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2BPh,: A THF/CH,Cl, solution (1/1; 3 mL) of NaBPh, (42 mg, 0.12 mmol)
was added to a THF/CH,CI, solution (1/1; 10 mL) of 2BF, (100 mg,
0.06 mmol) and the mixture was stirred for 20 min. After concentration to
ca. 6 mL hexane (8 mL) was added to form precipitates, which were
collected by filtration. The solid was dissolved in CH,Cl, (1.5 mL). Hexane
(1 mL) was added and purple 2BPh, (80 mg, 0.045 mmol, 75 % yield) was
obtained by crystallization at —20°C.
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Double Photoionization of
Dimethylaminobenzonitrile in Solution:

A Three-Quantum Process with Intervening
Chemical Step**

Martin Goez* and Valentin Zubarev

Photoionization in solution is a compelling subject of
investigation because of the vast importance of the hydrated
electron e;, for chemical and biological processes!l At
wavelengths greater than about 300 nm, more than one
photon is usually needed to eject an electron from a stable
molecule. This is normally realized by an absorption-—ab-
sorption sequence (two consecutive absorption steps), where
the second photon ionizes an electronically excited state of
the substrate.

As we recently demonstrated, the insertion of an electron-
transfer step between the two absorption processes can
greatly facilitate two-photon ionization.”l With this variant,
the second photon ionizes the radical anion resulting from
electron-transfer quenching of the excited substrate. Exper-
imental evidence obtained so far seems to indicate that at
least for aromatic ketones and quinones the actual photo-
ionization step is intrinsically more efficient by an order of
magnitude or more for the radical anion than for the excited
ny* triplet state.?d 3

Up to now, this mechanistic variant has only been explored
with intermolecular quenching. When both absorption steps
are to occur during the same laser flash, that is, typically
within a few nanoseconds, this puts considerable constraints
on the chemical system: even in the case of a diffusion-
controlled electron transfer disproportionately high quencher
concentrations must still be employed.?dl The use of intra-
molecular charge transfer (ICT) is an obvious approach to
overcome this difficulty. On the basis of the above exper-
imental observation, one would expect photoionization of an
excited state to be the more facile the greater its charge
transfer (CT) character is.

Dimethylaminobenzonitrile (DMABN) is a classical ICT
compound as far as its first excited singlet state is concerned.
However, with regard to the lowest triplet state T, the
situation is less clear. From an analysis of its deactivation
pathways!* and from the absence of an appreciable volume
change in laser-induced optoacoustic spectroscopyl it was
inferred that T, does not possess a pronounced CT character.
In contrast, the results of time-resolved infrared measure-
ments indicate that in T, a substantial negative charge is
located on the cyano group, and it was proposed that there
might be two closely lying triplet states, a CT and a non-CT
one, with an equilibrium between them.[]

DMABN can be photoionized in liquid solution at 266 and
308 nm; from a quadratic intensity dependence of the yield of
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€, at low light levels this was concluded to occur by a
consecutive two-photon process.* 7! The starting point of the
present work was our observation, made when we attempted
to determine the absolute quantum yields of this photo-
ionization to obtain some evidence as to the CT character of
T,, that this photoreaction must be considerably more
complex than previously thought.

Because DMABN is hardly soluble in water, most of the
measurements were carried out in micellar solutions (sodium
dodecyl sulfate, SDS) with a neutral pH in the aqueous phase.
As a positive side effect, this microheterogeneous environ-
ment also slows down charge recombination considerably;
compared to homogeneous phase (water/methanol), we
typically observed an increase of the life of e;; by an order
of magnitude. The solutions were degassed, and oxygen was
excluded. Nanosecond laser-flash photolysis (excimer laser
and/or Nd:YAG laser) with UV/Vis detection was used. Our
setup®! allows one- and two-pulse (i.e., two-color) experi-
ments.

By scavenging experiments with N,O it was ascertained that
in our system no other species besides e;; absorbs at 830 nm.
The experimentally observed optical density at that wave-
length thus directly yields the electron concentration. Fig-
ure 1ashows the dependence of this concentration, relative to
the starting concentration ¢, of DMABN, on the laser
intensity in a single-pulse experiment using 308 nm light.
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Figure 1. Photoionization of 2.7x10°M DMABN in aqueous SDS
solution (0.031m). The laser pulse sequences used are displayed as insets.
Pulse widths are about 20 ns for 308 nm and about 5 ns for 355 nm. Shown
are the concentrations of the hydrated electron [e;,] relative to the starting
concentration of DMABN ¢, in the single-pulse experiment (a), and
relative to the starting concentration of the triplet [T], in the two-pulse
experiment (b) as functions of the laser intensity I;ys and I3s5, respectively.
The fit curves are explained in the text.
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The surprising result is that, quite obviously, two electrons are
produced from one substrate molecule.

At low light levels, where photoionization is negligible, a
transient spectrum is obtained under our experimental con-
ditions that is identical to that reported® for the lowest triplet
state T, of DMABN apart from a red-shift by about 30 nm,
which we attribute to the different polarity in our case
(aqueous micellar environment versus ethanol). The triplet
has a half life of 90us under these conditions. With increasing
laser power, its signal (absorption maximum at 390 nm, which
is not obscured by peaks of other species) first increases and
then decreases again, indicating that the excited state
preceding photoionization in our experiments is T, of
DMABN.

To gain more information about the photoionization, we
carried out two-pulse experiments. The first pulse, at 308 nm,
was attenuated so as to produce only a very small amount of
electrons (about 1% of ¢,) but a substantial amount of the
triplet. The known extinction coefficient! of the triplet at its
absorption maximum allowed calculation of its absolute
concentration [T],, which was found to be about 12% of c,.
After a delay of 500 ns, a second pulse was applied, this time
at 355 nm. The absorbance of DMABN at this wavelength is
about 40 times lower than at 308 nm, and by control experi-
ments it was ensured that even at the highest available laser
power only an insignificant amount of e;; is obtained by the
single-pulse scheme at 355 nm. However, in the two-pulse
experiment, complete conversion of the triplet into e;; can be
achieved. Figure 1b depicts the dependence of the electron
yield, relative to [T],, on the intensity of the second pulse. It is
clearly seen that, in line with the result of the single-pulse
experiment of Figure 1a, one molecule of the triplet ulti-
mately yields two electrons.

A direct ejection of two electrons from triplet DMABN is
very improbable at the wavelengths used because it would
lead to a chemical species of rather high energy (a dication). It
is much more reasonable to assume two successive ionizations
with an intervening chemical step, where the first electron
stems from the triplet and the second from another inter-
mediate that is produced by a secondary chemical trans-
formation of the radical cation resulting from ionization of the
triplet. The chemical transformation of the radical cation to
give an ionizable species must be fast on the timescale of the
laser pulses, otherwise complete ionization, as is found in both
the single- and the two-pulse experiments, could not occur; for
this reason, one would not expect the radical cation to be
observable in our experiments but only the subsequent
species. Spectra taken at moderate light intensity in N,O
saturated solution (to scavenge the electron) indeed revealed
the presence of two other transients, besides the triplet, with
absorbance maxima at 370 nm and 495 nm. From the intensity
dependences, the former must correspond to an ionizable
intermediate and the latter to the final photoproduct. The
overall reaction thus proceeds according to Scheme 1, where
G, T, C, X, and P are ground state, triplet, (unobservable)
radical cation, secondary ionizable species, and final product,
respectively.

The three photoreactions can be described as first-order
processes with rate constants k;, k,, and k;, because the
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Scheme 1. Overall reaction scheme for the photoionization. For explan-
ation of the symbols, see text.

solutions in our experiments are optically thin. Since C can be
ignored in the kinetic equations, the actual shape of the
ionizing pulse does not play any role, and the electron yield is
completely determined by the total intensity 7, with k; to k;
possessing the dimension of a reciprocal energy.?¥l The result
for the two-pulse experiment, that is, electron concentration
[e:,] relative to concentration [T], of the triplet after the first
pulse, is given by Equation (1).

e (2ks — ky) exp (—kyI) — ky exp (—k;1)

[T], -2 ky — ks o

A fit of Equation (1) to the data is shown in Figure 1b. The
fit is very well-conditioned, with the initial slope of the curve
being determined by k, alone. From each of the constants k;,
the quantum yield of the respective photoionization ¢;,, can
be calculated if the absolute extinction coefficient at the
excitation wavelength A, is known.?dl For triplet DMABN, ¢
at A was obtained from the spectrum taken at sufficiently
low light levels, where the amount of photoionization is
negligible, and ¢,,, given in the literature.’] The extinction
coefficient of X at 4., followed from its observed absorbance
and its concentration, which was measured by converting it
completely into e;,. With these data, we arrive at a value of
¢ion for triplet DMABN of 0.48 at 355 nm. The very high
efficiency of this ionization seems to indicate considerable
charge-transfer character of the DMABN triplet, which
would corroborate the conclusions drawn from transient
infrared experiments.’l For the ionization of X, a quantum
yield of 0.13 is obtained.

On the basis of Scheme 1, a closed form expression can also
be derived for the intensity dependence in the one-pulse
experiment [Eq. (2)].
lesa] 24 ky (ki — 2k3) ki(ky — 2k3)

Co (ky — ky) (k) — k3) (ky — ky)(ky — k3)
kik, @

e =) ls — k) PR

exp(—kI) —

-exp(—k,I) —

A fit of Equation (2) to the data (compare Figure 1a) was
found to be less well-conditioned owing to a pronounced cross
correlation between the parameters but gave quantum yields
¢ion similar to those in the two-pulse experiment. When only
low light levels are being used, as in the earlier experiments
reported,* 7! the mechanism in Scheme 1 is indistinguishable
from a usual two-photon ionization: under these conditions, a
quadratic intensity dependence of the electron yield is found
in both cases because (kk,)I?/2 is the first nonvanishing term
of the respective series expansion (of Equation (2), and of
Equation (7) of ref. [2d]). The identical coefficient of P
reflects the chemically obvious fact that at low light levels
photoionization of X, which is a late intermediate in the
reaction sequence of Scheme 1, is negligible, whereas at high
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levels it contributes as much to the electron yield as does
photoionization of the triplet, an early intermediate.

Lastly, we turn to the intriguing question: what species X is
ionized in the final step of the reaction? From the findings
presented here, and by comparison with related inter-
molecular photoionizations involving alphatic amines,?®l we
conclude that the reaction C—X proceeds as shown in
Scheme 2. The primary result of photoionization of the ICT
triplet must be the nitrogen-centered radical cation of

H3C\ - HQC\ HQC\\ . .
Ot 0 O o O
H3C H3C ICT HiC

C X

Scheme 2. Intervening chemical reactions in DMABN photoionization.

_H+

DMABN.[ Tt is known that such aminium radical cations are
easily deprotonated at an o carbon to give a-amino alkyl
radicals,'!l and that the latter are strongly reducing species.['?]
The benzonitrile radical anion moiety that was already
contained in the charge-separated triplet is thus regenerated
by another ICT process, and is then available for a second
photoionization. This mechanism is corroborated by two
experimental observations. First, in water/alcohol mixtures,
rather than a micellar environment, a slight pH dependence is
found: at pH 12 two electrons per molecule of DMABN are
formed but at pH 6, where deprotonation of C would be
expected to be slower, this limiting value is not quite reached,
which would indicate that the deprotonation becomes rate-
limiting. Second, with para-aminobenzonitrile, where this
particular deprotonation is no longer possible, only one
electron per substrate molecule is indeed obtained (see also
ref. [10]).

Received: February 20, 2001 [Z16649]

[1] See, for instance, a) G. Steinberg-Yfrach, P. A. Liddell, C.-C. Hung,
A. L. Moore, D. Gust, T. A. Moore, Nature 1997, 385, 239-240; b) H.
Schindelin, C. Kisker, J. L. Schlessman, J. B. Howard, D. C. Rees,
Nature 1997, 387,370-376; c) M. H. B. Stowell, T. M. McPhillips, D. C.
Rees, S. M. Soltis, E. Abresch, G. Feher, Science 1997, 276, 812 -816.
a) V. Zubarev, M. Goez, Angew. Chem. 1997, 109, 2779 —2781; Angew.
Chem. Int. Ed. Engl. 1997, 36, 2664 -2666; b) M. Goez, V. Zubarev, G.
Eckert, J. Am. Chem. Soc. 1998, 120, 5347-5348; c) M. Goez, V.
Zubarev, J. Phys. Chem. A 1999, 103, 9605-9613; d) M. Goez, V.
Zubarev, Chem. Phys. 2000, 256, 107 -116.

[3] M. Goez, D. Leine, unpublished results.

[4] G. Kohler, G. Grabner, K. Rotkiewicz, Chem. Phys. 1993, 173, 275 -

290.

N. Chattopadhyay, M. van der Auweraer, F. C. De Schryver, Chem.

Phys. Lett. 1997, 279, 303 -308.

[6] M. Hashimoto, H. Hamaguchi, J. Phys. Chem. 1995, 99, 7875-7877.

[7] R.J. Visser, P.C. M. Weisenborn, J. Konijnenberg, B. H. Huizer,

C. A. G. O. Varma, J. Photochem. 1986, 32, 217 -233.

£430 Was determined relative to the absorption maximum, for which the

extinction coefficient was taken from J. W. T. Spinks, R. J. Wood, An

Introduction to Radiation Chemistry, 2nd ed., Wiley, New York, 1976.

[9] T. Okada, M. Uesugi, G. Kohler, K. Rechthaler, K. Rotkiewicz, W.

Rettig, G. Grabner, Chem. Phys. 1999, 241, 327 -337.

[10] F Saito, F. Tobita, H. Shizuka, J. Photochem. Photobiol. A 1997, 106,
119-126.

[11] G.P. Gardini, J. Bargon, J. Chem. Soc. Chem. Commun. 1980, 757 —
758.

[12] K.-O. Hiller, K.-D. Asmus, J. Phys. Chem. 1983, 87, 3682 —3688.

2

—

[5

[

(8

=

1433-7851/01/4015-2869 $ 17.50+.50/0 2869



