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Red and green chemiluminescence of Na, Mg, and lanthanide
triphenylmethyl derivatives during oxidation
by dioxygen and cerium(iv)
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Chemiluminescence (CL) of triphenylmethyl organometallics (TPM), Ph,CNa,
Ph,CMgCl, and Ph,CLnCl, (Ln = Cd, Eu, and Dy), in THF and toluene during oxidation
by O, and the (NH4)2Ce(NO3)6 complex was found. The first CL is caused by the

luminescence of two emitters: (Ph,C")*, emitting in the green spectral region (A,

= 524,

max

550 nm), and an unstable product of substitution of the hydrogen atom in the phenyl ring of

the Ph,C" radical, emitting in the red region (A

max

= 580%20 nm). The emitter of the second

CL, Ph,C" *, is generated in the elementary electron transfer from the Ph,C™ anion to CelV,

reducing the latter 1o Celll,

Key words: chemiluminescence, photoluminescence, trityl radical, sodium, magnesium,

and lanthanide organometatiics.

Studying the chemiluminescence properties of orga-
nometallic compounds containing the Ph;C group, we
observed chemiluminescence of triphenylmethyl deriva-
tives of Na, Mg, and lanthanides (Gd, Tb, Eu, and Dy)
during their oxidation by dioxygen and cerium (IV). In
this work, we investigated the nature and mechanism of
this phenomenon.

Experimental

Triphenyl organometallics (PhyCNa, Ph3CMgCl, and
Ph;CLnCl,) were synthesized by the reactions of the corre-
sponding metals with Ph3CCl in THF or toluene in an argon
atmosphere.! Ph;CCl was obtained from Ph;COH by the
known procedure? followed by recrystallization from hexane.
The (NH,),Ce(NO;j)s complex (hereinafter CelV) was ob-
tained by the known procedure3 A solution of NaO, was
prepared by the oxidation of sodium benzophenonekety! by
dioxygen in a THF solution. The concentration of superoxide
was determined volumetrically from the volume of O, evolved
upon treatment of this solution with a FeSO4+HC! mixture.4
Toluene and THF were purified by the known procedures.”
Chemiluminescence {CL) was detected on the installation
described previously® by the addition of an aliquot of the CelY
complex to a solution of triphenyimethy! organometallics (TPM)
in a glass CL-cell in an argon atmosphere or during bubbling
of air through the solution. CL spectra were measured with an
MUM-2 monochromator or (for weaker CL) with a set of
boundary light filters. Photoluminescence (PL) was detected
on an Aminco-Bowman spectrofluorimeter and on an instru-
ment based on an MDP-23 double monochromator. After
measuring CL, solutions were analyzed by the known proce-
dures!.7 used for studying the autcoxidation of PhiCNa and

the tntyl radical dimer, respectively, and by GC-MS on a
Finnigan-4000 spectrometer.

Results and Discussion

Oxidation of TPM with air oxygen in THF or tolu-
ene produces CL, whose highest intensity and lifetime
differ insignificantly for different TPM under the same
conditions (Fig. 1). As visualized in parallel experi-
ments, the tnitial blood-red color of the solution (due to
absorption of Ph;C™ anions) changes rapidly (~15-20 s)
to a yellow color (characteristic of the Ph,C" radical),
followed by decolorization and formation of a white
precipitate (the precipitate forms at {TPM], > 107!
mol L™1). These observations agree with the disappear-
ance of the characteristic absorption band of the anion
(Amax = 480 nm) and appearance of bands of Ph,C”
(Apax = 334, 516 nm). Thus, this CL system has two
kinetic regions, depending on the presence or absence of
the Ph;C™ anion.

The CL -spectrum measured in the first temporal
region coincides with the PL spectrum of the trityl
radical. The CL spectrum in the region of smooher
decay of the kinetic curve consists of two components:
emission of the radical (Ph;C")* in the green spectral
region (this CL has previously been observed®? by us
for Ph;CNa and Ph,CLnCl,) and red CL with a broad
maximum in the region of 580+20 nm (Fig. 2). Both
CL components are due to the emission of intermedi-
ate autooxidation products, since the green and red PL
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are absent for the starting and final products (300, 77
K) and appear (77 K) for partially colored solutions of
TPM (see Fig. 2). These results contradict the litera-
ture data on the assignment of the red CL in the
PhMgBr—organic peroxide system to emission
of (PhyC")* 10 or (Eu3*)* during oxidation of
Ph,CLnCl,,!! because it is known39:12.13 that (Ph,C " )*
luminesces in the green region, and the red CL is
observed for derivatives of other lanthanides that do
not possess red luminescence.

Radical 1, the product of replacement of the H
atom in the phenyl ring of the trityl radical by another
trityl radical or other substituent, e.g., Ph or O, is the
most probable emitter of red CL. This assumption is
confirmed by both the datal! on a substantial red shift
of the PL spectrum of the trityl radical during replace-
ment of the H atom and ideutification of such deriva-
tives among the products of autooxidation of Ph,C-
and its dimer.”

Existence of kinetic re-
gions of CL suggests a pos-
sibility for the Ph,C™ an- Ph
ion to participate in pro- XO_CQ
cesses resulting in CL in Ph
the first region. Let us con- 1
sider reactions that can act X = PhsC. Ph. O
as potential photostages in
the first kinetic region. Excitation of the Ph;C’ radical
at the stage of electron transfer to the O, molecule from
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Fig. 1. Time dependences of the CL intensity during
autooxidation of TPM (3 - 1072 mol L™}) in toluene (300 K):
1, Ph3CNa; 2, Ph3CMgCl; and 3, PhJCNa.

the Ph;C™ anion bound to the metal in TPM (reaction
(1)) is impossible due to the energy deficiency of this
reaction.

/"—\\
PhCM™X_ + 0, — [Ph,C"M™X__.0,] —»

{ Ph,C" + M™X O,"~ (1)
T

[PhC"..M™X 0,7} m Ph,C* + M"+xm022' (2)
M=Na, Mg, ln; X=Clim=0Q, 1,2

The thermal effect of reaction (1), calculated using the
electrochemical redox potentials,15.16

AH = E(0,7/0)) ~ E}(Ph,C~/Ph,C") =
= 0.564 ~ (~1.09) = 1.654 ¢V,

does not provide population of the excited state of
Ph,C* (2.37 eV). The radical formed in reaction (1) can
be oxidized to the Ph,C* cation due to the transfer of
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Fig. 2. CL (1. 3, 5) and PL spectra (2, 4) during oxidation of
solutions of TPM (3 - 10™! mol L™1) in toluene (300 K): 7 and
J, air O,, regions @ and b, respectively (see Fig. 1); 2 and 4,
solition of Phe/C' (6-107% mol L™1) obtained according to
Ref. 18; 5. CelV oxidant (1072 mol L™1).
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the second electron from Ph;C' to the superoxide
O, anion in the composition of the metal peroxide (Eq.
(2)), which follows from the value of the thermal effect
of this exothermic reacticn
AH = E(0,27/0,7) = E,(Ph,C"/Ph,C*) =
=1.72 — 048 = 1.24 V.

The cation is capable of reacting with the original anion:
N
Ph,C* + Ph,C"M™X_ ——e [Ph,C*.. Ph,CM™X ]| —s
—— M”*Xm + 2 PhC” . 3)

However, comparison of the values of the heat effect of
reaction (3)

AH = E(Ph;C"/Ph,CT)
=0.47 - (-1.09) =

= Ey(Ph,C™/Ph,C") =
1.56 eV

and the energy of the emitting level of the radical (2.37)
shows that the energy deficiency is 0.87 eV, i.e., this
reaction does not also result in the formation of (Ph,C)*.
It can be assumed that the interaction of Ph,C™ with
metal peroxide

Ph,CMY™™X_ + M7 0, —e
ﬁ\
e [Ph,CTM™X, M™*X_0,] ——e

{:: Ph,C" + (M7*X),0, E3)
(Ph,C')” (5
is the most probable photostage to provide the genera-

tion of (Ph,C")* involving the Ph,C™ anion.
First, the thermal effect (reactions (4), (3))

AH = E(O 4,27/0;7)y = Ey(PhyC™/PhyC) =
172—( lO9)~28leV

is sufficient for the formation of (Ph;C')*. Second,
modeling of this process by the interaction of NaQ, with
Ph,;CNa gave a positive result as the appearance of CL,
whose emitter is also (Ph,C)*. In addition, we cannot
rule out the possibility of excitation of Ph;C " due to the
sequence of processes

Ph,C +0, —e Pn,cO0 PG M

{ Ph,C' + M™X_ + Ph,COO"
(PhyC™)* (6)

Unfortunately, it is difficult to estimate the thermal
effect (reaction (6)) because data on the redox potentials
of the Ph,COO™/Ph;COO" pair are scarce.

In the second region of the kinetic curve, CL is
produced by reactions that do not involve the Ph,C~

anion because it has already been transformed into Ph,C".
The latter is detected in the solution by the characteristic
absorption bands during the whole period of CL emis-
sion. The products of autooxidation of all TPM contain
the compounds Ph,COOCPh;, Ph;COH, Ph;CH,

Ph,CO, and Ph;C—Ph—C(Ph),O0H, which are also
formed by the autooxidation of the trityl radical dimer,’»!7
which indicates that the mechanisms of these reactions
resemble each other. According to the data!® on dark
autooxidation of the dimer (D), two main routes of
consumption of Ph,C" can be pointed out: the transfor-
mation into the peroxyl radical in the reaction with O,
and dimerization (Scheme 1, transformations 7 and 2).

Scheme 1

Ph,COO" '
Ph.C ph Ph

“Ph

\

D

3 Ph,C ,Ph
Ph,COO" c,k —
4 \
H Ph
3 N
Ph,C'* + Ph,COOCPh,
p ..-Ph
Ph,C C\Ph +Ph,COOH (2

(R)”

Reaction (/) is reversible (X = 8- 102 mol L), and
its rate is much higher than that of dimerization.'
Therefore, both products are present in the reaction
solution: the dimer (in a lower amount) and peroxide
radicals (in a predominant amount), which interact with
each other.”-17-18 The attack of the dimer by the peroxyl
radicais at the C—C and C—H bonds is possible (see
Scheme 1, reactions 3, 3" and 4, 4°). In the first case,
(Ph;C")* forms, and in the second case, the emitter of
red CL, (R)*, forms. The role of the attacking reactant
can be accomplished” not only by the Ph;COO" radical,
but also by a more complex ROO" radical, 1o form
products similar to those in reactions 3, 3" and 4, 4’.

To finally identify the emitter of red CL and
photostages during TPM autooxidation, we can perform
CL modeling for the autooxidation of the trityl radical
and reveal the influence of additives of the starting
reactants and final products of the oxidation of TPM
with dioxygen.

The primary stage of electron transfer to O, during
TPM oxidation does not result in the excitation of the
trityl radical, whereas in the second CL system, the
one-electron transfer to CelV generates precisely
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(Ph,C")*. The CL of singlets of aromatic molecules
gencrated in the reaction of the electron acceptor CelV
with sodium anthracenide and pyrenide has previously
been reported.20

Emission of radicals in solutions at room tempera-
ture is a unique phenomenon.?! Therefore, it was of
interest to study the possibility of formation (in a similar
electron transfer reaction with the same oxidant) of an
electron-excited radical rather than a molecular product
(reactions (7)—(10)).

Ph,CNa + Cel ——s (Ph,C')* + Ce'!l + Na* (N
Ph,CMgCIl + Ce¥ —— (Ph,C’)* + Ce'l + MgCI* (8)

Ph,CLnClL, + CelV —— (Ph,C")" + Ce'! + LnCL,* (9)

(Ph,C')* —« Ph,C™ + hv (10)

In fact, when equimolar (1072 mol L) THF solu-
tions of Ph,CNa, Ph;CMgCl, or PhyCLnCl, (Ln = Th,
Pr, and Sm) and (NH,),Ce(NO,), were mixed, we
observed CL in the form of a rapidly descending curve.
For example, for the reaction of Ph,CNa, Al = 50%
over 20 s, [ = 4.5-10° photons™! mL™!. The CL
spectrum measured by boundary light filters on the
descending branch of the kinetic dependence of CL
intensity is detected in the region of 480—580 nm and
correlates with the PL spectrum of the trityl radical
(Amax = 524, 550 nm) obtained by the reaction of zinc
metal with PhyCCI 13 (see Fig. 2). The thermal effect of
reactions (7)—(9), calculated using the electrochemical
redox potentials

AH = E[Celi/CelV] — E[Ph,C/Ph,C"] =
= [1.70 — (—1.09)} = 2.79 eV,

provides excitation of Ph;C* (2.37 V). Thus, the emit-
ter of this CL, (Ph;C")*, forms in the clementary act of
electron transfer in reactions (7)—(10).
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