The results of theoretical calculations are also ambiguous.
It may be that the experimental results do not provide an
unambiguous answer owing to the inaccurate identification
of the products, since the hydronaphthyl radicals, examined
below, may be present in the specimen.

An interesting example is provided by the product of the
photolysis of (2,2)-p-cyclophane in vitreous solutions, &*
which was formed via the reaction

82,83

CH,—CH, ‘c'H,e CH,
p;

A AN (\ AN
L o=l 1 [
N/ N N/ N/
N / N\ /
CH,—CH, CH,—CH, .

It can exist in two configurations, one of which corresponds
to a biradical (a radical pair) and the other to two benzyl
radicals linked by the —CH,~CH,— group. Together with
the band characteristic of the benzyl radical, a structureless
band in the range 500—700 nm, attributed to the emission
from the radical pair, appears in its luminescence spectrum.
On decrease of the viscosity of the matrix, the intensity
of the long-wavelength band diminishes, because the con-
formational transformations of the photolysis product are
facilitated.

Table 4 presents data for the acenaphthyl and a-styryl
radicals (Nos.59 and 60). These hydrocarbon radicals
are not of the benzyl type, because their unpaired electron
occupies the sp?-hybrid orbital of the carbon atom, i.e. is
an n electron. The lowest excited states of these radicals
are therefore nn* states, have a long radiative lifetime,
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and their fluorescence quantum yield cannot be high. The
luminescence in the range 588—640 nm, manifested in the
photolysis of the acenaphthene in n-pentane at 20 K, has
been observed’® and has been attributed to the luminescence
of the acenaphthyl radical. A luminescence has been
observed®® which the authors attributed to the o-styryl
radical, whose absorption bands are in the region of 320
and 480 nm.®* However, special investigations®® failed

to confirm these observations. Thus there are at present
no reliable data on the luminescence of hydrocarbon radicals
from Dp;* states owing to its low yield, as in the case of
the luminescence observed for the Sp* molecular states.

V. HYDRO-RADICALS

Hydro-radicals are formed by the addition of a hydrogen
atom to the aromatic ring of a melectron molecule. Such
radicals have been investigated in detail by EPR.% The
luminescence of a hydro-radical was first observed in solid
solutions . 8687

The simplest hydro-radical is the cyclohexadienyl radical
arising following the addition of a hydrogen atom to a
benzene molecule, its structure being illustrated in Fig.2.
The cyclohexadienyl radical can be regarded as a polyene
chain made up of five carbon atoms. Accordingly, its
lowest excited state is of the D type and the probability
of the long-wavelength electronic transition is high.

Py
\
7\ \\
() H

Ny

Figure 2. The structure of the cyclohexadienyl radical.

B

The luminescence of the cyclohexadienyl radical was
observed after the laser excitation of crystalline benzene
subjected to preliminary radiation by fast electrons at liquid
helium temperature.®® Its fluorescence band has undergone
a 2500 cm™! bathochromic shift compared with the benzyl
radical. In conformity with the fact that the Dypx + D,
transition is allowed, the luminescence lifetime is approxi-
mately 2 ns (Table 5). The effect of isotope substitution
on the fluorescence lifetime indicates the competition of
D,—D, internal conversion and emission processes; this is
consistent with the finding that the transition energy is
approximately 2 eV.

The biphenyl and naphthalene molecules contain non-
equivalent carbon atoms; for this reason, the hydro-radicals
formed by the addition of hydrogen at these positions have
different absorption and luminescence spectra. Different
0—0 transition energies of the hydrobipheny! radical, with
maximum differences of 200 em~?!, correspond to four
different isomers.®® The 0-0 transition energies of the
isomers of the hydrobiphenyl radical have been calculated
theoretically, ®° the results being in good agreement with
experimental data. The 1-hydrobiphenyl radical has the
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highest energy of the first excited state.

This can be

accounted for by the fact that there is no interaction between

the benzene rings in this radical.

Table 5.

lifetimes of hydro-radicals.

The 0-0 transition energies and fluorescence

Radical Egg, em’t|  7fins Solvent State | T, K Refs.
—_ H 17 902 241 Bz pc 4.2 88}
4 )(H 18127 | "= | cyclohexa- pe | 42 s8]
— 1,4-diene
b7 \/P 18041 | 64t Bedg pe | 42| (88
—/"p
2 o
N \.:\ 14 ?43,
\H M }g 1‘:% — bipheny! cr 4.2 1 [89)
= 15442
R 15029]
15088 )
D“— 1‘;:“ ; — biphenyl-dyg cr 4.2 {891
: 15228
H H
N 19530 — BA, Et + EE g |77 |[86,87]
7 "/\] }ga;g} 40 naphthalene o | 4.2 [90]
Lot y 18484 120 naphthalene e |77 (91}
D D
NS
DB‘»/\“/ \\, }g 22;’} - naphthalene-dg | cr 4.2 | [90]
|
N\
A\ H
7N 2460 | — BAEt+EE | ¢ | 77 |[86,87]
b ™a
- ///
7NN
[ 14125
H \/~/ 14094
>/ 14079 — naphthalene cr 4.2 {92]
VAN 14063
L]
NS
(i)
14180
D \/ \)
\\/ ’ 12 }gg — naphthalene-dg | cr 4.2 [92]
Dﬁ-l/ \|/ \l 14124
NN\
Notation: BA = vitreous boric acid, EE = diethyl ether,

and cr = crystal;

abbreviations, see the footnotes to Tables 2—4.

for the significance of the remaining

In the naphthalene molecule there are two non-equivalent

positions to which correspond two isomers:

the a- and

B-hydronaphthyl radicals, ®¢+%” differing in the absorption,
luminescence, and EPR spectra.
conversion of the o- and B-radicals has been observed in

solid solutions.

86,87

A photochromic inter-

In the case of a naphthalene single crystal irradiated by
fast electrons, the luminescence of only one o-hydronaphthyl

radical was observed.

occupies two non-equivalent positions;
-1 30

the levels amounts to 27 cm

In the crystal field the radical
the splitting between
Binaphthyl hydro-radicals
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having four non-equivalent positions have also been observed
in the single crystal; for this reason four vibrational band
progressions are manifested in their fluorescence spectra.
The luminescence properties of a small number of hydro-
radicals, presented in Table 5, have now been investigated.

Vi. HETERORADICALS

Aromatic radicals having an unpaired electron at a hetero-
atom (heteroradicals) are widely known in the literature
and have been investigated both by EPR and by optical
absorption spectroscopy. Many of these radicals are stable
but the luminescence properties have been investigated
only for four types of heteroradicals; thiophenoxy-,
phenoxy-, verdazyl, and anilino-radicals (Table 6).

93

Table 6. The 0-0 transition energies and fluorescence
lifetimes of heteroradicals.
No. Radical Efo. em’! T, mS Solvent Refs.
15+ | /7N _3g 25 000 — EPA [94)
S 15650 — EPA [94]
15650 | (29.34-0.5)-10% 3-MP [95]
15650 | (51 440.5)-103 EPA 195]
25000 (7345)-108 3MP [95]
25000 (60E5)-103 EPA {95)
C(CHyg)s
2 |(CH)C—C N0 25000 - B2 (961
\C(CH)s
Ph
N
3 |ph—t | 20600 — Et 199)
“N— 12 500 - Et [99]
TN
Ph
4 <;>—NH 24 400 12402 EE 1981
5 2 < 25000 EE [98]
4 _' _ v
>\
6 \'—\ : 24700 EE 93
{_o-m i h (el
5 —/_>\—NH 24300 - EE (98]
8 <—\>—NC,H5 24000 1942 EE [98]

*The fluorescence band maxima are quoted for No.3;
the accuracy of the measurement for Nos.4—8 is to within
+300 cm ™2,

**Room temperature for No.2 and 77 K (vitreous state)
in the other cases.
***[aser generation was achieved with p-aminothiophenoxy-
radicals (S.Ishizaka and M.Kotani, Chem.Fhys.Letters,
1985, 117, 251).

The thiophenoxy-radical ( the phenylsulphyl radical).
The luminescence of the thiophenoxy-radicals has been
investigated after the photolysis of frozen solutions of
thiophenol or diphenyl disulphide in EPA or 3-MP at 77 K.**
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A characteristic feature of the luminescence of this radical
consists in the fact that emission has been observed in

two parts of the spectrum, at 400—500 and 640—700 nm,
and is due to two different electronic transitions (D,—D,
and D,—D,). The lifetime of the red fluorescence is

30-50 us whilst that of the blue fluorescence is 60—70 ps.°°
The opposite shifts of the red and blue fluorescence bands
in different solvents show that the long-wavelength fluo-
rescence corresponds to the Dpp*—D, transition, while the
short-wavelength fluorescence corresponds to the Dypx—D,
transition. The spectroscopic behaviour of this radical
constitutes an instance of the deviation from Kasha's rule,
which is rare even for molecules. The deviation is caused
by the fact that the rate constant for the D,—D; internal
conversion between the mm* and nn* levels is small both as
a consequence of the orbital nature of the transition and
as a consequence of the relatively large transition energy
(1.15 eV).

The phenoxy-radical. The luminescence of the 2,4,6-tri-
t-butylphenoxy-radical, obtained chemically in solution in
benzene, has been observed at room temperature in the
range 400-450 nm.%® However, it is known®’ that, apart
from the absorption band in the range 350—400 nm, the
phenoxy-radical has a long-wavelength absorption band
in the range 500—700 nm and for this reason the fluorescence
is apparently caused by a transition of the nr* type from
the second doublet level. The structure of the phenoxy-
radical is illustrated in Fig. 3a.

p

a ym
RV
Oﬁ\%

1
= (U

b "y @

Figure 3. The structure of the phenoxy-radical (a) and
the phenylaminyl radical (b).

The phenylaminyl! radical (the anilino-radicat). The
luminescence of the phenylaminyl radical has been observed
after the photolysis of aniline in glassy solutions in ether
and MCH at 77 K*® (Fig.4). The absorption spectrum of
this radical has two bands: a weak band in the region of
400 nm and a more intense band in the region of 300 nm.>?°
For the sterically hindered 2, 4, 6-tri-t-butylphenylaminyl
racdical, obtained photochemically in solution in hexane at
room temperature,:® the extinction coefficients €,,, =
670 litre mol™ em ™! and €300 = 4700 litre mol~! em~* have
been measured. The short luminescence lifetime of the
radical (Table 6) made it possible to assign it to a Dymx—D,
fluorescence. The phenylaminyl radical is isoelectronic
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with the phenoxyradical (Fig.3b), but absorption and emis-
sion by the phenylaminyl radical in the long-wavelength
region have not so far been observed.

I, rel. units
10
a8
a6
a4
a.z

600

A, nm
Figure 4. The excitation (curve 2) and luminescence
(curve 1) spectra of the phenylaminyl radical in ether at
77 K % and the absorption spectrum (curve 3) of the
phenylaminyl radical in heptane at room temperature.!®:

The phenoxy- and aminyl radicals are isoelectronic with
the benzyl radical (cf Figs.1 and 3), but their luminescence
properties are significantly different (cf. Figs.1 and 4).
This can be explained by the inclination of the axis of the
py orbital in the heteroradical relative to the plane of the
ring or by its strong conjugation with a carbon atom of
the ring and the formation of a structure close to one of
the quinonoid type.

The verdazyl radical. The luminescence of the stable
triphenylverdazyl radical (Table 6, No.3) has been investi-
gated in solution in ethanol, isoctane, diisopropyl ether,
benzene, and poly(ethylene glycol) at 77 K. The radical,
obtained chemically, has two absorption bands with maxima
at 400 and 700 nm, to which correspond two luminescence
bands in the region of 485 and 800 nm (in ethanol). In
the other solvents enumerated above, the short-wavelength
luminescence maxima are at 472, 497, and 478 nm respectively,
while in acetonitrile the maximum is at 518 nm.

Vil. RADICAL-IONS

The luminescence of radical-ions was first observed for
the radical-cations of triphenylmethane dyes in vitreous
solutions at 77 K.'°2 The most intense investigations of
the luminescence of the radical-ions of aromatic compounds
have been carried out recently. The results are presented
in Table 7.

Halogenobenzenes. The luminescence properties of the
radical-cations of halogenobenzenes have been studied in
detail in the gas phase. The luminescence spectra were
then compared with the photoelectron spectra.

Fig.5 presents the photoelectron spectrum of 1,2, 4-tri-
fluorobenzene on irradiation with light corresponding to the
He(1) line.'®® The X band in this spectrum corresponds
to the formation of a radical-cation in the ground state,
while the A, B, €, etc. bands correspond to excited states
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of the radical-cationn. During photoionisation, the radical-
cations are formed in an excited state and their transition
to the ground state is accompanied by luminescence. The
lowest excited state A is located near X and is due to the
splitting of the ground state in asymmetric (with not more
than a twofold symmetry axis) halogeno- or alkyl-benzenes.
The luminescence (doublet~doublet m > m* fluorescence)

of such radical-cations is observed in the B+ (X, 4),

¢~ gX A), ete. transitions, but is not observed for the
A » X transition as a consequence of the smallness of the
energy gap. The energies of the electronic levels of
certain radical—cations are presented in Fig.6.1*1% Using
the method based on the coincidences of photoelectrons and
luminescence photons,*’® it has now been possible to observe
luminescence from the C and D levels and to estimate the
lifetimes of the highest electronic states, which proved to
be several times shorter than for the Blevel.

{

>
b 9!
AT

1 1 I 1 L

q 7 " 72 7 14 ev

Photoelectron spectrum of 1,2,4-trifluorobenzene.*

Figure 5. 03

The fluorescence of the radical-cations derived from
halogenobenzenes has also been investigated in inert (argon
and neon) matrices at temperatures close to liquid helium
temperature.!!®!! In solid argon the excitation and
luminescence lines of the radical-cations are broader and
are displaced towards the red region relative to the neon
matrix.''%**® This is due to the higher energy of the
interaction of the radical-cations with the argon atoms
than with the neon atoms. The luminescence spectra of the
radical-cations obtained in the neon matrix are close to
the spectrum in the gas phase. The vibrational structures
of the absorption and luminescence are similar, which indi-
cates only a small change in the geometrical parameters of
the system on electronic excitation.



Russian Chemical Reviews, 55 (10), 1986

Polarisation studies of the fluorescence of the radical-
cations in a neon matrix at helium temperatures have been
carried out.!!* For molecules with the Dgh and Dsh
symmetries, where the ground state is degenerate, the
luminescence is polarised with a degree of polarisation
P =1,/I,= 4/3. For low symmetry radical-cations, for
example 1,2,4,5-CH,F{, two sets of vibrational bands are
observed in the emission spectrum. One set, with a degree
of polarisation P = 3.0, corresponds to a transition to the
lowest non-degenerate state X’B,. The second system of
bands is displaced to the red region and perpendicular
polarisation (P = 0.5) predominates in it. This system
has been attributed to the transition B2B,—A%B,.

7 r b F
L. G |Ten| @
T ¥ F F @ F
P F
E, eV 2 A (°B) | %4, (?B)
E. ’ / 7 Lk
~ Hl- __.Z.L.
c
2 2
N 2 ] B
B Jr Aza. z 2
2
i 2 2
i ’r % 2
2 2
i ol 79 A, B,
Figure 6. Schematic illustration of the electronic states

and the radiative transitions of the radical-cations of
fluorobenzenes . 10%1%

The luminescence quantum yield varies from unity in
perfluorobenzene to approximately 10~2 in difluorobenzene,
while the luminescence lifetimes amount to tens of nanoseconds,
which shows that the transition of the -~ 7* type is allowed.*"®
Such behaviour of the luminescence yield can be accounted
for by the increase of the Dy +—D, internal conversion rate
constant with increase of the number of C—H oscillators
in the system.'® This is one of the causes of the low
luminescence yield of the benzene radical-cation (see below).

The rate constant for the non-radiative decomposition
of the excited states increases with increased amount of the
vibrational energy in the excited state and with decrease
of the transition energy.®**°® Luminescence investigations
have established the following features of the vibrational
relaxation in the radical-cations of halogenobenzenes:!***
(1) the lifetimes of vibrationally excited states are in the
range from 200 ps to less than a picosecond; (2) the rate
of relaxation increases with increase in the amount of
vibrational energy but not monotonically; (3) the rate of
vibrational relaxation increases with decrease in the
symmetry of the system. Theoretical studies of the
Jahn—Teller effect in symmetrical radical-cations of halogeno-
benzenes have been made,!!7711%
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For a long time it has not been possible to observe the
luminescence of the benzene radical-cation. The reason
for this is that the lowest excited level has the “E,q
symmetry and the radiative transition 2Ezg > ZElg is
prohibited and non-radiative processes predominate.
Luminescence has been observed in an argon matrix at
12 K;? it is manifested on laser excitation in the form
of three weak peaks at 19770, 19140, and 18290 cm ™! (at
19860, 19270, and 18400 cm~! for deuteriobenzene). The
luminescence can be accounted for by the fact that in an
argon matrix the ?A,, and 2E,q excited levels are inverted,
which produces the radiative transition A,y + ?E,;. The
benzene radical-cations are unstable; on irradiation with
light from a mercury lamp, they rapidly decompose and
their fluorescence vanishes.

Table 7. The 0-0 transition energies and fluorescence
lifetimes and quantum yields (q) of the radical-cations of
substituted benzene derivatives.

No. Substituents ¢ [Solvent| State*| Refs.
1 |Ry=R,=R;=R,;=R;=R,=H 197701 — | — | Ar | — | [1i1)
2 | Ry=R,=Ry=R,=R;=R¢=D 19860 — | — | Ar | — | (111
3 |R,=R;=F, R,=R,=R;=R=H — |10 16003 — gas [106]
23230 <6 10.002] — gas {107]
— <15 0.006] — | gas | [105]
229981 <0.1 — Ne —_ [104]
4 1Ry=R,=R3=F, R;=R;=Ry=H 224600 — — gas {113}
222885142 | — | Ne — | [124]
— |48+4 | 0.74 gas 1105]
#¥or1s jot — gas [105]
5 | Ry=R,=R,=F, Ry=Rs=Ry=H 2UATT] 10 | — | Ne | — | [124]
2427810 4-2 — gas (17

24274116 -5 | 0.05 — gas {104, 196]
— 15 — gas {105}
6 | R;=Ra=R;=F, R,=R,=Rg=H Ne - [124})
—_ gas {1()7

— | s ([104, 106]
— gas [105]
— | gas | (119]
7 |R;=Rg=R;=F, Ry=Ry=Re=D 21934 — — — | gas [129]
28 — | — | Ne | = {110]
— |574-210.87 — gas [106
8 | Ry=R,=R3;=R;=F, Ry=R;=H 231924442 | — Ne — [104)
23 — — gas {107}

232925142 | 0.43 | — | gas {[104, 106]
— 50431090 | — | gas | [105)
23208 — | | — | gs | [113]
9 |R;=R3=R;=R;=F, Ry,=Ry=H 33232)431-2 — Ne — [124]
2332015942 | — | — | gas | [107]

233245331 0.52 — gas (104, 190]
2%072| - — | ar | 2 [112)
24440 — — ] — ] was | {112
~ 50431099 — [ s | [105]
10 |R;=R,=R;=R;=F, R3=Ry=H 24358 | 2 Ne — [124]
24438 ) ; — gas 1107

24 443 | 3¢ — gas  [[104, 106]
22903 Ar | = [t12)

23324 — s | (417

— gas [105]

11 |R;=Ry=Ry=R;=F, Ry=Rq=D — |38+3|0.74| — | gas | [105]




940 Russian Chemical Reviews, 55 (10), 1986
‘Table 7 (contd.). Table 7 (contd.).
No. Substituents Eoo, spns | g |Solvent|State*| Refs. No. Substituents 020 rf,ms | o |Solvent State*| Refs.
cm
12 |Ry=R,=Ry=R,;=R,=F, R,=H 23044 | 4042 | — Ne _ [124] 38 |Ry=CHj, R,=Ry=Ry=R;=Rg=F 2175014042 1 — Ne — [124]
17 Re=Ry=R =Ry ¢ 3313747402 | — e gas (107] — 4342 — — gas [108)
23007 | 514 | 0,52 gas [[104, 106)
22810 — | — - 112}
23096 — | — gas | [112 39 | R;=CHs, R,=R;=Cl, Rg=R,=Ry=H [19690| 6 — | — | gs | [108]
— |48+3]0.98 | — | gas | [105]
13 | Ry=R,=Ry=Ry=R,=Ry=F 264504842 | — | — | gas | [107] 40 | Ry=CHjs, R,=Ry=Ry=H, Ry=R,=Cl [17490 (1042 | — | — | 1a. | [108]
21 600 | 5444 | 0.41 ol [10{.1, 210(5]
23872 — | — ro| <
21 e(’us — — — | gas [uz{ 4 | Ry=CF3, Ry==Ry=R;=R;=F 23030 — | — | Ne | — [113]
— {493 1.0 | — | gas | [105] — |45F2 | — | — | gas | [108]
20557 42 | — | Ne | - [124) L
20617 — | — | — | gas | [128] i
42 | Ry=R,;=CF,, R,=R;=Ry=Rg=F — 113 — t — | eas | [108)
14 |Ry=Cl, Ry=Ry=Re=H, Rg=R=F [19220| 6 — | — | gas | {125]
L 43 |R;=Ry=R;=CHy, R,=R;=H, R;=F [21468] 0.01 | — | Ne | — | [124]
15 | Ry=Cl, Ry=R;=R¢=F, Ry=Rs=H 21080 |214-3 | — — | gas | [125] |
44 | Ry=R;=R,=CH,, Ry=Re=F, Ry=H |22086{27+2| — | Ne | — | [124]
|
16 |R;=Cl, Ry=R;=Rs=F, Ry=Ry=H  [21640| 6 — | — | gas | [125]
45 | Ry=R3=R;=CH;, R,=R;=R¢=F 201401352 — | Ne | — | [124]
— |37-2 — - gas [108]
17 |R;=Cl, Ry=R4==Ry=Rs=F, Re=H 206002742 | — | — | gas | [125]
46 |R=0H, Ry=R;=F, Rg=R,=Re=H [23785[13+3 | — | — | gas | [109]
18 |R;=Cl, Ry=Ry=Ry=R¢=F, Ry=H — [5222 | — | — | gas | [125)
47 |R;=OH, R,=Ry=Rg=H, Ry=R,=F [21990{36+4| — | — | gas | [109]
19 |Ry=R;==Cl, Ry=Ry=Rg=H, Ry=F 19940 842 | — | — | gas | [125] 21908) — — | Ne [133]
20 |Ry=R3=Cl, Ry=F, Ry=Ry=Re=H [18340[14+3 | — | — | gas | [125] 48 | Ry=0H, Ry=Ry=Ry=F, Ry=Re=H [23790126+3 | — | — | gas | [109]
21 | Ry=Ry=Cl, Ry=Ry=Re=H, Ry=F  [17205| 8+2 | — | — | gas | [125] 49 |Ry=0OH, Ry=R,=Rs=F, Ry=R,=H (24240| 6 — | — | gas | [109)
22 |Ry;=R=Cl, Ry=F, Ry=Ry=Ry=H 19620| 6 — | — | ms | [125] 50 |Ry=OH, R,=Ry=R;=Rg=F, Ry=H [21860|414+4 | ~ | — | zas | [109
21798 40 | — | Ne { — | [133
23 |Ry=Ry=Cl, Ry=R,=F, Ry=Ry=H 198552943 | — | — ‘ gas | [125]
| 51 | R;=0OH, R;=Ry=R,=Rs=Rg=F 22440138343 | — | — | gas | [109]
2240703242 | — | Ne | — |24, 130)
24 | Ry=Ry=Cl, Ry=R,=F, Rg=Re=H 189403842 — | — | gas | (125}
- 52 | Ry=CN, Ry=Rs=R,=Ry=R,=F - 6 — | — | sas | [108]
25 tR1=R4=(;[, Ry=Ry=F, Ry=-Re=H  [10955| 6 - | - { gas 1 [125]
J 53 | Ry=NH,, R;=R;=R,=R;=Rs=F
) 1 } 54 |Ry=NO, R,—R,=R=R,—Re—F l
26 | Ry=Ry=Cl, R,=R;=Re=F, Ry=H 20035|38+3 | — — l gas [125] 55 | Ry==OCHj;, Ry=Ry=R;=R;= R,_F wes — | - — | gas | [108)
56 | Ry=COCHj, Ry=Rg=Ry;= l
] i 57 |R;=CHO, R,=R;=Ry=R,=Re=F
27 | Ry=Rg=R;=Cl, R;=F, Ry=Rg=H [17080{2242 | — ' — . gas | [125)
_ *Liquid helium temperature obtained in inert gas (Ar and
28 |R;=Cl, R;=Ry=R,;=R;=Rs=F 19990 | 4343 | — — | gas [125) Ne) matrices and room temperature was used in the gas
1991437421 — | Ne | — | (124] phase. 3
**¥Fluorescence of the C +~ X transition.
29 | Ry=Ry=Rs=Cl, Ry=R;=R=H }g %gg 9 - ‘ Ne | — l H%é{ **xOnly luminescence was noted for the radical-cations
- Nos.53—-57.
30 | Ry=R3=R;=Cl, R,=R;=R;=F 16948| — —_ — gas [127]
e R 16636 — | A | 2} [128)
167852945 | — | Ne | - [126]
16950 134+3 | — | — | gas | [125)
— 13543086 — gas [131]
31 {Ry=Ry=R;=Cl, Ry;=Ry=R,=D 15270 — — Ne — [110] Other substituted benzenes. Apart from halogenobenzenes,
the luminescence of radical-cations of halogenated alkyl-
32 |Ry=R,=Ry=R;=Cl, Ry==F, Ry=H 17135] — | — | — | gas | [125) benzenes, alkylphenols, and alkylbenzonitrile derivatives
has now been investigated (Table 7). In addition, the
R R h £ ol e
33 | Ry=Ry=Ry=Ry=F, Ry=Ry—Br sl — | — | — | s | (18 luminescence in the gas phase o t}.le radlcal‘ cations of
pentafluorobenzene with the following substituents has
also been reported: NH,, NO,, OCH,, COOH, and CHO °®
34 |R;==R,=Br, Ry=Ry=R,=Re=F 14870, — | — | — | gas | [116] p L 22 32 > ’
although spectroscopic data have not been presented. The
energies of the 0—0 transitions for the radical-cations of
35 | Ry=Ry=Ry=Br, Ry=R,=Ry=F 18510 —  — | — s | 10) henols and methyl-substituted b. lie in th
— 6 (052 — | gas | [131] phenols and methyl-substituted benzenes lie in the same
range as for halogenobenzenes and the luminescence life-
36 | Ry=CHs, Ry—Ry=Ry=F, R;=R,=H |22636(41+2 | — Ne | — {124} times are also similar; there ax:e no qu.antum yield data.
The methyl and hydroxy-substituents influence the spectro-
37 | RymCHy, RymRymR,=Re—F, Re=H [23360]4342 | — | — | gas | [108] scopic characterls.tlc's similarly to f’ fluorine atom .bu'.c .then'
effect on non-radiative processes is apparently significantly
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different. It has been noted!®® that the gas-phase lumi-
nescence of the radical-cations of xylenes and pentamethyl-
benzenes has not been observed. The same communication
quotes a list of 42 aromatic compounds for which the lumi~
nescence of radical-cations could not be observed in the
range 300-850 nm on ionisation of these compounds in the
gas phase with an electron beam having an energy of 20—40 eV.

Complex aromatic molecules. The fluorescence of the
radical-cations of molecules more complex than those of
substituted benzenes has been observed for the leuco-base
of Crystal Violet (Table 8). The study of two-step photo-
ionisation and photodissociation reactions of aromatic amines
in solutions in ethanol at 77 K led to the observation®? of
the luminescence of the photolysis product, which was
modified on replacement of the methyl hydrogen atom in
the leuco-base by the OH or CN group. The luminescence
band with a maximum near 17000 cm~! and the absorption
band at 21000 em™?!, which the authors®? attributed to the
radical-cation of the leuco-base of Crystal Violet, proved
to be the most stable under these conditions.

Table 8. The 0—-0 transition energies and fluorescence
lifetimes and quantum yields of the radical-ions of aromatic
compounds.

No/| Radical-ion EpQ, cm” TS q Solvent** | Refs.
1 27 158 — — Ne [132]
— X —
L o
, 77N
(CHE\,N—< \—('Z—— _ N(CHa),
2 l//\" 17000% — — Et [102]
\'/
L N(CHa)z il

3 O 157000 1011 | 10-3 | 2MTHF | {120}
O' 7 } 14500 | 2.6-1073) 10~¢ | 2-MTHF | [121]

I X
/ —

20 000 - -~ | Et+ KOH| [122}

0]

Notation: 2-MTHF = 2-methyltetrahydrofuran; for the
significance of the remaining abbreviations, see the foot-
notes to Tables 2—5.

*The fluorescence maximum is indicated.
**The helium temperature was used for specimen No.1,
while in the remaining cases the temperature was 77 K.
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Interesting studies of the luminescence properties of the
decacyclene radical-anion (Table 8, No.3) have been carried
out.*?%2!  The phosphorescence from a quartet level,

i.e. a radiative quartet—doublet transition, was observed
for the first time in these investigations. The decacyclene
radical-anion absorbs intensely in the infrared with a
maximum at 4950 cm™! and absorbs in the visible region

at 16500 em™!. If a solution of decacyclene radical-anions
in 2-methyltetrahydrofuran (in which neutral molecules

are also present) at 77 K is excited with light at a wave-
length longer than that of the singlet—singlet absorption

of the neutral molecule (Es, = 21400 cm™1), then fluorescence
attributed to the D,—D, transition and phosphorescence
with 1, = 2.6 x 107? 5, attributed to the @,—-D, transition
of the radical-anion, are observed. The electronic levels
of the decacyclene radical-anion are illustrated schematically
in Fig.7 and the main spectroscopic characteristics are
listed in Table 8 (No.3).

1073E, em™!

02
5k \ 4,
0 pv r;/g‘”c
k—4 . —J
‘Ep 2610 s
D
14
T
Al %

Schematic illustration of the electronic states
120,121

Figure 7.
of the decacyclene radical-anion.

The luminescence of the radical-anions has also been
observed for anthraquinone.?? In ethanol to which a
0.1 M KOH solution has been added, anthraquinone is reduced
to the radical-anion having a characteristic absorption at
480 nm. A broad luminescence band with a maximum at
540 nm (at room temperature) has been attributed to the
fluorescence of the anthraquinone radical-anion, since its
excitation spectrum coincided with the absorption spectrum,
while the absorption and fluorescence spectra exhibit mirror
symmetry. On reducing the temperature to 77 K, the bands
undergo a bathochromic shift, which may be associated with
dimerisation.

Attention should be drawn to a study whose authors
investigated the luminescence of an anthracene solution in
a 1:2 mixture of acetic and sulphuric acids. In such a
solution it is possible to photoinduce anthracene radical-
cations having absorption bands at 315, 352, and 720 nm
and an EPR spectrum, which vanish in the dark in the
course of several minutes. The luminescence in the range
550—-600 nm, excited by light with a wavelength shorter
than 500 nm, is correlated with this behaviour. This
emission has been attributed to the fluorescence of the
anthracene radical-cation. Such interpretation requires
further confirmation, because, as noted by the authors

123
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themselves,?’ it has been found that the luminescence
spectrum depends on the exciting light wavelength, which
means that either different products emit or charge-transfer
complexes or exciplexes are formed, so it cannot be regarded
as unambiguously established that the observed emission

is due to the anthracene radical-cations.

VIill. BIRADICALS

Carbenes. The luminescence of aromatic biradical species
was observed for the first time for diphenylcarbene,®*
whose structure is illustrated in Fig.8a.3® It has been
shown by EPR% that the benzene rings are located in the
same plane and that the angle between them is 140-150°.
The unpaired electrons are present in two orbitals, one
of which is located in the plane of the rings, while the
other is at right angles to this plane. The spins of these
electrons are parallel; the ground state of carbene is a
triplet, which has been demonstrated by EPR also for
other aromatic carbenes.'®” The unpaired electron present
in the 2p orbital perpendicular to the molecular plane is
conjugated to the m-electron system and for this reason
the luminescence-spectroscopic properties of diphenylcarbene
should resemble those of the benzyl and diphenylmethyl
radicals. Indeed the absorption spectrum of diphenylcar-
bene contains a weak band in the region of 450 nm and a
more intense band in the region of 300 nm,***%%13% whose
extinction coefficients have been estimated'*® as €55, =
2500 litre mol~! em~? and €,45 = 300 litre mol~* em~'. The
long-wavelength absorption is polarised along the line
connecting the benzene rings'®® so that one can claim
that they correspond to the T, + Tgp# transitisn.

The luminescence spectrumcfdiphenylcarbene is presented
in Fig.8a (curve 2). Since the carbene has a triplet ground
state, the observed luminescence has been identified as
triplet—triplet fluorescence, which has been confirmed by

I, rel. units

Py D

ok o6
Jeai

p ]
L 04
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the mirror symmetry of the absorption spectrum (or the
excitation spectrum) and the luminescence spectrum and
also by the short luminescence lifetime,%*135,1%0

The electron present in the orbital in the molecular plane
is an n electron and can participate in n » m* transitions.
In the spectra of aromatic aldehydes and ketones the
absorption bands corresponding to the n + m* transitions
are in the region of 300—400 nm'~* and the extinction coef-
ficient corresponding to the n + m* transitions is small
(~100 litre mol~* em™!). In the spectra of carbenes the
bands corresponding to the n - 7* transitions are apparently
in the same range 300—400 nm, but the absorption is rela-
tively weak and is masked by the more intense absorption
corresponding to the m + 7* transitions, which determine
the luminescence properties of aromatic carbenes.

It has not yet been discovered what influence is exerted
on the spectroscopic properties of carbenes by the lowest
singlet state having the same electronic configuration as
the ground triplet state. Direct photolysis of diazodiphenyl-
methane results in the formation of diphenylcarbene in the
lowest singlet state, from which it passes to the ground
triplet state after a period of approximately 10~ 5.'* The
energy gap S,—T,, estimated from the equilibrium constants
of the chemical reactions of diphenylcarbene, is only
3—5 keal mol™[(1 - 2) x 10° em™*].**17*%  For such a
small energy gap, it is naturally impossible to expect an
appreciable yield of the phosphorescence corresponding
to the §,—T, transition. Theoretical estimation of the
S,-T, gap leads to 10—20 keal mol™* [(3.5—7) x 10 em~1] 1%
Such a large discrepancy between the experimental and
theoretical values is associated both with the approximate
character of the quantum-chemical methods used in the
calculation and the fact that the experimental values do not
correspond to the equilibrium configuration of the system.

The lifetime of diphenylcarbene at the T ;* excited level
at 77 K is approximately 10”7 s; the introduction of heavy
atoms (in the form of ethyl iodide) into the solution does

< _— 2.8
Vil
Y a4

\
N
~
~
1 ~
Joq 400 500 600 A\, nm
Figure 8. a) The structure of the excitation (curve I) and the luminescence (curve 2) spectra of
diphenylcarbene;***'1%% b) the structure and the absorption (curve 1) and luminescence (curve 2)

spectra of phenylnitrene and the absorption spectrum of the initial phenyl azide (curve 3) 14e
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not entail sharp changes in this value. Hence one may Table 9 (contd.).
conclude that the probability of the intersystem crossing
Tyq* > S, is small because the energy gap is approximat(?ly No. Biradical ‘?OQi s | e Solvent State | Refs.
2.5 eV and the conversion does not compete with the lumi- am
nescence. 16 [P > K 18800] 2 | — |Ee+EE ERE(VCN
Fluorescence has been observed also for many para- — 157]
§ubstituted dephenylcarbenes (Table 9). If thegu&stitu.ent 17 N-—<_\\ ~<_\—N 16220| 18 | — |Et+EE o |57
is a nitro-group, then there is no fluorescence.*>**® This =7 =
fin(.iing can be accounteq for by the fact that in nitro-deri- 18 N—{‘\>—CH,—{<—§—N 2080 — | — |k g | s
vatives the Spq* states lie below the T ;. state and the = —
T m%—Spq* conversion suppresses the fluorescence, similarly H
to the situation which obti';\mszle5 molecules as a consequence 19 | Ph—C— { >_N 21300] — | — |mt d | 53]
of the Syp—Tpq* conversion. b
20 N~’<_\—CH—<_~>—N 20570 — | — |Et 4 | 1453)
— ] _
Ph
i - 77\
Table 9. The 0—0 transition energies and the fluorescence o1 /~<z/——\ § s3000] 7+ | — |Be sy
lifetimes and quantum yields of the biradicals of aromatic R /\ N b
===
compounds at 77 K.
CHZ\
22 P . 22370 — — | nPn pe | [155]
No. Biradical EO?i sl g Solvent | State | Refs. ‘g ="
cm =
28| — | — |Monrea | @ |3, BN
_ lyos | — |me o |l o= 2:100] — | — |nbn pe | 155]
1 | Ph—c—ph — | 87 |0.25]Et g | [145] =
T — 72 — | Et+EU gl [145] CH
— 4 | — | 3-mP gl | [143] ’
20750/ 123 | 0.2 | MCH g | [152] -
20830| 113.6/ 0.2 | Et gl %1521 CH,
20660| 94.3} 0.32 | Et+Eul el | [158) S0
2140] 73.3| — | MCH+Eu g | [158) 24 _/\—\>—CH, 22430 — | — |nbn e | [155]
N=—
2 [P N1 20530] — | — |mcu g | [135] -
N s .
- 25 |/ N 2%130| — | — [np |oee L0155
3 |Ph—t— " S—mr 20490| — | — |mcH o | 1135 N e = ’,‘[«‘“1
7 T B
_/—\_ _ . i — 4 :
4|Ph—C-L >—CH 20 530 MCH g | [135] 26 \/__>= 2100 — | — lorn e |- (158)
. ._\ . A : e AR o “."':‘
20200{ — | — |MCH gl | {135] 7 =
. N\ 20 450{ 77.1 | 0.27 | MCH gl | [158] and -
5 |ph—C? D—0CH, 20200 79.4 | 0.14 | Et g | [158] 27 | =L _)= 23850 — | — |[nPn pe | [155]
p —— 20325 74.5 | 0.17 | Et+ Etl g | [158] =
20 280| 76.4 | — |MCH+Etl g | [158] !
19600 84 0.61 | MCH gl | [158] 28 19685 — — | MTHF gl (1611
N 19600 | 74.6 | 0.78 | Et sl | [138]
6 Ph—C—< J—CN 19570 | 66.4 | 0.19 | Et+Ed g | 1158 . o )
— 19400 | 74.8 | — | MCH+Etl gl | [158 Notation: Etl = ethyl iodide, MCH-d = deuteriated MCH,
19600| 91.7 | 0.51 | MCH-d gl | [158] . - s e
and IA = isopropyl alcohol; for the significance of the
remaining abbreviations, see the footnotes to Tables 2—8.
B P N %8020 = | = (Mo gl | [135] g B 8
N 7540 — | — |EE+IA g | [146)
*Room temperature.
— _ 19725 — | — |MCH gl | [135]
7T N\_¢_ 727N
8 | CH;0— ~C— —OCH,| 19840 | 66.8 | 0.47 | MCH gl | [158]
TN T N/ " 19880 | 7201 | 0.27 | Bt g | [(138]
— 20080 11.4 | 0.02 | MCH gl | [158]
TNl N - X
9 |Br—{__ p—C— __ P Erotd Bl e g | Ha Dicarbene (Table 9, No.11), whose luminescence has
been observed,'"® constitutes a special case. Formally
P T 19000 69.5 | 0.38 | MCH gl 158] it should have a sextet ground state, but, as a consequence
10 | NC— —C— N—CN 18870| 65.9 | 0.23 [ Et gl 158] £ m-coni ti it ¢ triplet X u
N N/ 18870] 59.6 | 0.2 | Et+ Ed ¢ | (58 ©Of m-conjugation, it passes to a triplet state, which corre
sponds to a quinonoid structure:
11 | Ph—C—? ™ N7 S—Eoph [17240] — | — |Et g | [146] TN S S —
Lo b —c={ = ==L >
12 /< >_N 20570 — | — |Et ol | 149, For this reason, the luminescence of dicarbene is also
— 193] T, > T, fluorescence.
13 [H,C—7 _>—f\3 20970 — | — |Et g | [149,
— 153} Nitrenes. The electronic structure of nitrenes resembles
14 HﬂN_<_>_f\] 20 330 — |Et o | (149 that of carbenes (Fig.8b). The unpaired electrons are in
— two 2p onpitals, one of which (py) is in the molecular plane,
15 Hsco—/_\—ib 204600 — | — |Et g | [149) while the other (py) is perpendicular to this plane. Further-
N more, a nitrene contains an unpaired electron pair which
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occupies a hybrid sp orbital located also in the molecular
plane. Aromatic nitrenes are usually formed on photolysis
of light-sensitive compounds such as azides and their chemical
and certain spectroscopic properties have therefore been
surveyed in a number of reviews and monographs,*7:**¢

but the luminescence properties of nitrenes have been
investigated only recently.

The absorption spectrum of phenylnitrene, obtained on
photolysis of phenyl azide in a solid solution at 77 K, is
illustrated in Fig.8b.'*° As in the spectrum of the benzyl
radical, three bands are observed: an intense band in the
region of 240 nm, a less intense one in the region of 300 nm,
and a weak band in the region of 350—450 nm. As in
carbenes, absorption bands in the range 300—400 nm, masked
by the absorption due to the 7—7* transitions, should corre-
spond to the n -~ 7m* transitions from the py and sp orbitals.
Theoretical estimates of the transition energies in phenyl-
nitrene’®® describe fairly satisfactorily the experimental
absorption spectrum.1*"15%

The luminescence spectrum of phenylnitrene is represented
by curve 2 in Fig.8b. The fact that the luminescence is
due to the corresponding nitrenes has been confirmed by
the agreement between the dynamics of the behaviour of
the absorption and luminescence spectra, the mirror symmetry
of the spectra, and the coincidence of the luminescence
excitation spectrum with the absorption spectrum of nitrenel*®
The luminescence lifetime is approximately 10~% s and, when
account is taken of the fact that nitrenes have a triplet
ground state,'*! one may conclude that the observed emission
represents the triplet—triplet fluorescence of nitrenes.

Phenylnitrene is isoelectronic with the benzyl radical
(cf. Figs.1 and 8) and their luminescence-spectroscopic
properties are very similar, which significantly distinguishes
phenylnitrenes from the phenoxy- and aminyl heteroradicals.

The addition of the methyl group to the para-position
causes a hypsochromic and not a bathochromic shift of the
band corresponding to the 0-0 transition in phenylnitrene,
in contrast to aromatic molecules. This phenomenon had
been observed earlier for radical-ions and had been explained
by the inductive effect.!®*?> The inductive effect is associated
with the redistribution of the electron density in the excited
state: when it increases at the site of the addition of the
substituent, the transition energy rises, i.e. the hypso-
chromic shift of the 0—0 transition is observed. When
alkyl substituents are introduced into simple aromatic
molecules, the hyperconjugation effect, which always leads
to a bathochromic shift of the absorption band, usually
predominates. In this case the inductive effect predominates
in the nitrene.

The luminescence properties of aromatic nitrenes are
presented in Table 9; in many respects they resemble
those of carbenes. Phenylnitrenes with alkyl electron-
donating substituents fluoresce, while electron-accepting
substituents (the nitro- and acetyl group) quench the
fluorescence of nitrene.'*® As in the case of carbenes,
the presence of n electrons in the substituent gives rise
to the possibility of an intense T ;;x—S, =+ conversion and
leads to the quenching of the fluorescence.

It follows from Table 9 that a dinitrene with strong con-
jugation between the nitrene groups (4, 4-dinitrenobiphenyl,
Table 9, No.17) also fluoresces, which is due to its biradical
quinonoid structure. In the case of weakly conjugated
systems, such as triphenylmethanes, the individual molecular
fragments make independent contributions to the absorption
spectra. However, the fluorescence quantum yield of
dinitrenotriphenylmethane (Table 9, No.20) is an order of
magnitude lower than for the mononitrene (Table 9, No.19),
while the fluorescence of trinitrenotriphenylmethane has
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not been observed at all.?*? This can be explained both
by the mutual quenching of the fluorescence due to the
individual fragments, analogous to concentration-induced
quenching, and by the formation of states with higher
multiplicity.

Xylylenes. Xylylenes constitute yet another class of
biradical species for which luminescence has been
observed.!*"55 The photolysis of methylated benzenes
in MCH at 77 K %% led to the observation of the luminescence
of the product in the range 400—440 nm, which differs
from the luminescence of benzyl radicals and was attributed
to ortho~ and meta-xylylenes (such products did not appear
for toluene and p-xylene). Subsequently xylylenes were
synthesised chemically and their luminescence, whose
characteristics are presented in Table 9 (Nos.22-27), was
investigated.%% It is noteworthy that only meta-xylylene
and its methyl derivatives (Table 9, Nos.22—24) are true
biradical species, while ortho-xylylenes (or para-xylylenes)
have the configuration shown in Table 9 (Nos.25—27).
According to theoretical calculations,3%1%® meta-xylylenes
have a triplet lowest state so that the observed luminescence
can be attributed to triplet—triplet fluorescence. Theoretical
estimates of the transition energy agree well with exper-
imental data.®®

The triplet—triplet fluorescence of the biradical benzene
isomer 2,4-dimethylenecyclobutane-1,3-diyl, obtained by
the photolysis of an azo-compound, has been observed.!®
This biradical is unstable even at 77 K and decomposes
spontaneously; its concentration diminishes by a factor
of two over a period of 30 h.

———000--—

The studies of the luminescence-spectroscopic properties
of the radical products of aromatic compounds have shown
that all the rules of the luminescence-spectroscopic systematic
treatment developed in recent years for molecular systems!~?
are applicable to them. Apart from the general selection
rules as regards multiplicity and symmetry, account must
be taken of the influence of the orbital nature of the
excited states in the radiative and non-radiative transitions.
The characteristics of the structure of certain radical com-
pounds and the development of modern research methods
(laser excitation, accumulation of spectra) made it possible
to observe interesting phenomena in the luminescence spectra;
quartet—doublet phosphorescence, the Jahn—Teller effect,
fluorescence from the highest excited states, laser generation
based on the fluorescence of radicals, and vibrational struc-
ture in luminescence spectra. The luminescence of radicals
of the benzyl type has been most fully investigated and
described in the literature; the luminescence of radical-
ions of complex aromatic systems, such as naphthalene,
biphenyl, etc., as well as the luminescence properties of
the heteroradicals have been studied to a much lesser extent.
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