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Transfer from the Ring to the Side Chain in
N,N,N',N'-Tetraalkyl-para-phenylenediamine
RadicalsÐThe Reverse of Side Chain
Deprotonation of Radical Cations
Steen Steenken* and Abel J. S. C. Vieira

For arenes containing (substituted) alkyl groups as sub-
stituents, ªactivationº of the side chain is often possible by
changing the ªoxidation stateº of the arene, for example, by
one-electron reduction,[1±7] or more often, one-electron oxi-
dation.[8±13] A very characteristic process for the side chain
reactivity of radical cations is deprotonation from carbon
which leads typically to (neutral) benzyl-type radicals. The
reciprocal reaction, protonation on carbon, has also been
observed (with radical anions),[14±20] but it typically takes place
not on the side chain but on the ring. We have now found
evidence for the protonation of a side chain carbon atom (a
reaction which involves a neutral radical), electron transfer
from the ring to the side chain providing the (high) electron
density necessary for the protonation on carbon to occur.

N2O-saturated aqueous solutions at pH 7 ± 12 containing
N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD; used as
the dihydrochloride) were irradiated with the 100 ns pulses
from a 3 MeV van de Graaff electron accelerator, and the
time-resolved changes in the transmission or of the conduc-
tance of the solution monitored. Irradiation of water leads to
the radicals .OH (45 %), H . (10 %), and eÿaq (45%). The latter
reacts with N2O within 20 ns to yield another .OH radical. In
the presence of 0.2 ± 0.5 mm TMPD, its radical cation TMPD.�

is produced, whose lmax values are at 330, 565, and 610 nm
(Figure 1).[21, 22] TMPD.� is formed by two routes, a direct and
an indirect one. The direct (ªfastº) reaction accounts for
(55� 5)% of the total formation of TMPD.� (Figure 1,
inset b). The rate, but not the yield, of this reaction depends
on the concentration [TMPD],[23] whereas the rate of the
second, slower reaction (k� (6.6� 1)� 104 sÿ1 at 208C[24])
turned out to be independent of [TMPD] (0.1 ± 1 mm) and pH
(7 ± 12), but dependent on temperature (between 0 and 508C),
the resulting Eyring parameters for the electron transfer and
side chain protonation (see Scheme 2) being DH=� (4.9�
0.5) kcal molÿ1 and DS=� (ÿ19� 1.6) calmolÿ1 Kÿ1. Further-
more at pH 8 ± 11 the reaction of .OH with TMPD leads to an
increase in conductance of the solution (Figure 1, inset c)
assignable[25] to the formation of an organic (radical) cation
and the OHÿ ion, again in a two-step process, as observed with
optical detection. The rate of the slow process and the step
height of the change in conductance were independent of the
pH value (8 ± 11)[26] and of the [TMPD] (0.1 ± 1 mm), and were

Figure 1. Absorption spectra recorded after reaction of O.ÿ with 0.4 mm
TMPD in N2O-saturated water ([KOH]� 0.4m, 208C. *� spectrum of
TMPD.� , *� spectrum of >NCH2

.). Insets a and b show the decay of
>NCH2

. (350 nm) and the build up of TMPD.� (565 nm) at 0.4 m KOH and
pH 7.4, respectively. Inset c shows the increase in conductance G at pH 10,
which primarily reflects the formation of OHÿ.

equal (within 10 %) with those optically measured (compare
with inset b).

On replacement of .OH by O.ÿ , the conjugate base of .OH
(pKa(

.OH)� 11.9), the height of the initial step at 565 nm (see
insets) was found to be much smaller than at pH 7 ± 8.[27]

Under these conditions,[28] the first process contributed only
15 % of the total formation of TMPD.� , and the main reaction
was the slow formation of TMPD.� with k� 6.0� 104 sÿ1, that
is with essentially the same rate constant as for the reaction at
pH 7 ± 12, where, however, .OH is the reactant.

Based on the fact that O.ÿ reacts with arenes typically by
H-abstraction from the side chain,[29] the side-chain-derived
radical >NCH2

. is expected to be formed in its reaction with
TMPD (see Scheme 1). Similar to other a-aminoalkyl-type
radicals,[30] >NCH2

. should be a good one-electron reducing
agent, and this was in fact found to be the case since this
radical could be scavenged by the mild oxidant methylviol-
ogen (MV2�) to yield MV.� (k� 2.8� 109mÿ1 sÿ1). The yield of
>NCH2

. , determined at pH 9 with this method,[31] is 53 %
relative to the initial .OH present. This value is in agreement
with the numbers derived from the optical and conductance
step heights (Figure 1, insets b and c).

The reaction of .OD with TMPD in heavy water (D2O) also
led to the formation of TMPD.� in two steps. However, the
rate constant for the second, slow process, which is assigned to
the conversion of >NCH2

. to TMPD.� (see Scheme 2), was
smaller than that for the reaction in H2O by the factor 3.0;
thus, the solvent kinetic isotope effect (KIE) is 3.0, a value
that is consistent with the (heterolytic) rupture of an OÿH
bond in the transition state. The activation entropy of
ÿ19 cal molÿ1 Kÿ1 is in agreement with this concept, since
motional degrees of freedom are lost by participation of a
water molecule in the transition state of the intramolecular
electron transfer from the ring to the side chain.

To study the effect of the alkyl substituent on the amino
nitrogen atom of the para-phenylenediamine moiety, the OH
radical was also allowed to react with the N,N,N',N'-tetraethyl
and n-propyl derivatives. As with TMPD, the corresponding
radical cations were formed in two steps; the yields for the
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ªfastº (bimolecular) reaction were 70 ± 80 %.[32] The subse-
quent unimolecular reaction revealed k values of 1.2� 104 and
7.1� 103 sÿ1 for the ethyl [33] and n-propyl derivatives, respec-
tively. Figure 2 shows a Taft plot (s* values) of the rate

Figure 2. Taft plot of the transformation of>NCH .R (R�H, Me, Et) into
the corresponding radical cation. The Taft parameter was determined to be
1*� 1.6 from the slope.

constants for the transformations of the a-aminoalkyl-type
radicals into the corresponding phenylenediamine radical
cations. The deceleration of the reaction on going from Me to
nPr, reflected in the positive apparent 1* value of 1.6, may be
due to an increase of electron density at the carbon carrying
the unpaired electron[34] or to steric effects.

On the basis of the experimental data presented, a
mechanism is suggested which involves the formation of two
different radicals from the reaction of .OH with TMPD:
a) the radical cation, TMPD.� , generated by an addition/

elimination sequence[35] at an
(unoccupied?) ring position,
and b) the carbon-centered rad-
ical >NCH2

. , produced by
H-abstraction from the a-C
atom of the alkyl substituent
on the phenylenediamine nitro-
gen (Scheme 1). This mecha-
nism is supported by the finding
that the relative yield of the
hydrogen abstraction product,
>NCH2

. , increases on going
from the electron-transfer (via
addition/elimination)[36] agent
.OH to the H-abstractor[29] O.ÿ

(cf. insets b and a of Figure 1).[37]

Clearly, for the ªunimolecu-
larº transformation of >NCH2

. to TMPD.� a proton donor is
necessary, and it is proposed that a water molecule serves this
purpose. The mechanism suggested (Scheme 2) involves the
transfer of an electron from the ring to the N-substituted alkyl

Scheme 2.

radical; a water molecule acts as the protonating agent[38, 39]

(and possibly as an electron transfer mediator) in the
transition state of the electron transfer. Evidence for this
comes from the kinetic isotope effect of 3 and the negative
activation entropy. The anion complementary to the radical
cation is OHÿ, and this was detected directly (as a hydrated
ion) by time-resolved measurement of the conductance (see
Figure 1, inset c).

To summarize, evidence has been presented for a water-
assisted intramolecular transfer of an electron from the ring as
the electron donor to a carbon-centered radical located on the
side chain at a position b to the ring as the (weak!) electron
acceptor. Formally, the result of this electron transfer would
be a carbanion on the side chain. However, as concluded from
the solvent kinetic isotope effect which indicates the breakage
of an OÿH bond in the transition state of the electron transfer,
protonation by water of this carbon atom is concerted with the
electron transfer. The (new) mechanism presented in
Scheme 2, which corresponds to the reverse of side chain
deprotonation[40] of radical cations,[41] is an example of the
importance of proton transfer in electron transfer processes in
aqueous solution.

Experimental Section

The pulse radiolysis experiments were performed by using a 3 MeV
van de Graaff accelerator which supplied 100 ns pulses with doses such that
radicals were produced in concentrations of 0.5 ± 3 mm. A thermostatable
quartz flow cell, typically set at 208C, was employed in all experiments.
Dosimetry was done with N2O-saturated 10 mm KSCN solutions taking
G( .OH)� 6.0� 10ÿ7 mol Jÿ1 and e[(SCN) .2ÿ]� 7600mÿ1 cmÿ1 at 480 nm.[42]

The solutions were prepared by dissolving the tetraalkyl-p-phenylenedi-
amine dihydrochlorides in water deoxygenated with N2O and then
adjusting the pH to �7 by addition of KOH or Na2HPO4. The radiation-
induced changes of the solution were digitized and analyzed by an on-line
DEC-PDP 11/73� computer system which also controlled the apparatus
and pre-analyzed the data. For the time-resolved conductance changes, an
AC system with 1 ms time resolution was used.
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LaPO4:Ce,Tb Nanocrystals**
Karsten Riwotzki, Heike Meyssamy,
Heimo Schnablegger, Andreas Kornowski, and
Markus Haase*

An increasing number of nanocrystalline materials have
been synthesized in high-boiling coordinating solvents, since
binding of the solvent molecules to the particle surface leads
to colloidal solutions of well-separated particles.[1] If process
parameters such as concentration and temperature are
properly adjusted[2] and, most importantly, a suitable solvent
for the reaction is found, colloidal solutions of highly
crystalline nanoparticles with very narrow particle size
distributions are the result. Examples for this method are
the synthesis of high-quality cadmium chalcogenide nano-
clusters[1a] and TiO2 nanoclusters[1b] in trioctylphosphine oxide
(TOPO) and the preparation of InP[1c,d] and InAs nano-
clusters[1e] in trioctylphosphane (TOP). Similarly, ZnSe,[1f]

Fe2O3, Mn3O4, and Cu2O nanoclusters[1g] have been prepared
in long-chain alkylamines. Our synthesis of LaPO4:Eu and
CePO4:Tb in tris-ethylhexylphosphate[1h] shows that the
method is also applicable to doped nanoparticles.

Oxide materials form the active material of most solid-state
lasers and are technologically important as phosphors in
cathode ray tubes, X-ray detectors, and in lighting applica-
tions.[3] The latter group includes the mixed phosphate
La0.40Ce0.45Tb0.15PO4, which is used in luminescent lamps as
highly efficient emitter of green light.[4] The material is
chemically very stable, even in the presence of the mercury
plasma discharge inside the lamp, and has an overall
luminescence quantum yield of 93 %.[5] Redispersible nano-
particles of La0.40Ce0.45Tb0.15PO4 may therefore form a stable
and efficient substitute for organic laser dyes in various
applications. In fact, semiconductor nanoparticles such as
CdSe have successfully been applied, for instance, as lumi-
nescing labels for biomolecules[6] and as light-emitting mo-
lecular substances in electroluminescent devices.[7]

Herein we present an improved synthesis that yields more
than 10 grams of the ternary system La0.40Ce0.45Tb0.15PO4 in a
simple one-pot reaction which does not involve rapid mixing
of dissolved compounds. Rapid mixing at elevated temper-
atures is often applied to separate nucleation and growth of
the nanoparticles,[8] but becomes increasingly difficult with
larger amounts of reactants. Nevertheless, our procedure
yields a remarkably narrow particle size distribution even on
this preparative scale. This is shown by transmission electron
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