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Reactions of Photoexcited Aromatic Radical Cations with Polar Solvents
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Reactions of electronically excited radical cations of various simple aromatic hydrocarbons (e.g., naphthalene,
biphenyl, perylene) and amines (indole anttyptophan) with polar solvents (alcohols, ethers, and water)
were studied. The radical cations were generated by biphotonic (248 nm) photoionization of aromatic solutes
in oxygen-saturated solutions and subsequently excited by 2.3 eV photons from a Nd:YAG laser. The
photobleaching is initiated by a transfer of the valence electron of the solvent to the solute radical cation
(“hole injection”). In the polar liquids, a proton transfer occurs concurrently with this electron transfer and
may occur in several ways. Hole injection is the general mechanism for decay of photoexcited radical cations,
in both polar and nonpolar media. The efficiency of this process correlates with the ionization potential (IP)
of the solute and optical absorbance of the corresponding radical cation. For high-IP solutes, the quantum
yield of the photobleaching is 0-3.5. From scavenging of the photoexcited radical cations, it was found
that while some of these states have the lifetimes below 1 ps, other have lifetimes4sf 6 (in acetonitrile).

1. Introduction trons87 In the toluene-ether mixture, the bleaching was
caused by an electron transfer from toluene to radical cations
of the amines$:1° A partial recovery of the absorbance bands
from the neutral amines was obsenfeahd a hole transfer from
toluene™ to a second solute was demonstrateg@kvortsov and
lfimov speculated that in all of these solids, both polar and

tions2 and the crucial role that they play in radioly@isThe nonpolar, the photobleaching of radical cations was due to

hotoreactions of organic radical cations that have been studiedE lectron transfer from the solvent. They called this mechanism
P 9 ‘overcharging”; we refer to this reaction as “hole injection”, a

include fragmentation (e.g., dehalogenation of alkylhalides), term borrowed from solid-state physits

rbia:]r;%r;ggTeez;trzgzgr'r’]2:?0?253:&2;;]ﬁ;/%{g;;ggjﬁaﬂnnis In previous publications from this laboratory, we reported
. L . o that in several cycloalkane liquids (cyclohexane, methylcyclo-
isomerization of polyenes and Decalins, radiative decay (e.g., hexane. and de)::alins) the gxcita'sio)a of polycyclic a)r/orxatic

for fluorobenzenes and acetylenes), and electron transfer from . . : / . .
) . - . radical cations with a single 2.3 eV photon resulted in formation
low-IP aromatic amines (see a review article by Haselbach and of solvent holed?

Bally).1™> These reactions were studied either in the gas phase
or in low-temperature matrixes, such as frozen noble gases, - -
halocarbons, and other high-IP solids. In this article we examine [ArH*]* + RH—ArH + RH 1)
a class of photoreactions that is common to all of electronically
excited radical cations in condensed mattealence band (vb) ~ The holes were observed using time-resolved dc conductivity.
electron transfer from the solvent. Due to rapid hopping of the solvent holes in these cycloalkanes,

The solvent oxidation reactions of photoexcited organic their mobility is 5-20 times greater than the mobility of other
radical cations were first studied by Skvortsov and Alfimov in Molecular ions, and these holes can be observed through the
the 1970810 though there may be earlier repokslt was increased conductivit} Due to fast scavenging of the solvent
observed that the radical cations of aromatic amines stabilizedhole by aromatic solute and impurities, the conductivity signal
in frozen organic solvents could be bleached with visible fight. ~ recovers in 206500 ns, indicating that all of the injected holes
The onset of b|eaching occurred at a Wavelength that cor- have converted to solute CatiOWS.In other saturated hydl’O-
responded to the onset of the radical cation absorgtidine carbons, the hopping of the solvent hole is not faster than
guantum yield of the photobleaching increased with the photon Brownian diffusion, and the hole injection cannot be directly
energy and reached?2 x 10-23° The bleaching of the radical observed by means of transient dc conductivity. Nevertheless,
cations was shown to be a result of their reactions with the OUr observations support the view that in nonpolar media the
solvent rather than recombination with photodetached elec- decay of photoexcited radical cations is due to hole injection.

The mechanism of the photobleaching in polar liquids is more
* To whom correspondence should be addressed. complex, due to multiple reaction routes of photoexcited organic
TWork performed under the auspices of the Office of Basic Energy radical cations. These redox reactions appear to be similar to

Sciences, Division of Chemical Science, US-DOE, under Contract W-31- those observed in UV photolysis of transition-metal ions. One-
109-ENG-38. ’
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While the chemistry of lower excited states of aromatic
molecules (ArH) has been extensively studied, little is known
about reactions of photoexcited aromatic cations ([Ait) in
common solvents. The interest in these energetic species is du
to their mediation of highly exothermic electron-transfer reac-
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radical>? (photooxidation obuter-spheravater by complexes
of Co'" was also reportedf. Several complexes of Peexhibit
outer-sphere photooxidation of alcohols in aqueous solutfns.
Similar reactions were observed for YO in liquid alcohol
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With aromatic hydrocarbons, the aryl radicals formed in reaction
6 react with the H atom donors,

Ar*+ ROH— ArH + RO

7

solutiond” and for Cl 18 CdV 19 Fgll 190,20 gnd [PtCH|2~ 19¢ "

in frozen alcohols. In these solid matrixes, the stable photo- The products formed after this abstraction are identical to those

products (which are the corresponding olyl radicals and solvatedin reaction 4 (save for the H/D exchange in the ArD mol-

proton) are from dissociated solvent holes. In some cases, otheeculesy!

radical products are formed (e.g., methyl radical from stitt There is also a possibility that the solvent (ROH) attaches to

butanol)® but the overall scheme is that of concerted electron the phenyl ring of aromatic radical cation yielding a distonic

and proton transfers. cation, which then yields a cyclohexadienyl-type adduct radical,
Previously, we studied photobleaching of solute radical RO'ArH, and a proton (similarly to reactions of the ground-

cations that occurs upon- eV laser ionization of anthracene state radical cations of methylated benzenes with witer)

and other aromatic solutes in alcohds At high fluence of

the UV photons, the optical absorbance from the AriMas [ArH'+]* + ROH— R(H)*O‘ArH (8a)
significantly lower than that expected from a biphotonic process . . N
producing a geminate electrehole pair. This indicated that R(H)"O'ArH + ROH— RO'ArH + ROH,”  (8b)

the radical cations were bleached during the laser pulse. We
surmised that the bleaching was due to protonation of the solventAn addition reaction of the ground-state 9,10-dimethylan-
by excited radical cations. The aryl radical formed in this thraceng” with cyclic amines, very similar to reaction 8a, has
reaction should abstract hydrogen from the solvent. H/D been reported recentl. In acidic water, cyclohexadienyl
exchange upon the photoionization of deuterated anthracene wasadical HOArH rapidly transforms to Ari. An analogous
observed, and this finding suggested that the proton transferreaction may occur in alcohols, and therefore, the bleaching
did indeed occu#t reaction 8 can be reversed by addition of acid. For reasons
In this work, the photoreactions of aromatic radical cations given below we believe that the occurrence of reaction 8 is
in polar solvents, such as mono- and polyhydroxy alcohols, unlikely.
ethers, and water, are studied in more detail, using two-pulse From the standpoint of product formation, the only difference
two-color photoexcitation in order to separate in time the between reactions 4, 5 and 6, 7 is the involvement of a short-
generation of the ArM cations by two-photon (248 nm) lived aryl radical Ar (with aromatic hydrocarbons). Its
photoionization and their subsequent excitation with 2.3 eV observation (or the observation of products from this radical)
photons. This study suggests that the photobleaching ofwould be definitive evidence in favor of reactions 6, 7 vs
aromatic radical cations is initiated by electron and not by proton reactions 4, 5. The rate constants of hydrogen abstraction from

transfer. Proton transfer follows this electron transfer and may ethanol and 2-propanol by phenyl radical are8.0° and 4.1
involve more than a single mechanism. The photophysics of x 10° M~*s™, respectively, which reduces the lifetime of this
these reactions are examined, and various implications of ourradical in neat alcohols to 250 and 190 ns, respectik?ely.

results are discussed.

2. Background

For photoexcited radical cations in polar solvents (ROH),
several types of bleaching reactions may occur. The first
possibility is an electron transfer followed by a proton transfer,

@)
®)

(Here RO denotes both the oxygen-centered and olyl radicals.)
In polar media, the solvent holes are very short-lived (e.g., for
H,O™ the lifetime is <0.1 ps)?? and these two reactions may
not be separable. Thus, the overall reaction is

[ArH"]* + ROH— ArH + ROH™"
ROH" + ROH— RO + ROH,"

[ArH"]* + 2ROH— ArH + RO’ + ROH,"  (4)

A variant of reaction 4 may occur when the solute molecule is
a better base than the solvent, as is the case with aromati
amines.
molecule, and instead of reaction 4, the overall reaction would
be hydrogen abstraction,

[ArH"*]* + ROH— ArH," + RO (5)
Another possibility is a photoprotonation of the solv@nt
[ArH"'T* + ROH— Ar* + ROH," (6)

Lifetimes of other aryl radicals are similarly shéft. For
instance, 4-methyl phenyl reacts with methanol with rate
constant of 1.4x 10® M~1 s71, so the lifetime is ca. 300 8.
These lifetimes are further reduced in the presence of 0.01 M
oxygen, which is used to shorten the lifetime of solvated
electrons and triplets of aromatic solutes (see below). Phenyl
radicals add to oxygen with rate constant of-@& x 10° M~!

s 127aThus, the lifetime of aryl radicals in oxygenated solutions
is 20—30 ns. Without the oxygen in solution, the unquenched
triplets of aromatic solutes can be photoexcited, abstracting
hydrogen from the solvent and yielding the same photoproducts
as those from the aryl radicals.

Since the lifetime of the aryl radicals in oxygen-saturated
alcohols is so short, a scavenging experiment is difficult. The
concentration of radical cations upon laser ionization is levt: (
uM). To accumulate photoproducts to the level detectable by
GC (105-10* M), one needs 16100 laser pulses, which
makes it impossible to prevent secondary photolysis. Using
GC-MS, it was found that upon-4 eV laser photolysis of
dio-anthracene in 2-propanol, somigh-anthracene was forméd.

In such a case, the solvent hole can protonate thgrh's result cannot be taken as an indication that reaction 6 has

occurred since the H/D exchange might have occurred in other
photoreactions, e.g., through cyclohexadienyl radicals formed
in triplet photoreactions. More conclusive would be the
observation of products specific for aryl radicals, such as adducts
formed by reaction with double bonds. The problem is that
such additions are slow ($610" M1 s71) while reaction 7 is
fast2’2 Thus, high concentration of unsaturated scavenger is
needed (0.1 M). This makes the whole approach not feasible
since such a scavenger would absorb the UV light and interfere
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with the 5 eV photoionizatio®® There are solutesO,, |, CBIy, TABLE 1: Gas-Phase Thermochemical Data for Several
and 2-iodopropanethat scavenge aryl radicals very rapidly, Solvents (Energies in eV)
with rate constants of @5) x 10°® M1 s71;272 all of these =3
solutes are also good scavengers of solvated elecifoBmce solvent IR PBiq Vo® IPiq PA indole
the recombination of ArM with the corresponding anions yields  cyclohexane  9.86 +0.01 8.6° 7.33
the same products as those formed upon scavenging,ahase 8.72¢
solutes cannot be used to distinguish between reactions 4, 5 8.432
and 6, 7. water 12.62 10.06 —-1.2 8.32,84 7.15 435

This examination suggests other means of detecting the aryl 10.13 8.7+0.5 45

. . ; S methanol 10.85 9.24 -10 824 7.89 4.60

radicals formed in reaction 6. One possibility is to convert them 10.94
rapidly into other light-absorbing species and to use time- ethanol 10.47 9.19 —0.65 8.54 8.17 4.85
resolved optical spectroscopy to detect this species. Another 10.63 6.4
approach may be to use primary and secondary aromatic aminest-propanol ~ 10.22  9.22  -0.3 892 827 515
instead of aromatic hydrocarbons. The aminyl radicals formed 5 10.43
. . . 2-propanol  10.12 8.29
in reaction 6 cannot abstract hydrogen from alcohols and their j.atonitrile 12.19 8.16

reactions with oxygen are slow. - Ref 316 Ref 5o Ref 51 The threshold
; . o eference 312 Reference 5% Reference 58 The threshold ener-
ar-ﬁhr(;rdr?ccggirglnsg' ezrt]i?ng?: dpl:]:liie p:;]c:c():n ggmlty’ BPP of gies were found from IP- A/2 where IP are the positions of the low-
y 9 y energy photoemission peaks afdare their half-width (Tables-16
in ref 59).¢In liquid at 25°C, refs 40 and 41" Various estimates from

e +ArH" —ArH + ng(ArH) ) ref 55.9 Reference 30" For L-tryptophan, ref 42! For L-tryptophan,
ref 38.
ArH — Ar® + "H — BDE(ArH) (20)
. _ n and 5. Reaction 7 is exothermic by BDE(ArH)BDE(ROH).
H'—e +H —136eV (11) Using bond dissociation energies from the literafifréhe

exothermicity of this reaction is 0.2 0.1 eV. Thus, for
aromatic hydrocarbons, reaction 4 is by 803 eV more
exothermic than reaction 6. (This estimate is higher for
éecondary alcohols.) Most of this energy comes from reaction
3 while reaction 2 is endothermic by JiROH) — [IPg-
(ArH)+h"]. For 2-propanol, gas-phase reaction 2 is exothermic
for IP4(ArH) > 7.82 eV.
ArH" + ROH— Ar + ROH; (12) IP’s in Liquid. The liquid-phase ionization potentials ;4P

are given by

where IR is the gas-phase ionization potenttaind BDE is

the bond dissociation energy, which is close to#478 eV32
Thus, PA(Ar?) ~ 18.4 eV — IP4(ArH); the IRy and P4y for
selected polar solvents and aromatic solutes are given in Table
1 and 2. For the ground-state aromatic radical cation in
2-propanol, the reaction

is endothermic by Py, =Py + P, +V, (15)

AH = PA(ROH) — PA(Ar") ~ 10.1 eV~ IP(ArH) (13) _ o _ _
where Py is the polarization energy of the radical cation (or
Equation 13 indicates that in the gas phase proton-transferthe solvent hole) an¥ is the energy of the excess electron
reaction 6 is exothermic for aromatic molecules witg #7.8 (Table 1). These IP's are of particular interest to us since the
eV (for 2.3 eV excitation). The endothermicity of reaction 12 thermal effect of the hole injection is given by the difference
explains the stability of aromatic radical cations in alcohols. It ©f the IR of the solvent and the solute corrected by the photon

means that the reverse reaction energy. Only a handful of liquid-phase IP’s have been reported.
Several measurements have been madeNftN',N'-tetram-
Ar* + ROH," — ArH*" + ROH (14) ethyl-1,4-phenylenediamine (TMPB§3° Due to its low IR

of 6.7 eV, TMPD™ does not bleach upon 2.3 eV photoexcita-
is exothermic. There are examples of reaction 14, both in tion, in both alcohols and cycloalkanes. Several IP’s have been
aqueous solution, for aminyl (ArNj#703334 and benzyl  reported for indole (IP= 7.76 eVy®4tandL-tryptophan (IR
(ArCH)% radicals. In both of these systems, deprotonation ~ 7.8 €V)3":342see Table 1. For aromatic solutes other than
of radical cations occurs at neutral pH, while at lower pH TMPD, the data on IR in hydrocarbons are sparse; we found
reaction 14 takes placé=3® For methylated benzenes, log- several results for pyrefieand anthracertéand a single result
(ki») is linear with IR, as may be expected from eq 13, and the for perylene inn-hexane®
protonation occurs only for radical cations of the molecules that  The IR can be estimated using eq 15 with tRe found
have IR > 8 eV35 For benzyl radicals, the protonation (14) from the Born formul&
requires very low pH and is a slow reacti#mfor aminyl
radicals, |Ka ~ 4—727 and the protonation is diffusion- P, =—€(1- eopt_l)/ZrJr (16)
controlled3*

Reaction 14 has two consequences. First, a large fraction ofwhere eqp is the optical dielectric constant and. is the
geminate{ Ar*..ROH,"} pairs formed in reaction 6 can decay “effective” radius of the cation which was usually taken as the
by backward proton transfer, drastically reducing the quantum van der Waals radius of a neutral molectieWe used eqs 15
efficiency of photobleaching. Second, addition of acids should and 16 with these “molecular radii” to estimatefor aromatic
lead to the recovery of ArHf. Since no such recovery was molecules in several solvents.
observed experimentally (see below), it is concluded that the As for the liquid-phase IP’s of the solvent molecules, these
proton transfer does not occur. IP’s have been determined for hydrocarbons, but not for polar

Probably, reaction 6 does not occur (at least, for aromatic liquids. For cyclohexane, Hiraoka gives anidPf 8.6 eVt
hydrocarbons) because it is less exothermic than reactions 4this estimate is close to 8.72 eV given by't®her and
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TABLE 2: Gas-Phase lonization Potential (IR,), Proton Affinity (PA ¢), and Molar Extinction Coefficients ¢, for Aromatic
Radical Cations in Boric Acid Glass at Their Absorption Peaks ({maj and at 532 nnt

ArH IPg, eV PAy, eV €° (Amay) NM AszP A, nm Yexp % €532p ¢ x 1072
perylene 6.90 9.20 46 (547) 22 550 76 450 2.2
95 (350) (1.6)
pyrene 7.41 8.96 43 (452) 0.88 450 48 (65) (7.3)
benzp]anthracene 7.43 13.2(874) 3.0 400 29 (72) 3.2
(2.4)
acenaphthene 7.68 8.85 4.5 (680) 0.27 670 26 (80) (30)
61
L-tryptophafi ~7.8,7.74 2.7 (580) 2.42 580 375 490 20
45
triphenylene 7.84 15.6 (410) 2.7 710 70 1240 46
8.9 (700) 100 (1000) (37)
biphenyl 7.95 8.53 10.2 (680) 0.87 390 44 265 30
21.6 (390) 70 (235) (27)
naphthalene 8.14 8.47 4680) 0.81 700 67 375 46
92 (325) (40)

a2 The wavelengthl for the observation of bleaching of the radical cations with 2.3 eV photons in oxygen-saturated 2-propan®Cattzs
bleaching efficiencyYex, at 0.4 and 2.5 J/ctn(in italics), the productssxp and the quantum yield of bleachinfgas determined by numerical
integration of eq A5 and using average fluences in the high-flux regime using eq A3 (in parenthséd§f.M~1 cm™. ¢In water.? For indole.
¢ Reference 21.

Schmidt}” while Casanovas et al. estimated thejqIPf cyclohexane, reaction 1 is exothermic by at least-0.5 eV,
cyclohexane as 8.43 €¥. For alcohols and water, no reliable in decalins this exothermicity is 0-0.9 eV1® The only
data on IRy exist. This situation is partly due to the exception is perylene, for which thePseems to be too low
controvers§®-5% about the nature of low-energy photogeneration for reaction 1 to be exothermic. Pertinent to these estimates is
of electrons with thresholds of 6.6%.5 eV for wate¥>>” and the assumption that reaction 1 occurs faster than the electronic
ca. 4.7 eV for methandtk For water, explanations suggested relaxation of the excited radical cation, which may not always
involve (i) electron transfer from #0* to preexisting traps deep ~ be correct. In alcohols, the |Pof the aromatic hydrocarbons
in the midgap?°3 (with or without concerted dissociation of seem to be too low for reaction 2 to occur; i.e., only the
the HLO"* hole) 954 (i) proton transfer from HO* to another concerted reactions 4 and 5 are expected to occur in these media.
water molecule followed by electron transfer from (QFKto
the solveng! and (jii) the OH bond dissociation followed by 3. Experimental Section
reaction of hot H atom with watet (see ref 55 for a recent
review). What is agreed is that the low-energy process yields Flash Photolysis. Aromatic solutes (Aldrich) of the highest
either localized or hydrated electrons; more energy is neededpurity available were used as received. These solutes were
to eject the electron to the conduction band (cb). Bernas et chosen primarily for the ability of their radical cations to absorb
al 51.5255gstimated this “bandgap” IP asiP= PEiq + Vo, where 532 nm (2.3 eV) light. Thirty nanosecond fwhm pulses of 248
PEi, is the threshold of the electron photoemission. For water nm (5 eV) light from a Lambda Physik LPx-120i excimer laser
(with a PE;q of 10.068 or 10.13 eV¥) this estimate gives R were used to ionize 5 107> M to 10-3 M of the solute. The
~ 8.4-8.9 eV, which corresponds to the formation of a dry concentration depended on the absorbance of the solute at 248
hole and a quasi-free electron (that is, an electron at the conm. The 248 nm beam (2660 mJ/pulse) was focused to a
mobility edge)?® The hydration energy of the electron is ca. 0.33 cmx 1 cm aperture; a typical fluence of the UV photons
1.6 eV8 Thus, the threshold for formation of the dry hole and Was 0.1-0.2 J/cnd. The 5 and 2.3 eV laser beams entered the
fully hydrated electron is~8.5 eV55 Apparently, lower IP’s cell through the same Suprasil window collinearly. The 2.3
can be obtained only when the hole is solvated or dissocfated. €V pulse (second harmonic, 8 ns fwhm; 350 mJ/pulse) was
Given its very short lifetimé2 dissociation is more likely, and ~ produced by a Continuum model 8010 Nd:YAG laser at
we take the threshold of 6.5 eV as the onset for the formation controlled delay times (0.6110 us) relative to the UV pulses.
of a localized (or hydrated) electron, a proton, and a hydroxyl In several experiments, we used shorter 2.3 eV pulses using a
radical. different laser head (3 ns fwhm;=60 mJ/pulse) of the same
For liquid alcohols, some REhave been measured for diols Nd:YAG laser. Without focusing of the 2.3 eV beam, the
(8.65 eV for 1,5-pentanediol and 8.04 eV for ethylene glycol) maximum photon fluence through the aperture was-0.%
and long-chain alcohols (8.76 eV for 2-ethyl-1-hexanol), but J/cn?. In a variant of this experiment, the 2.3 eV beam was
no data onV, for these solvents exi8®. Recently, Faubel et ~ focused and both of the 5 and 2.3 eV beams passed through a
al® measured P for water and several monohydroxy alcohols 0.3 cm round aperture. This arrangement gave the maximum
in free microjets. (Their data are given in Table 1.) Using the fluence of 2-3 J/cn¥. Both lasers were run at 1 Hz; the jitter
Vo given by Bernas et af%4!we obtained the “bandgap” | between the two pulses wasl0 ns, which determines the time
ranging from 8.24 eV (for methanol) to 8.92 eV (for 1-propanol). resolution of the kinetics presented here. The optical path of
Since the solvation energies of electrons in alcohols are all lessthe beams was 1 mm. The analyzing light produced by a 70

than in water, the threshold energies for formation of dry holes W Xe arc lamp passed through the cell in a perpendicular
and solvated electrons are all in excess of 8 eV. direction to the laser beams; its optical path was 1 cm. Though

Due to these uncertainties, the energetics of hole injection collinear detection would have been more sensitive, it was
cannot be estimated with accuracy. It is, however, safe to stateimpractical due to interference from the shock waves generated
that the occurrence of reaction 1 in cycloalkanes is compatible by the absorption of strong laser pulses.
with the estimates of the ff. For the ArH* cations which The analyzing light was passed through a color glass filter
yield mobile solvent holes upon 2.3 eV photoexcitation in and a monochromator and then detected using an R1913



4980 J. Phys. Chem. A, Vol. 102, No. 26, 1998 Shkrob et al.

2x102

(a) 2-propanol

AOD
AOD

g 3
< >_w L 3
) (i) (i) 2
0.0 jasy L
T Y T T T T 1 — T T T T T T T
0.0 1.0 20 3.0us 0 100 200
time Ip ,mJ
Figure 1. Transient absorbanc@ QD) observed in two-color, tWo- iy re 2. (a) Transient absorbance (580 nm) from thes@turated

pulse photolysis of 10' M triphenylene in @-saturated 2-propanol o a0us solution of % 10-* M of L-tryptophan at pH 7. The 532
(@) and glycerol (b). The absorbance was detected at 710 nm Wheren?n pulse was delayed by 500 ns rglgtivpe to thep248 nm pulse. The
triphenylene” exhibits a peak (the visible spectrum is given in Figure  jigtarence trace4AOD) induced by the 532 nm pulse (also shown in

3b). The 248 nm laser pulse fired \t= 0 was used to generate the e yher right corner) is normalized 2) to demonstrate the similarity
radical cations of triphenylene that were bleached by a delayed 532 ;¢ 4,4 decay kinetics for the bleached and unbleached species. The

nm laser pulse. The delay times of the 532 nm pulse were (a) 500 NS y4 kened area under tHAOD trace indicates typi
. . pical range used for
and (b) 50 ns (trace i), 800 ns (trace ii), and ks (trace iij). The averaging of the signal in order to obtain the laser power dependence

kinetics obtained with the 248 nm pulse only are shown by broken ¢ ha photobleaching efficiencyes, (b) The dependence A, on
lines. The two solid traces in plot (a) are the kinetics obtained at fluences o fluence of 532 nm photons fgr 1OM triphenylene in thg o)

of 0.07 and 0.4 J/cfnthe trace that exhibits more bleaching corresponds saturated 2-propanol (710 nm detection). The total povjeafid radius

to higher fluence of the 532 nm photons. If not stated otherwise, the ;) tor a Gaussian laser beam were determined as described in the
kinetics and spectra were obtained at 0.4 3/dmboth solvents there Experimental Section. The broken line is the square root fit.ofhe

is no recovery of the bleached absorbance as far aA®i can be solid line drawn through the experimental points was calculated using
followed (150us in our experiment); this follows from the facts that eqs A3 to A5: an estimate @b ~ 1250+ 50 was obtained from
the residualOD signal decays in the same way as the signal obtained y,iq fit. '

with the 248 nm pulse z_ilone and that tRAOD signal d_eca_y parallels

the decay of theAOD signal (the latter can be seen in Figure 2a).  AQDy is the transient absorbance before 532 nm photoexcitation
o ) ) andAAQODy is the change in the absorbance immediately after

photomultiplier. For data collection, a Tektronix DSA-601 the 532 nm excitation (Figure 1a). These two quantitiesnd

digital signal analyzer was triggered either by a portion of the 'y, . are equal when all of the absorbance at the time of the

248 nm light (to observe the signal induced by it and the delayed 532 nm excitation is from the radical cation.

signal induced by the 532 nm laser pulse) or by the 532 nm | aser Beam. Unlike the excimer laser, the Nd:YAG laser

light (to observe the signal induced by the 532 nm photons). In generates a beam that is very spatially inhomogeneous. This

the former case, the signal could be observed with just the 248 must be taken into account when the quantum vyield of the

nm pulse, or with both pulses (th®OD traces in Figures 1  photobleaching is determined. The radial dependence of the
and 2a). In the latter case, a subtraction was done with the photon flux is given bydy(r) = | /702 exp(~r?o?), whereo is
digitizer: the signal using just the 248 nm pulse (blocking the the beam radius ant is the total energy of the pulse. For
532 nm pulse from the cell with a Shuttel’) was subtracted from powerfu] laser beams used in this Work, Changing the power
the signal obtained with both pulses (lMAOD traces in Figure without changing the beam radius was difficfitand we
2b). In some instances we needed to subtract the fluorescenceneasured the spot sizesand |, for every output power; the
from the solution and the scattered I|ght Coming from the 248 latter was varied by Changing the de|ay time of the Q-SWitCh.
and 532 nm pulses. Each sample received-2M 248 nm To determines, the laser beam was shaded by a blade translated
pulses and 510 532 nm pulses, the latter occurring after every in a direction perpendicular to the beam. The residual beam
second 248 nm pulse. Typical delay times of the 532 nm pulse was expanded and its energy measured using a Gentec EM-1
relative to the 248 nm pulse were 36800 ns. The absorption  power meter with an ED-500 probe head. The total po\gr
spectra shown in Figures 3 and 4 were obtained by integration of the shaded beam as a function of the off-center displacement
Of_ the AAOD and AOD traces over a 50100 ns wide time x of the blade edge (5975 points spaced by SQﬁ'n) was fit
window. by 1(x) = 1,/2 erfc(—x/o), and the best-choice parametgrand

The efficiency Y of bleaching was defined a¥ = 1 — o were used. A typical dependence is shown in Figure 2b; the
[ArHT]u/[ArH* o, where [ArHT]o and [ArHT]y are the spot sizeo can be fit byo = ¢o + c14/1p, wherecy ande; are
concentrations of the solute radical cations before and after theconstants. For a beam centered in the middle of a rectangular
2.3 eV excitation. In practice, it was the quantiti, = aperturea x b, the average fluenddyCthrough the aperture is
AAODyAOD, that was determined experimentally, where given byLJp0= (I/ab) erf(a/20) erf(b/20). Using our data on
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Figure 3. Transient absorbance spectra obtained from theafurated Figure 4. Transient absorbance spectra obtained from theafurated
2-propanol solutions of (a) 1@ M perylene, (b) 10* M triphenylene, 2-propanol solutions of (a) 18 M pyrene, (b) 5x 104 M tripheny-

() 2 x 1074 M biphenyl, and (d) 4.5< 10~* M naphthalene. The 532 |amine, (c) 2x 10~ M indole and (d) aqueous solution of>3 10~

nm pulse was delayed by 500 ns relative to the 248 nm pulse. TracesM of L-tryptophan. The 532 nm pulse was delayed by 500 ns relative
i were obtained before the 532 nm pulse, traces ii were obtained to the 248 nm pulse. Traces i were obtained before the 532 nm pulse,
immediately after the pulse, traces iii are the difference (i.e., bleaching) traces ii were obtained immediately after the pulse, and traces iii are
spectra. the bleaching spectra.

o andlp and the known aperture dimensions, we found that cations of biphenyl, perylene, and anthracene, this method gives
[JpoU calculated using this formula was within 5% of the ¢, which are within 16-20% of the coefficients found in the
experimental value. literature.

Extinction Coefficients. To determine the quantum yiejl To obtain an independent estimatecgs, for triphenylenet,
of the 532 nm bleaching, one needs to know the extinction we used pulse radiolysis of 1®M of the solute in G-saturated
coefficientess, of the radical cations at this wavelength. Since n-hexane. Oxygen was used to scavenge electrons, aromatic
for most of the radical cations such data are not available, we triplets, and radical anions. Under the conditions of our
determined the coefficientsss, using a technique originally  experiment, no absorbances from aromatic species other than
developed by Benema et @l.and other¥ and modified by~ ArH+ were observed at delay times longer than 30 ns following
Gamy and Vanthe§? The radical cations were generated by a 4 ns electron pulse. It was assumed that the rates of hole
laser photolysis of 1(—10"2 M solutions of aromatic solutes  scavenging and radical cation dimerization are similar for all
in the room-temperature boric acid glass. These solutions werearomatic solutes used. By comparing the transient absorbance
prepared by addition of powdered solids to molten boric acid spectra of two radical cations, the relative extinction coefficients
glass. A thin, 56-200um, 1 cn film of the vitreous solution  were estimated. As a reference, we used the value 0k2.4
was cast by pressing the hot melt between two Suprasil plates.10* M~1 cm1 for the 450 nm band of pyretie®8a(for the 8-10
These films were irradiated with-510 pulses of the 5 eV light  nm band-pass of our setup; 4510 M~ cm™ for 2 nm band-
from an excimer laser (70 mJ/pulse). The conversion of ArH passf& From this experiment, we estimated that triphenytene
was monitored by the decrease of the UV absorbance of thehasess, ~ 3.2 x 103 M—1 cmL. This estimate is close to 2.7
neutral molecules and the appearance of the absorbance from 103 M~ cm2 obtained for triphenylené in boric acid glass.
ArH** at 350-900 nm. Typically the conversion was 80
100%. Assuming that no other light-absorbing photoproducts 4 Results
were formed, the difference spectrum (before and after the UV
irradiation) was taken as that of ArH These difference traces Photoionization. In polar solvents, photoexcitation of aro-
closely resembled the spectra of radical cations stabilized in matic solutes with relatively long~30 ns) pulses of 248 nm
y-irradiated frozen butyl chloride and fumaronitrile, as observed light causes their biphotonic ionization mediated by theusl
by Shidaf® The extinction coefficients; of the radical cations T, states of the aromatic molec?e.With the high fluxes of
were determined using the known extinction coefficient of ArH the 248 nm light that was used in our experiment {12
at some reference wavelength (taken from ref 67) and the  J/cn?) it was possible to bleach a substantial fraction{80%)
changes in the absorbance /atand A’ induced by the UV of the § and S states. However, many triplet molecules were
irradiation. (It was assumed that the absorption bands of ArH present in the solution during and immediately after the UV
and ArH™ do not overlap.) For absorption peaks of the radical pulse. In many instances, these triplet states have-u¥
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absorption spectra that closely resemble those of the corre-(with e53xp~2600); the residual spectrum was from tripheny-
sponding radical cations or have overlapping bands. Further-lamine™. For other aromatic aminesndole (Figure 4c),
more, some of these triplet states absorb both the 248 nmdiphenylamine, aniline, and 2-aminonaphthalene (not shewn)
photons (during the ionizing pulse) and 532 nm photons (during the 248 nm photoexcitation yielded mainly the absorbance from
the second excitation pulse) and exhibit photochemistry such their radical cations. Though the radical cations of the amines

as abstraction of hydrogen from the solvent, are known to deprotonate (reaction #2)n alcohols the rate
of this reaction is slow and the absorbancé atl1 us is from
SArH + hy — 2ArH’ a7) the radical cation. Almost identical spectra were obtained in
3a . . the presence of 0.640.1 M sulfuric acid that was added to
ArH + ROH—"ArH, + RO (18) shift the equilibrium toward the radical cation form. For

aqueous -tryptophan (a naturally occurring amino acid deriva-
For some triplets, such &iphenylene*, reaction 18 is very  tive of indole, Figure 4d), the spectrum contains a large fraction
vigorous®® To minimize the interference from thesg Jtates of the “530 nm” absorbance from the aminyl radical (whose
and, to a lesser degree, the H adduct radivaisl» (WhICh do band can be seen more C|ear|y at~p1—]|_—l3)_34 The depro-
not absorb at 532 nm), we found it necessary to saturate thetonation rate of aqueoustryptophar’ is 1.5 x 10f s~%,34and
solutions with Q and delay the 532 nm excitation pulse for  at the delay time of 406500 ns more than 50% of these radical
300-500 ns after the ionizing pulse. Given that in nonviscous cations convert to the aminyl radicals. It appears that these
liquids a typical rate of triplet quenching by oxygen~<0° radicals cannot be bleached with the 532 nm photons since the
M~* st and the concentration of 20in oxygen-saturated  pleaching spectrum is that of the radical cation (Figure 4d).
solutions is~0.01 M0 less than 5% of these triplet states Most of our studies were performed with triphenylene
remained in the solution by the time of the 532 nm excitation. , niep exhibits high efficiency of photobleaching with 532 nm
The addition of Q@ reduces the yield of radical cations: Since photons (Figsures 1a, 2b, and 3b). The bleaching spectrum

t aclc?le(?'ijezs mtersystthem 'crlgssflrzjg, hshtort.enllng. thf.’ Ilfet:me of observed in photolyzed triphenylene solution is very similar to
SINgIets, It decreases e yield of biphotonic lonization. I OUl yn4 of the radical cation stabilized in solid matrix8§466.69

i i 1 0, 0
experiments, this reduction was between 20% and 50%. The overall shape is similar, and the ratio of the intensities of

NlevErtlheless, a t;{pigf\l_lyield Olf ral\jicalhgart]iqns iﬁ;f@turta;ed the 700 and 400 nm peaks is about 1:2. In the initial spectrum
a Ct(') (?sdap t{:\ce Or?,:h“ € W«’;S M 'I\;V Ich 1s Sut.'c'el O':h (before the 532 nm pulse) there is extra absorbance in the blue
optical detection with good signal-o-noise ratio. - ANOIEr g4, yhe cyclohexadienyl-type radical formed in reaction 18; it

function of oxygen was to scavenge solvated electrons which is known to have a band centered at 400 nm and a broad

strongl_y absorb in the. visibté.and, unlike the @ ions, can shoulder in the U\ Since this radical does not absorbiat
be excited by 532 nm light. The ground-state solvated electrons _ 450 nm®® it is not bleached with the 532 nm photons and

react with polyc_ychc aromatic s_olutes_ yielding their radical does not interfere with the detection of triphenylenat 700
anions. Saturation of the solution with oxygen completely

prevented the formation of these light-absorbing species. In . ) ) i .
some of our experiments (see below), the electrons were With the exception of triphenylamine, the bleaching spectra
scavenged by 16—1072 M acid. (AAOD vs 1) obtained upon 532 nm excitation are those of

As was shown by Liu et af! the yield of radical cations radical cations. For several aromatic solutes (naphthalene,
upon laser ionization with 4 and 5 eV photons reaches a plateautiPhenylene, and perylene) the 5600 nm absorption bands
for fluences of ca. 18 photons absorbed per 8m Further from their radical cations can be fully bleached_prowded that
increase in the fluence causes photobleaching of these radicaf€ 532 nm photon fluence exceeds 0.5 J/cior triphenylene

cations. Though this effect reduces the efficiency of photoge- (Figure 3b), the residual UV spectrum resembles that of the
neration of radical cations, it helps to achieve good shot-to- H-a@dductradical. Without oxygen (or in viscous solvents), the
shot reproducibility for their yield, despite a considerable 'esidual spectrum is that of the $tate of triphenylené&. For
variation in the laser intensity (515% for our setup). This, in  Piphenyl (Figure 3c), ca. 70% of the absorbance signal from
turn, makes it possible to study the photobleaching in a Piphenyt™ in the 390 and 680 nm bands can be bleached at
reproducible way. We stress that at the 532 nm photon fluencesfluences>2 J/cnf. Under the same conditions, 50% of the
used (0.0+2.5 J/cnd) no multiphoton ionization of aromatic ~ absorbance in the 450 nm band of pyrenand 60% of the

solutes (except for rubrene, tetracene, and begizdperylene) absorbance in the 670 nm band of acenaphttienan be
with the 532 nm pulses alone was observed. bleached. The nature of the residual absorbance varies from

In the systems studied, the photobleaching is permanent.System to system. For some radical cations (pyrenacet-
Although the residual signal decays, this decay simply follows Onaphtherré, benzgjanthracene, etc.) the productssaxp is
the decay of the signal observed in the absence of the 532 nms© small that even a photon flux of-B J/cnt is insufficient to-
excitation (Figure 1) and thAAOD signal decay parallels the achieve complete blegchmg. In the;e systems, thg residual
decay of the residualOD signal (Figure 2a). When this decay SPectrum |00k§ mugh like the blgach|ng spectrum (F|gure§ 3c
is slow, as in glycerol (Figure 1b), no recovery is observed over and 4a,c) and is mainly from radical cations. (A small fraction
the first 100us after the 532 nm pulse. of the residual absorbance may be from unquenched triplets.)
Bleaching Spectra (Figures 3 and 4).Using the optimum In other systems (indole;tryptophan) the residual absorbance
conditions examined above, we were able to prepare solutionsiS from other species, such as aminyl radicals, that cannot be
of radical cations that contained either little or no other species bleached by 532 nm photons.
that absorbed in the visible region and at 532 nm in particular. ~ For aromatic aminesaniline, diphenylamine, and 2-amino-
A notable exception was triphenylamine, which yielded a large naphthalenein alcohols no bleaching was observed at any
quantity of the “600 nm transient” (Figure 4b). This absorbance fluence of the 532 nm photons. This is surprising, because
is from a carbazole-like molecule formed by intramolecular Skvortsov and Alfimov observed efficient bleaching for aniline,
electron transfer in the triplet states of N-substituted dipheny- diphenylamine, triphenylamine, and benzidine in frozen alcohols
lamines’! These species were bleached by the 532 nm light and ether§71° For aniline™ and diphenylamirté the absor-
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bance at 532 nm is quite lovegz, ~ 100 M~ cm™?). If the
quantum efficiencyp of 532 nm bleaching for diphenylamirie

is >1072 as reported by Skvortsov and Alfim&v, the
bleaching would be too small to observe under the conditions
of our experiments. However, aniline has ag t? 7.72 eV

like aromatic solutes for whiclp is 0.2-0.5 (see below).
Furthermore, the radical cation of 2-aminonaphthaleng 4P
7.10 eV) absorbs strongly at 532 nm and evemw ifor this
species is close to that of diphenylantinglPy = 7.16 eV),
one would still expect to observe some bleaching. Therefore,
it seems likely that these radical cations do not bleach in liquid
solution at all. We also observed no bleaching for anthratene
and biphenylerte in 2-propanol and other alcohols, though both

of these ions absorb at 532 nm and their parent molecules have .

high IP’s; we cannot account for this behavior.

An interesting result was obtained falt-trans-1,6-diphenyl-
1,3,5-hexatriene (t-DPH). This solute has fairly lowg I@
semiempirical AM1 calculation gave 7.38 eV for vertical and
7.07 eV for adiabatic Iffor Cx, geometry), but its radical cation
absorbs strongly in the yellow and red, which makes photo-
bleaching possible. In acetonitrile, the excited state of t-DPH
undergoes rapidrans to cis isomerization: The 590 nm
absorption from t-DPH decreases and the 625 nm absorption
from its cis isomer (c-DPH) increases. The reverse reaction,
thermal isomerization of c-DPH to t-DPH™, occurs with a
rate constant of 5< 10° s™1.4 The fast photoisomerization
provides an internal “clock” by which the rate of the bleaching
reaction with the solvent can be estimated.

To photoexcite t-DPM, we used tightly focused 550 nm,
28 mJ pulses from a Magic Prism OPO stage (OPOTEK)
pumped by 355 nm (third harmonic) pulses from a Nd:YAG
laser. Upon the 550 nm photoexcitation of t-DPHh 2-pro-
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Figure 5. Efficiency Yexp 0f the 532 nm bleaching as a function of the
concentration of 2-propanol ing&3aturated acetonitrile solutions of 2

x 107* M biphenyl (390 nm, 275 ns), & 104 M indole (600 nm,

360 ns), 10° M naphthalene (700 nm, 275 ns)»510"° M perylene

(540 nm, 450 ns), and 10 M triphenylene (410 nm, 380 ns). The
numbers in brackets are the detection wavelength and the delay time
of the 532 nm pulse. Two types of the dependences were observed,
linear (a) and curved (b). The latter can be fit using St&/nlmer
equation.

mixed with nitriles to increase the polarity and enhance the yield
of free ions. (We used 1:10 to 2:1 mixtures.) In such mixtures,
the triphenylen¥ can be readily bleached, which indicates that
[triphenylenet]” reacts with the corresponding solvent mol-
ecules (e.g., ethers). By contrast, no bleaching was observed
in water—acetonitrile mixtures and the mixtures @butyroni-

panol, an extra absorption signal was produced at 625 nm. Thisyjje with saturated hydrocarbons (cyclohexane, decalin, squalane,

signal decays with a rate constant 0410 s, which is ca.

4 times faster than the decay of the 590 nm signal. This constanti,e solute |

is close to the rate constant of thermal isomerization of c-DPH
to t-DPH in acetonitrile* Therefore, the 625 nm absorbance
is from c-DPH™, and the bleaching of the t-DPH(observed

at 590 nm) consists of two components: the irreversible

andn-alkanes from gto Cyo). Apparently, due to lowering of
I in the nitriles, [triphenylerté]* does not have
enough energy to react with water or with the alkanes.

In mixtures of acetonitrile with 2-propanol, two types of
behavior were observed (Figure 5). For perytérand triph-
enylene’, the concentration dependence %, is curved

bleaching (that was observed many microseconds afterthermaI(Figure 5b). For [2-propanof]5 M, this dependence can be

isomerization of c-DPM) and reversible bleaching due to

fit with a Stern-Volmer plot. Assuming that [Arkt]* reacts

photoisomerization. To compete with each other, these reactiongNith 2-propanol with diffusion-controlled rate, 2 101 M1

should have comparable rates. The fast recovery componenty-

comprises 1620% of the total bleaching signal at 590 nm.
Thus, the reaction with the solvent is-30 times faster than

the rate of photoisomerization (the latter is expected to occur

on the picosecond time scale).

Solvent Effects. In this work, bleaching reactions of radical
cations were studied mostly in 2-propanol. To get a broader
picture, we studied 532 nm bleaching of triphenytenin
various polar solvents, e.g., water, mono- and polyhydroxy
alcohols, nitriles, and ethers.

Several solvents demonstrated no bleaching, not only for
triphenylené&™ but also for all other solute radical cations that
were studied. In some of these solvents (aceto- and
butyronitrile, 1,1,1,3,3,3-hexafluoro-2-propanol) the yield of
radical cations was as high as in alcohols, and the lack of
bleaching was due to photostability of AtH The IR, of these

1, we estimated that the lifetimes of these species for
triphenylene and perylene are 9.5 and 35 ps, respectively. The
latter estimate is close to the lifetime of [peryleti& in boric
acid glass (35+ 5 ps) as determined by transient grating
spectroscop$® For biphenytt, naphthalerre, pyrene®, and
acetonaphtherie the bleaching efficiencyYey, is linearly
proportional to the mole fraction of 2-propanol (Figure 5a). This
linearity can be accounted for by the same Sternlmer
dependence if the lifetimes of the corresponding excited radical
cations are less than 1 ps. We conclude that while some of the
excited radical cations of aromatic hydrocarbons have fairly long
lifetimes in acetonitrile, other have the lifetimes shorter than 1
ps. Interestingly, there seems to be no correlation between the
guantum yield of bleaching and this lifetime.

In alcohols, the bleaching efficienc¥, for triphenylene’
correlated with the carbon number of the alcohol (Figure 6a).

solvents is greater than 12 eV. Apparently, the high IP prevents Ye,, is @ maximum for @ and decreases for shorter and longer
the occurrence of hole injection. In the solvents of intermediate chain alcohols. Since [triphenyleri# is relatively long-lived,
polarity (cyclohexanol, tetrahydrofuran, 1,4-dioxane) the yield some of these variations could be due to changes in the molarity
of free ions was too low to discern the absorbance of the of neat solvents. As shown in Figure 6b, the rafig/[ROH]
aromatic radical cation because of the much stronger absor-depends on the carbon number in a more systematic way,
bances from triplets and radicals. Therefore, these solvents weresteadily increasing with the length of the alkyl chain. The
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Figure 6. (a) EfficiencyYey, of the 532 nm bleaching of triphenyletie 1 e ‘ 4 g!c!;?":; hthene

in O-saturated 10* M alcohol solutions of triphenylene (710 nm R o benz[ajanthracene
detection, 530 ns delay time) as a function of the carbon number of o _bipheny!

the alcohols (methanol, ethanol, 1- and 2-propanol, 1- and 2- butanol, L P — e .
1-hexanol, and 1-decanol). Traces i were obtained at the photon fluence 230 0 Foease 2
of 0.1 J/cni and traces ii at 0.35 J/ém(b) Same plot for the ratio of <dp>, dem?

Yexp and the molarity of the neat solvent. Figure 7. Power dependences of the bleaching efficieiey, for

radical cations of various aromatic solutes ip$aturated 2-propanol
hydrogen bonding in the solvent and the difference in the IP  (except for-tryptophan, which was in water). The 532 nm bleaching
of the solute and the solvent both decrease with the carbonpulse was delayed 500 ns after the ionizing 248 nm pulse. The detection
number, making the higher alcohols poorer proton acceptorsquelengths are given_ in T_able 2, and the_ soli_d lines were calculated
and better electron donors. This result is consistent with the USing the equations given in the Appendix with the valuessgip
view that the bleaching reaction is the hole injection. For other given in Table 2. Traces a were simulated using eq A5, and traces b
. . . : were simulated using eq A3 with the average flueridgisdetermined
aromatic radical cation¥ex, may depend on the carbon number g, erimentally.
in a more dramatic way. For example, for indole, the bleaching
efficiency at 0.5 J/crhin methanol and ethanol is ca. 8% while in the Appendix. The principal difficulty in these measurements
in 1- and 2-propanol it is ca. 40%. These changes seem to beis low absorbance at 532 nm for most of aromatic radical cations
due to an increase in the quantum efficiegioyf photobleaching (Table 2): Only the radical cation of perylene lrgg in excess
rather than a change in the rate of deprotonation. of 10* M~ cm™%; for other radical cations studied he¢ss,
In polyhydroxy alcohols (glycols and glycerol) the bleaching varied from 2x 10?to 3 x 10* M~ cm™.. Thus, to observe
of the 710 nm absorbance from triphenylgné prominent saturation, photon fluxes of more than 1 Jfomere needed in
(Figure 1b), but the fraction of the signal that can be bleached some cases (Figure 7b).
decreases with the solvent viscosity. This can be explained by Polycyclic aromatic radical cations tend to absorb either in
the inefficiency of triplet and singlet quenching in viscous the red or the blué® Laser excitation in the blue causes
solutions. The residual absorption signals are apparently from multiphoton ionization of the solute which makes the results
triplets and radicals formed during 248 nm photoionization.  unreliable. In principle, itis possible to reduce the photon fluxes
In aqueous solutions, we found only one solute whose radical by excitation at the centers of the absorption bands of these
cation demonstrated photobleaching upon 532 nm photoexcita-radical cations in the yellow and the red, whegds ~(1—4)
tion—a derivative of indolej-tryptophan. Indole itself dem-  x 10* M~1 cmL. The problem is that one still needs photon
onstrated no photobleaching, though it has a similar absorptionfluxes of 0.1-0.5 J/cm to reach the saturation level, and without
spectrum (Figure 4c) and §lTable 2) and is soluble in water.  doing that it is impossible to determine what fraction of the
For most of the polycyclic aromatic solutes studied in this work, absorbance signal is from radical cations.
the solubility in water is so low that we were unable to generate  Using the data olrszxp and the values ofs3, from Table 2,
sufficient concentration of their radical cations. However, even we determined the quantum yielbf bleaching aromatic radical
for naphthalene, which is more soluble® x 107° M) and cations with 532 nm photons. The main uncertainty in these
whose radical cation can readily be observed in aqueousquantum yields is due to uncertainty in the extinction coefficients
solutions, we found no photobleaching at 532 nm. The addition es3,. Figure 8 demonstrates the linear correlation ofdogith
of water to alcohol solutions of naphthalene and other polycyclic the IR, of the aromatic solute. For high-IP solutes( 7.7
aromatic solutes causes changes inhg that are similar to eV, such as triphenylene, acetonaphthene, biphenyl, and naph-
those observed upon addition of acetonitrile. The unique thalene), the quantum yield is high, 6:8.5. For medium-IP
behavior of aqueous-tryptophar™ may indicate that this  solutes (pyrene, berganthracene) the quantum yield is a few
species photobleaches differently from other aromatic radical percent, and for the low-IP solute, perylene, the yield is less
cations, due to the presence of a charged side branch. than 0.02. The latter estimate is close to the quantum yield of
Quantum Efficiency of 532 nm Bleaching. The bleaching 532 nm photobleaching of radical cations for low-IP solutes
efficiency Yexp @s a function of the laser power (Figures 2a and diphenylamine and triphenylamine in solid diethyl ethend
7) was determined by integration of tAAOD kinetics within ether-toluene mixturelat 77 K. Figure 8 suggests that the
the first 106-200 ns following the 532 nm photoexcitation main parameter controlling the efficiency of photobleaching is
(Figure 2a). The products:xp were determined as discussed the IR, of the solute. If one continues the line to higher IP’s,
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Figure 8. Correlation between the ionization potentialy 18f the
aromatic solute in the gas phase and the quantum yi€lchble 2) of

the 532 nm bleaching of their radical cations in 2-propanol. Filled circles
are theg obtained using eq A5, and empty circles are ¢hebtained
with eq A3 using average fluences. Extrapolating from this plot, the
quantum yield becomes unity atR 8.4 eV.

the quantum efficiency becomes unity at ca. 8.4 eV. Adding
to that 2.3 eV, one obtains the threshold of 10.7 eV, which is
close to IR of 2-propanol, 10.2 eV. As was shown above, these
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Figure 9. Effect of pH on the kinetics of transient absorbance from
2.5 x 10™* M aqueous solutions af-tryptophan (580 nm detection,
500 ns delay time of the 532 nm pulse). The pH is indicated next to
the traces; traces i and ii were obtained in oxygen-saturated solutions
and traces iii and iv in argon-saturated solutions. The rapid decay of
the 580 nm absorbance at high pH is due to deprotonation of
L-tryptophant.

5. The quantum yiel@ of the photobleaching systematically
increases with the [Pof the parent molecule. For 2.3 eV

energetics are consistent with both electron and proton transferPhotoexcitation in 2-propanol, the maximum quantum yields

occurring upon 532 nm photoexcitation.
Effect of Acid. In an effort to discriminate between these

of 0.3—0.5 were observed for aromatic solutes witly 7.7
eV; this is close to the onset of exothermicity for electron

two mechanisms, we studied the effect of acid on the recovery transfer (2) in the gas phase. Assuming that the photobleaching
of the photobleached signals. As was argued in section 2,iS due to hole injection, one can estimate the energy of the

addition of extra protons to the solvent should convert the Ar
radicals formed upon photoprotonation of the solvent back to
radical cations. While for polycyclic aryl radicals the occurrence
of reaction 14 is not documented, the protonation of aminyl
radicals in aqueous solutions is well studied. For the aminyl
radical ofL-tryptophan in water, the rate of protonation i3
10'°M~1s7134 Thus, the lifetime of this radical changes from
300us at neutral pH= 7 to 3 ns at pH= 2. Assuming that the

excited radical cation and compare it with theg,|Bf the solvent
molecules in liquid. Since practically none of these IP’s are
known well, we are limited to aqueous indole anttyptophan.

For aqueous -tryptophan, reported | = 4.5 eV# which
brings L-tryptophart™ to 6.8 eV upon 2.3 eV photoexcitation.
The onset of mon&¢ and bi-photonie’ generation of hydrated
electrons in pure water is ca. 6.5 eV (though threshold energies
as low as 6.05 eV were reported). The ionization of

bleaching is due to photoprotonation, one should observe al-tryptophan was observed by measuring the yield ptipon

gradual change from no recovery iofryptophar at pH> 5
to complete recovery (the absence of bleaching) aty#+3.
In the intermediate region, the delayed recoveryLéfyp-
tophan™ on the time scale of 16—1076 s should be observed.

We performed this experiment varying pH from 7 down to
1, with and without oxygen in solution (which slowly scavenges
the aminyl radicals). The bleaching at pH 2 was no less
efficient that at pH= 7, and no fast recovery of the-
tryptophar™ for pH between 2 and 7 was observed (Figure 9).
No bleaching was observed for pH 1.5. This is due to the
protonation of_-tryptophan that significantly changes the whole
photophysics. The aminyl radical oftryptophan has a broad
peak centered at 510 nthif it were formed upon photobleach-
ing at pH~ 7, one would observe a growth of this absorbance
after 532 nm excitation. No such growth was observed (Figure
4d). Therefore, the aminyl radicals were not formed upon the
photobleaching.

Similar results were obtained for indoteand other aromatic
radical cations in alcohols. We conclude that the product of

scavenging of hydrated electrons by\*2 (The concentration

of N,O in water is too low to scavenge dry electrons.) Thus,
the reported IR corresponds to that of the formation of a
hydratedelectron and -tryptophari. The threshold of 6.5 eV

is believed to be the energy for formation of a localized or
hydrated electron and partially hydrateddissociatechole 5455
(The formation of a hydrated electron and fully dissociated hole
requires ca. 5.8 e%®) For dry holes, the onset of ionization is
above 8 eV. Thus, the photobleaching efyptophar™ at 2.3

eV is consistent with the occurrence of reaction 4. For indole,
the IRq in water is 4.35 ¥4 (measured the same way as for
L-tryptophan) which brings it to 6.65 eV after excitation.
Probably, this energy is too close to the 6.5 eV threshold for
reaction 4 to occur.

Another way to estimate these energetics is to compare the
standard electrode potenti&s for the involved redox reactions.
The estimates oE° (Trp**/Trp) for L-tryptophan at pH~ 7
range from 0.64 to 1.24 V; the latter estimate is close to the
redox potential for aqueous indol&.Using this estimate and

the bleaching reaction cannot be converted back to the radicale® = 2.85 V for

cation by protonation. This result indicates that the bleaching
reaction is not photoprotonation.

5. Discussion

Our results suggest that photobleaching of radical cations in

polar solvents is due to concerted hole injection, reaction 4 or

HO + H,0" +e —H,0 (19)

from ref 74, we obtain that the hole injection from the ground-
stateL-tryptophan’ is endothermic by 1.61.8 eV. Thus, if
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the hydronium and hydroxyl radical are formed in their and (v) dissociative hole injection in hydrogen-bonded solvents
equilibrium states, reaction 4 is exothermic by at least-0.5 is energetically feasible.

ev. The fact that hole injection is preferred to the more
It becomes necessary to address the issue of the preferencexothermic proton or H atom transfer has a precedent in
of reaction 4 over proton-transfer reaction 5. This is not the nonpolar media® In cycloalkanes, solvent holes are formed
result of energetics. For aromatic amines, reaction 6 is even though the reactions analogous to (5) and (6) a2V
endothermic by 0.9 eV, and therefore, reaction 5 is ca. 1 eV (!) more exothermic than the electron-transfer reaction 1: The
more exothermic than reaction 4. Since the amines are betterPAg's of cyclohexane (7.34 eV) and cyclohexyl (7.87 eV) are
bases than alcohols, both in the gas phase (for aniline and itslower than the P4 of any aromatic molecule except for
derivatives P4 > 9.3 eV) 3 and in solution (K, for indole benzené?3! This suggests that the proton transfer occurs
and K(>NH) for L-tryptophan in water is-17)® reaction is neither upon hole injection nor immediately after it, even if these
~1 eV more exothermic than reaction 4. Thus, for aromatic transfers are energetically favorable. Such a situation could only
amines, energetics of reactions 5 and 6 are comparable, whilemean that the donor and acceptor of the proton are spatially
reaction 4 is much less exothermic than reactions 5 and 6. Fromseparated or that there is a high potential barrier that prevents
this, one would expect that in polar solvents the course of the the occurrence of the transfer. In the absence of the proton
hole injection depends on the relative basicity of the solvent transfer, hole injection yields a geminate pair of the solute
and the solute. The Rpof polycyclic aromatic molecules is molecule and the solvent hole. The backward charge/proton

often higher than that of polar solvent molecties.For transfer in this pair is exothermic (and, in cycloalkanes, is
example, the PAof perylene is 0.88 eV greater than the PA diffusion-controlled):®'4 and, therefore, these geminate pairs
of 2-propanol and 1.02 eV greater than the,RAacetonitrile. must recombine very rapidly. The observation of mobile solvent
In hydrogen-bonded liquids (water, alcohols), the liquid-phase Noles in the conductivity experimeritonfirms that some of

PA is ca. 3 eV higher than the gas-phase ®hich is likely these holes (ca.-15%) escape geminate recombination. Since

a typical reaction radius for scavenging of the solvent hole in
cycloalkanes is~1 nm, this suggests that the geminate partners
are initially separated by at least 8:6.6 nm (see comment 8
d’n ref 13).

to make reactio 4 a preferred route, unless the aromatic
molecule is a strong base. In non-hydrogen-bonded solvents,
or mixed solvents, reaction 5 would be preferred. Apart from
these energetics, for aromatic amines reaction 5 is expected t

statealkylaminium radicals slowly abstract hydrogen from the Separated from the neutralized radical cation. In ref 13, we
solvent (16—10* M1 s1 at 300 K)27c speculated that this initial separation was due to high mobility

of extended-state holes injected deep into the valence band,
across the mobility edge. To approach these states, the solvent
hole formed in reaction 1 should have considerable excess
energy. While for some cycloalkanes this is not unreasonable
(e.g., for decalins this excess energy-i eV), it is difficult to
see how this mechanism can operate in high-IP liquids such as
alcohols and cyclohexane, where the excess energy is probably
less than 0.£0.3 eV. It appears, therefore, that the hole is
transferred to a localized state (a “preexistimaje trap”) in the
immediate vicinity of the radical cation.

A similar reaction (save for electrons instead of holes),
electron photodetachment from aqueous halide anions, has
recently been studied by ultrafast laser spectrostopnd

Our results for indole and-tryptophan do not contradict or
support bleaching being due to reaction 5 rather than reaction
4. However, for aniline” and its derivatives isolid alcohols
and ethers, the results of Skvortsov and Alfimov directly point
to reaction £ In their first report, these authors observed a
partial recovery of the UV bands of neutral amines upon
photobleaching of the corresponding radical cations. Despite
this claim, there is no evidence for such a recovery in the UV
spectra reported in their later wo¥k!® (The absorption bands
of protonated anilines shift to the blue relative to the bands of
neutral amines (from 330 to 370 nm to 290 nfhjand in
principle, reactions 4 and 5 can be distinguished spectroscopi-

cally.) Since inliquid alcohols no photobleaching was observed quantum molecular dynamics modelifig? It was shown that

for these amines it could be that the proton-transfer (6) is - . . g i
. the injected electron rapidly localizes in a trap in the second
preferred at higher temperature. In such a case, the low quantum

: S ) solvation shell of the halide anion (within50 fsf! and then
?lggtig; ;Zeinp?ﬁéogéﬁﬂ;pegp;rgue to rapid proton-transfer drifts 0.3-0.4 nm away, forming a solvent-separated electron

. atom pair (200 fs)81.82 This pair dissociates on a picosecond
It should be stressed that our work does not provide a time scaled®82 Although the reaction of hydrated electrons with
definitive proof that in polar solvents the photobleachigdue halogen atoms in the solvent bulk is diffusion-controlled, the
to reaction 4. In principle, a rearrangement or fragmentation recombination of the geminate electreatom pairs is relatively
of the excited radical cations may also cause their bleaching. sjow since the electron remains on the 4s/d potential surface
For some of the radical cations studied in this work, such a jsolated from the ground-state 4p surface by a large energy
rearrangement is possible. Breslin and Fox considered photo-gap8182 There are certain parallels between this reaction and
cyclization of triarylaminium radicals similar to the cyclization  hole injection in cycloalkanes: The injected charge rapidly
of triplet triarylamines’® For [L-tryptophan']*, one can localizes close to the geminate partner, the recombination in
speculate on the occurrence ofternal charge or proton  the geminate pairs seems to be much slower than in the solvent
transfers: Such reactions are known to occur in thetate of bulk, this recombination is highly exothermic, and the final state
L-tryptophan’® Our arguments in favor of hole injection are  of the injected charge is a metastable polaron. An important
that (i) the photobleaching also occurs for polycyclic aromatic insight from the calculations of Borgis and St#ils that some
cations for which there are no obvious rearrangement or of the initial electron traps are formed due to solvation of the
fragmentation channels, (ii) it is very fast and solvent-specific, ground-state halide anion; that is, the local concentration of
(iii) its efficiency correlates with the difference in the IP’s of  suitable traps is higher than in the solvent bulkae “preexist-
the aromatic molecule and the solvent, (iv) in nonpolar solvents ing hole traps” could be sakent molecules disturbed by the
the photobleaching is shown to be due to the hole injecdfion, presence of radical cations.
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The concept of “preexisting hole traps” can be applied to using ultrafast laser spectroscopy, a project that is currently in
other classes of electron-transfer reactions with the solvent.the progress in our laboratory.
Inorganic photochemists have long postulated that bonding
between the metal ion complex and the polar solvent reduces6. Conclusion

the barrier of the charge-transfer-to-metal reactiSn® Ac- Hole injection (oxidation of the solvent), with or without
cording to EPR spectroscopy, ca.—780% of olyl radicals dissociation of the solvent hole, seems to be the general
formed upon UV photooxidation of alcohol glasses by @ad mechanism for decay of photoexcited radical cations, in both
Fe'' complexes are bound to these comple¥%€8. However,  polar and nonpolar media, solid or liquid. The efficiency of

not all of these olyl radicals are in the outer coordination sphere, this process correlates with the difference in thg ¢ the
even at very low temperatures. As was shown by spin-echo solvent and the solute corrected by the photon energy. For some
EPRZ% ca. 20% of the olyl radicals are separated from the high-IP liquids (e.g., acetonitrile) hole injection does not occur,
reduced metal ion by more than 1.7 nm, and some radicals areput it readily occurs in common solvents, such as alcohols,
found at distances in excess of 2 nm. Thus, at least some ofalkanes, and ethers. For high-IP solutes, such as naphthalene,
the electron transfers involve the hole traps in the solvent bulk. the quantum yield of photobleaching can be as high as 0.5. This
The participation of “preexistinglectrontraps” in ionization ~ quantum yield rapidly decreases with decreasing IP of the solute.
of polar liquids is widely acknowledged (e.g., ref 55 and For basic solutes, such as aromatic amines, we cannot exclude
references there in). However, such a possibility for the vb the occurrence of the H atom transfer reaction 5 instead of
holes has never been considered. This omission is difficult to reaction 4 or, in some cases, even the proton-transfer reaction
justify. In disordered solids, the existence of the band-tail hole 6. However, the majority of aromatic radical cations (whose
states and their involvement in photoionization are well- basicity is lower than that of the polar solvent) photobleach via
established® Furthermore, the Urbach tail in the UV spectra reaction 4. We argue that this reaction requires the existence
of neat polar liquids is from the tail states lnfthbands. For ~ ©Of preformed “hole traps” some distance away from the excited
water. the estimates of the extension of the cb into the radical cation. The existence of similar electron traps in the
midga{r§4v35suggest that the cb tail states alone cannot account OWer condu.ction band of vyatgr and other polar solvents has
for the observed 5.9 eV onset of the one-photon absornce. '0Ng been discussed by radiation chemists.

It has been suggested that the low-energy transition (which is  Our work is the first glimpse of an uncharted fietdhemistry
observed in both vapor and liquid) involves molecules with of excngd polycycllc.arc_)matlc radical cations. MOSt.Of our
stretched OH bond€:#7 Such molecules are hole traps that conclusions are qualitative and may need further refinement.
occupy the tail of thé/alence band Two of these conclusions, however, are quite certain. First,

he hol h | h i there is common pattern in all these photoreactions. Hole
The hole states that are closest to the mobility edge (a jniection provides the most reasonable mechanism which, in
demarcation energy that separates the extended and Iocallzegeveral instances, was verified directly. Second, the lifetime

states) can be observed by UV photoemission Spectroscopy,nq reactivity of excited aromatic radical cations was found to
(UPS)® In disordered solids, the density-of-state (DOS) \ary strongly from species to species. While their reactivity
function of the localized states is linear with energy near the fglows the IP of the parent molecule, the lifetime in acetonitrile
vb mobility edge and decreases exponentially toward the fits no obvious pattern. While some of the excited radical
midgap. This extended tail is difficult to resolve by UPS since cations of aromatic hydrocarbons have the lifetimes below 1
the DOS falls by 12 orders of magr"tude before it becomes ps, other (excited tripheny|eﬁ'eand perylen‘é’) are fa|r|y |ong_

exponentiaf® For liquids, the sensitivity of UPS is yet |ived, with the lifetime of several picoseconds or even several
insufficient to resolve this tail, but the data allow one to estimate tens of picoseconds. The reason for this dichotomy is not yet

the width of the slowly decreasing section of the DOS function. clear.

Using a Gaussian fit, Faubel et®ldetermined the following

half-widths: 1.58 eV for water, 1.5 eV for methanol, and ca. 1~ Acknowledgment. We thank Dr. D. Bartels for many
eV for ethanol and 1-propanol. Thus, the vb extends for more discussions on photophysics of water, Mr. J. Gregar for his artful
than 0.5 eV beyond the photoemission threshold; this is glasswork, and Dr. K. H. Schmidt for help in the early stages
comparable to the extension of the cb band as estimated byof this project. I.LA.S. thanks Dr. D. Meisel for valuable
Rossky and co-workef. comments.

The distance between a hole trap and the radical cation needs )
to be determined. In liquid the hole traps are short-lived, but APPeNdiX
in frozen glasses they could be stable. Skvortsov and Alfimov  In polar solvents with relatively low IP, photoexcitation of
have studied the concentration dependence of quantum yieldsolute radical cations causes their permanent bleaching. The
for 700 nm bleaching of diphenylamirfein solid mixtures of guantum yieldp of this bleaching can be determined by analysis
isooctane and tolueri€. Due to the low IP of diphenylamine  of the photon flux dependence of the bleaching efficiency. Given
(IPg= 7.16 eV), its radical cation cannot be bleached with 1.77 that the lifetime of [ArH*]* is much less than the length of
eV photons in isooctane (4= 9.9 eV), and the decay was due the excitation pulse and practically no attenuation of the 532
to hole transfer to toluene (IR 8.82 eV). Considering this  nm light occurs on the passage through the reactive mixture
transfer as a static scavenging reaction, a reaction radius of 0.54the corresponding optical density is less than 3 0the
nm was obtaine& This radius is obviously too short to account  conversion of the ground-state radical cation upon single-photon
for the long-term stability of toluene holes close to diphenyl- €xcitation is given by
amine. Given the tendency of aromatic solutes to aggregate in
frozen solutions, the injected hole probably binds to more than d[ArH " ]/dt = —w(t)[ArH "] (A1)
one toluene molecule, hopping away from the solute, and this
makes their result questionable. A better approach would bewherew(t) = 2.3¢s32 ¢Wy(t) is the rate constant of photocon-
to study the geminate recombination of th&rH RH**} pairs version,W(t) is the laser power in photons/(€ms), es3. is the
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extinction coefficient of Ark™ at 532 nm, and is the quantum
yield of photobleaching. Integrating over the duration of the
laser pulse, one obtains that the bleaching efficiency

Y=1-exp(-J,) (A2)

wheref = 10 %es3, ¢; the extinction coefficient is in M cm?,

andJ, is the photon flux in J/cih The important implication
of eq. A2 is that the bleaching efficiendyis independent of
[ArH*t]o. We found that varying [Arkf]o by changing the flux

of the 248 nm photons has no effect on the bleaching efficiency.

The fact thaty is independent of the concentration gradients of
ArH** is also important, since the optical density of solution at
248 nm is 0.0%0.1, and such gradients certainly exist.
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