11270 J. Phys. Chem. R000,104,11270-11277

Acid—Base Equilibrium and Electron-Ejection Processes in the Excited States of
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Acid—base equilibrium and photoinduced electron-ejection processiNedimethyl-1-aminonaphthalene
(DMAN) in aqueous solution have been investigated by nanosecond laser photolysis and fluorescence
measurements. Depending on the differekf palues for the ground &u(S) = 4.6), lowest excited singlet
(PKa(S1) = 2.5), and triplet (K«(T1) = 2.7) states, photoionization pathways varied with acidity of solution.
Upon 266 nm laser excitation, the direct electron-ejection took place fror§ thiate of DMAN in agueous
solution at pH> ~6.0, which was revealed to occur from the nonrelaggdtate. At pH 2.6-4.0, proton
dissociation took place in thg, state of DMANH" (protonated DMAN), which was followed by electron-
ejection to produce DMANR. In addition to the above ionization processes, a slow electron-ejection process
was found to occur from th&,; state of DMAN. The possible photoionization mechanisms of aqueous DMAN
are discussed on the basis of kinetic analyses, thermochemical considerations, and electronic structures.

1. Introduction (RNH3z"), the ejected proton is stabilized by hydration to produce
We have recently investigated photoionization (photoelectron- a hydf"”'””? ion. Solvation 'cha.nge of the solute m0|eC.UIe
occurring with the proton ejection also affects the relative

ejection) of aromatic compounds in aqueous solution by means - .
of the laser photolysis method and fluorescence measurementsStability between reactants and products. Similarly the electron-

For aniline and its derivatives in aqueous solutidit has been ejection process results in th? solute cat?c_)n radical (BNH
revealed that the ionization took place from nonrelaSestate and hydrated electron 4¢) which are stabilized by solvation
by one-photon absorption at 266 nm. For 1,4-dimethoxybenzene!n Water.
(DMB) in aqueous solutiod? a dominant photoionization As a typical compound showing acithase reactions in both
mechanism has been found to be electron-ejection to solventground and excited states, the photochemistiy,bFdimethyl-
by two-photon absorption at 266 nm. Furthermore, it has been 1-aminonaphthalene (DMAN) in aqueous solutiéfhas been
revealed that electron transfer (ET) from excited triplet DMB studied. In addition, detailed photophysical properties of this
(®DMB*) to hydronium ion was involved under acidic condi- compound in various organic solvents have been repéftéd.
tions# The latter process also resulted in formation of the solute As an important factor to determine the photophysical pro-
cation radical, though the rate was much slower compared to perties, the internal twisting coordinate of the dimethylamino
the direct photoelectron ejection. group with respect to the naphthalene ring has been invok&d.
Photophysics of aromatic amines in aqueous solution is The conformation of the amino group of DMAN is pretwisted
characterized by not only its feasibility of photoelectron ejection in the ground state, while in the fluorescent state the conforma-
as described above but also proton exchange with solvent, i.e.tion is relaxed to a more planar structure, which facilitates
acid—base reaction.® The latter process can be observed both intramolecular charge transfer (ICT) from the amino group
in the ground and excited states. Since the rate of protonto the naphthalene moiety. Such a conformational change of
dissociation and association is strongly dependent on thethe amino group and ICT character in tBestate of DMAN
electronic structure of solute molecules, acimhse property in are related to a decrease in thé,walue from 4.6 &) to 2.5
the excited states is usually modified significantly compared to (S).57 Acid—base equilibria of DMAN in the grounds§) and

that in the ground stafe:® o lowest excited singletg) and triplet {Ty) states are shown in
In proton exchange and electron-ejection processes, the rolegcheme 1.

of solvent is considered to be a key factor to determine their
efficiencies. Both processes are associated with interactions
between an excited aromatic amine (RINEind water molecules

as shown in the following equations:

In the present paper, the electron-ejection processes of excited
DMAN in agueous solution together with those of the proton
dissociation and association reactions were investigated by
means of laser flash photolysis and fluorescence spectroscopy.
1 s 1 * + It was found that the photoionization processes of DMAN were

RNH; ™o T (H0)y = RNH g+ HiOeg - (1) quite different from those of DMB.Three different types of
electron photoejection mechanisms, (1) the direct photoioniza-
tion of DMAN, (2) proton dissociation of DMANH (protonated
DMAN) followed by electron-ejection in th&, state, and (3)
slow electron ejection from triplet DMAN are discussed from

* Corresponding author. Phone: 81-277-30-1210. Fax: 81-277-30-1213. the viewpoints of thermochemical considerations and stabiliza-
E-mail: tobita@chem.gunma-u.ac.jp. tion by solvation of the reaction products.

'RNH,* aq T (H,0), — RNH," .+ e, 2)

In proton dissociation reactions from excited protonated amines
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2. Experimental Section aF (d) pH 9.85 ]
Materials. N,N-Dimethyl-1-aminonaphthalene (DMAN) 25 15
(Wako) and aniline (Kanto) were purified by vacuum distillation. A ]
Naphthalene (Np) (Wako) was purified by vacuum sublimation. QE S 10
Quinine bisulfate (Wako) was recrystallized from water. Potas- —
sium hexacyanoferrate(ll), 3-hydrate (KISHIDA, 99.5%) was Wavenumber (10° em™)
used without further purification. Deionized water was purified Figure 1. Absorption (Abs.) and fluorescence (Fluo.) spectra of DMAN
by using a Millipore MILLI-Q-Labo. Cyclohexane (CH) (Al-  inagueous solutions with different pH values at 293 K. The fluorescence

drich, spectrophotometric grade) was treated on an aluminaSPectra were obtained upon 266 nm excitation.

column prior to use. Ethanol, methanol, and acetonitrile (ACN) . . .
were purified by distillation. SOy (Wako, 97%, S. S. Grade), each shot was monitored by a pyroelectric detector (Scientech,

KOH (Kanto), and CsSO, (Fluka, 99.9%) were used as P25/S200). All sample solutions were exposed to less than 100
received. The’concentration oLE+ 'of each aqueous solution laser shots to avoid depletion of the starting materials and

was determined by a pH meter (Horiba F-8) calibrated at pH 2ccumulation of possible photoproducts.
4.00 (phthalate pH standard solution (Wako)), pH 6.88 (phos- The flforescence quantum y|_eld$I>f§ .Of D.MAN a_nd
phate pH standard equimolal solution (Wako)), and pH 9.22 DMANH™ were determined by using quinine bisulfate in 1 N

(tetraborate pH standard solution (Wako)) at 293 KS&; and H,SQy solution (r = 0.546}* and aniline in CH @ = 0.17)°>
KOH were used to adjust the hydronium ion concentration 5 standards, respectively. The quantum yields for the formation
([Hs0*]) of sample solutions. of 3DMAN* (e = 5100 M1 cm™! at 550 nmj and DMAN**

The concentration of DMAN and DMANHin each solution (€ = 1370 M em™ 2“ 700 nm§ were dleterjrlwlned by using
was maintained at 2.3 104 M and 1.1x 1074 M for laser Npin CH (@isc = 0.75°ande = 24500 M cm™* at 415 nni’)
experiments and 3.8« 10 M and 1.8 x 105 M for as an actinometer.
fluorescence ones, respectively. All sample solutions in a quartz
cell with a 10-mm optical path length were thoroughly degassed
by freeze-pump-thaw cycles on a high-vacuum line. 3.1. Spectral Properties of DMAN in Aqueous Solutions

Methods. The absorption and fluorescence spectra were with Different pH Values. Figure 1 shows the absorption and
measured with a UV/vis spectrophotometer (JASCO, Ubest- fluorescence spectra of DMAN in aqueous solution with
50) and a spectrofluorometer (Hitachi, F-4010), respectively. different pH values at 293 K. Thekp values of the ground
The fluorescence lifetimer{) was obtained with a time- () and excited singlety) states of DMAN have been reported
correlated single-photon-counting fluorometer (Edinburgh Ana- to be 4.6 and 2.5respectively (Scheme 1). At pH 1.02 (Figure
lytical Instruments, FL900CDT). A nanosecond pulsed discharge 1a), the spectral features of the absorption and fluorescence
lamp (pulse width~1.0 ns, repetition rate 40 kHz) filled with  bands are similar to those of 1-methylnaphthalErie first
hydrogen gas was used as the excitation light source. Thisabsorption band3(*L,) — S(*A)) appears at 31500 crhand
apparatus enabled us to measure both excitation and emissiothe second absorption bar®l({(L,) — S(*A)) at 34400 cm1.19
response functions, and to compute decay parameters by theThis indicates that most of the DMAN molecules are protonated
deconvolution method using a nonlinear least-squares fitting. at the nitrogen atom both in th& and S; states under this

The nanosecond laser flash photolysis experiments werecondition. At pH 5.83, ca. 6% of DMAN is protonated in the
carried out by using the fourth harmonics (266 nm) of &Nd S state. As a result main fluorescencks (= 0.12) at 22470
YAG laser (Spectra-Physics GCR-130, pulse width 6 ns) as thecm™! (445 nm) originates from the neutral DMAN, and minor
excitation source. The monitoring system of transient speciesone @; = 0.03) at around 30000 crh (333 nm) from
consisted of a pulsed xenon lamp (Ushio, UXL-151D), a DMANH™ as shown in Figure 1c. The broad fluorescence band
monochromator (Ritsu, MC-20N), and a photomultiplier at 22470 cm? (445 nm) shows very large Stokes shift (11000
(Hamamatsu, R928). The timing sequence between the lasecm™), which can be explained in terms of intramolecular
pulse and the xenon flash lamp was controlled by a digital delay charge-transfer character of the fluoresdénpistate which leads
pulse generator (Stanford Research Systems, Model DG-535)to significant polarization stabilization in polar medial32°
The transient signals were recorded on a digitizing oscilloscope At pH 9.85, DMAN is expected to exist predominantly as the
(Tektronix, TDS-744; 500 MHz, 2« 10° samples s') and neutral form both in the&y and S; states (see Figure 1d). In
transferred to a personal computer (NEC, PC-9821Ap) to fact, the absorption and fluorescence spectra show exclusively
analyze the data. The signals were averaged ov&05aser the feature of the neutral form. At pH 3.03 (Figure 1b), the
shots to improve the signal-to-noise ratio. The laser power for absorption spectrum is almost identical with that obtained at

3. Results and Discussion
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TABLE 1: Fluorescence Lifetime and Fluorescence

Quantum Yield of DMAN and DMANH * in Aqueous 0.1F 0.8/ (a) pH 0.52
Solution with Different pH Values at 293 K 24
DMANH * DMAN 0.05+ 8.0
pH 7@ (ns) @ 7 (ns) @
0 . - ———

1.02 32.7 0.56 <0.01

3.28 32.9 0.42 32,6 0.07 0.5us (b) pH 2.55

5.83 0.03 6.31 0.12

9.85 <0.01 6.25 0.13

aMonitored at 340 nmP Monitored at 450 nm.

L 02us c) pH 9.83
0.1 10us (a) pH 0.52 0.04 J 0.8 ©p
32.0 .
72.0
0.05- 100.0
| L L 1 I
0 s U : : 0200 500 500 700
1}"8” s (b) pH 2.55 Wavelength (nm)

jl .05 Figure 3. Transient absorption spectra obtained upon 266 nm laser

) photolysis of DMAN in aerated aqueous solution (a) pH 0.52, (b) pH
2.55, and (c) pH 9.83 at 293 K.
Under this condition, DMAN is protonated at the nitrogen atom
both in theS and S, states. From thelq” value & 2.7) of
the excited triplet state, it can be expected that DMAN is
protonated in thd; state as shown in Scheme 1. Actually, the

: spectral feature of the transient absorption spectra is very similar

— SN DMAN" (@ to that of theT, < T; absorption spectrum of 1-methylnaph-

= 5000/ thalene?! and a typical quenching by dissolved oxygen is

- F DMAN* observed for this band (Figure 3a). Thus, the transient absorption

2 2500 E band obtained at around 410 nm can be ascribed tdthe

“ C o= Ty absorption of DMANH". The absorbance GDMANH **

760 decreased according to the first-order kinetics, with a lifetime
of 25.6 us at pH 0.52.
Under the basic condition (pH 9.83), broad absorption bands
Figure 2. Transient absorption spectra obtained upon 266 nm laser gppear at around 550 and 720 nm as shown in Figure 2c. The
photolysis of DMAN in aqueous solut_ion at (@) pH 0.52, (b) pH 2.55, fjrst component can be assigned to fie— Ty absorption of
%ﬁ Aﬁ)f?_?-g?;riﬁ?gflg( t()c)i) absorption spectr@@KMAN* (—) and DMAN from the spectral featuPgsee Figure 2d). The lifetime
' of 3DMAN* under this condition is obtained to be 15.8. The
pH 1.02, indicating that at pH 3.03 most of the DMAN second component with the absorption maximum at around 720
molecules in the ground state are protonated to producenm can be assigned to the hydrated electrog J&rom the
DMANH*. However, the fluorescence spectra taken at 266 nm characteristic spectral shafreand the facts that the absorption
excitation (Figure 1b) exhibit two fluorescence bands (longer was quenched by dissolved oxygen and electron acceptors such
and shorter wavelengths) originating from tl8g states of as Ed*. In the aerated system at pH 9.83 (Figure 3c), a broad
DMAN and DMANHT, respectively. The fluorescence excita- absorption band with a maximum at 650 nm can be seen after
tion spectra monitored at 325 and 445 nm agreed well with the disappearance SODMAN*. Judging from its spectral shape, this
absorption spectrum of DMANH indicating that the partial long-life component can be assigned to the DMAN cation radical
proton dissociation occurred in ti$g state of DMANH' to give (DMAN**).% These results demonstrate that DMAN in basic
the fluorescence of DMAN. agueous solution is photoionized upon 266 nm laser excitation,
The fluorescence lifetimer{) and fluorescence quantum yield  resulting in the formation of DMAN* and gq :
(®5) of DMAN in aqueous solution are listed in Table 1. The
7 ¢ values of DMAN in neutral and basic aqueous solutions are DMAN + hy (266 nm)— DMAN** + €q €))
obtained to be~6.3 ns, while that of the fluorescence band at
445 nm at pH 3.28 is obtained to be 32.6 ns which is very close As shown in Figure 4, the initial concentration of DMAN
to that (32.9 ns) for DMANH monitored at 325 nm at pH 3.28.  exhibits a linear laser power dependence under the laser pulse
This fact suggests that the decay rat¢ BMAN* at pH 3.28 energies of<15 mJ pulse! cm™2, indicating that the photo-
is determined by the proton dissociation rate (2.60° s™1)7 ionization of DMAN in basic aqueous solution takes place via
from 'DMANH ™ according to consecutive reaction kinetics. one-photon absorption process. This photoinduced electron-
3.2. Transient Absorption Spectra.Figure 2 shows the time-  ejection process from DMAN to solvent will be discussed in
resolved transient absorption spectra obtained by 266 nm laserSection 3.3.
flash photolysis of DMAN in degassed aqueous solution with At pH 2.55, the prototropic equilibrium of DMAN in th&
different pH values, and the reference spectrZDdflAN* and state shifts to the protonated form, while in the excited states,
DMAN **. Figure 3 shows those of the corresponding aerated proton dissociation occurs both in tBeandT; states to produce
systems. The transient absorption spectra obtained at pH 0.52DMAN* and SDMAN*. The transient absorption spectrum at
(Figure 2a) give the main absorption band at around 410 nm.t = 1.0us in Figure 2b is comprised of thie — T; absorption

400 500 600
Wavelength (nm)
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Figure 4. Laser powerl() dependence of the DMAN cation radical

concentration generated by 266 nm laser photolysis of DMAN in TABLE 2: Quantum Yields for SDMAN* and DMAN ** in

aqueous solution at pH 9.83. Insert: its 4dgg plots. Aqueous Solution with Different pH Values at 293 K
0.03 pH O(*DMAN*) NS P Drad
- () 550 nm 1.02 <0.01 <0.01 <0.01 <0.02
0.02 , 2.55 0.19 0.08 0.11 0.19
i 2.72 0.27 0.09 0.08 0.17
0.01- 2.85 0.28 0.10 0.06 0.16
N 3.05 0.30 0.12 0.05 0.17
:t] A 9.83 0.56 0.17 <0.01 <0.18
) X (b) 700 nm 2Yield of cation radical from singlet staté Yield of cation radical
0.01L from triplet state® Total cation radical yield®g = @54 + ®L).
place from'DMAN?* produced by deprotonation dODMANH **,
= The slow rise time of DMAN* almost agrees with the decay
a time of 3DMAN* monitored at 550 nm (Figure 5a). In addi-
0.02 tion, the slow rise component at 700 nm disappeared in aerated
C (c) 700 nm water. Thus it appears that the slow ionization occurs from
< C SDMAN*. Each photoionization mechanism will be discussed
< 0.011 below.
r 3.3. Direct Electron-Ejection from ‘DMAN* to Water. In
0p= = 1 ] | pH = 6.0 agueous solutions, DMAN ejects an electron to solvent

0 0.1 012 03 0.4 via one-photon absorption process upon 266 nm (4.66 eV) laser
excitation (eq 3). To clarify whether the ionization takes place
from the relaxed or nonrelaxed excited singlet state, we
Figure 5. Time traces of the transient absorption spectra of DMAN ' axamined the effect of Gson on the formation yield®,,) of
in acidic agueous solution (pH 2.55) monitored at (a) 550 nm and (b) DMAN**. The C< ion is known to be an effective singlet
700 nm; (c) early time range at 700 nm. . . S
quencher in aqueous solutiéf¥’where the quenching is usually

bands due t6DMAN* and SDMANH **. In contrast to theS; caused by the external heavy atom effect, resulting in the
state, the acigdbase equilibrium should be established in the enhancement of intersystem crossing. If the electron-ejection
T, state because of the longer lifetime of fhestates. In fact, occurs from the relaxe§; state of DMAN, then the&b,,4should
the observed lifetime (2&s) of SDMANH** at pH 2.55 is decrease with increasing Cgoncentration ([C¥]). Figure 6
very close to that fofDMAN* (21 us) under the same condition.  shows plots ofr{%z; and ®.L/®;aq as a function of [C§] for

It is noteworthy in Figure 2b that at pH 2.55 the absorption DMAN in aqueous solution at pH 6.2. Herg and 7{° are
band due to DMAN®* appears at around 650 nm with decreasing the fluorescence lifetimes of DMAN with and without €s
of the absorption band due #DMAN* at 550 nm, and an and ®q and @, denote the quantum yields of the cation
isosbestic point is seen at around 640 nm. Figure 5, parts a andadical (DMAN'™) formation with and without Cs respectively.
b, show the time traces of the transient absorption spectraFrom the following SterrVolmer equation, the fluorescence
in Figure 2b monitored at 550 and 700 nm, respectively. quenching rate constankf was determined to be 8.4 10°
The time profile of the early time range at 700 nm is also M—1s%;
displayed in Figure 5c. As shown in Figure 5c, the hydrated

Time (4 s)

electron is very rapidly quenched by,§4, in consistent with 0
the reported bimolecular rate constant of %310° M1 fo14 qu? [Cs"] (4)
s71.23-25 Since the molar absorption coefficientdMAN* at Ty

700 nm is negligibly small compared to that of DMAN(see

Figure 2d), the time profile shown in Figure 5b can be regarded Nevertheless, theb.q value was scarcely affected by ad-
as time evolution of DMAN®. The time profile at 700 nm  dition of the C¢ ion. These results show that the electron-
exhibits fast and slow rise components for DMANsuggesting ejection of DMAN takes place mainly from the nonrelaxgd
that two different photoionization mechanisms are involved (S') state. The ionization yields frofDMAN* are listed in
under this condition. The fast ionization process would take Table 2.
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3.4. Electron-Ejection viaIDMANH ** in Aqueous Solu-
tion. The time profile shown in Figure 5b exhibits two

Tajima et al.

the hydration free energy change of hydrogen atom which is
estimated to be 19 kJ mdl28291n the calculations oAGP of

distinguishable (fast and slow) photoionization processes at pHthe ET from!DMAN* to H * in (:DMAN* ---H™), the hydration

2.55, where most of DMAN molecules in th®& state are
protonated on the nitrogen atom to produce DMANHhe
linear laser powerl() dependence was found for the fast
photoionization process under the experimental conditibns (
< 15 mJ pulse! cm™?), indicating that the cation radical is
produced by one-photon absorption process. Since DMANH

has a positive charge, the direct electron photoejection from

DMANH ™ to produce its dication is not plausible. Here we

propose three possible processes for the fast photoionization

passing it througADMANH **,

The first mechanism is the direct photoionization from the
S" state of DMAN produced by photoexcitation of DMAN
which is slightly populated in the ground state at pH 2.55.
However, the possibility of this reaction is excluded by the
following reasons: (1) the value of DMAN (2600 Mt cm™1)
at 266 nm, which is about one-half compared to that of
DMANH™ (5400 Mt cm™1), (2) much lower population of
DMAN than that of DMANH?, which can be estimated as
[DMAN]/[DMANH *] < 0.01 from the K, value & 4.6) at
293 K, and (3) the relatively small quantum yiet#i,{f < 0.18)
for the direct ionization in th&," state of DMAN in aqueous

free energy change of hydrogen atom can be neglected.
Therefore the actual free energy changeG{) for the ET
process in eq 7 can be estimated as foll8Wvs:

AG’ = 96.5x EY(DMAN "/DMAN),,— Es+ AG(H) (8)

whereEs is the §; <— & transition energy of DMAN (319 kJ
mol~Y), which can be estimated from the midpoint of the
absorption and florescence spec&EgDMAN T/DMAN) is the
oxidation potential of DMAN. The oxidation potential of
DMAN in acetonitrile €(DMAN */DMAN) acn) is reported to

be 0.75 e\8! which is corrected for difference in solvation
energies in acetonitrile and in aqueous solution by using the
following equation32-34

E°(DMAN */DMAN) ,, =

0 + 1
EY(DMAN "/DMAN) acry ~ = 5| = 9)

_ML[L_

solution. The second mechanism is an electron-ejection to where, EX(DMAN T/DMAN) 4 is the oxidation potential of

solvent from!DMAN* which was produced by proton dissocia-
tion of IDMANH **:
'DMANH ™* — 'DMAN* +H,_,"—
DMAN™ +e,; + H,," (5)

The third mechanism is proton dissociation ‘BfMANH ™*
followed by electron transfer (ET) to Has shown in the
following equation:
'DMANH ™* — ('DMAN* «+-H") —

Y(DMAN "*+--H) — DMAN " + H_, (6)
In the first step,'DMANH ** releases a proton to produée
DMAN* and H* in a solvent cage. In the second step, ET takes

place from!'DMAN* to H * before completing hydration of H
to form a successor compleX(PMAN **---H)). Finally, the

DMAN in aqueous solutiongg is the dielectric constant in a
vacuum,rp is the radius of DMAN, andacn (= 36.94) and
€m0 (= 80.16) are the dielectric constants of acetonitrile
and water> The value ofrp was estimated from the density
(1.042 x 10° kg m3)36 of DMAN as 0.41 nm. Thus th&°-
(DMAN */DMAN) 54 value is obtained to be 0.72 eV, and the
overall free energy change for eq 7 is estimated te-B& kJ
mol~1.

Judging from the exergonic nature of the process in eq 7,
the third mechanism can also participate in the photoionization
of DMAN. However, it is expected that the back electron-
transfer reaction from H to DMAR in (DMAN **---H), where
AGP can be estimated to be272 kJ mot?, would reduce the
cation radical yield. Therefore, the ET reaction due to the third
mechanism (eq 6) would be the minor process. The cation
radical yields (aq) by the fast photoionization upon excitation
of DMANH™ in water with different pH values are listed in

successor complex dissociates to form the products. TheTable 2.

possibility of nongeminate ET reactions from fr&aVIAN* to

3.5. lonization Process from®DMAN?* in Water. It seems

Haq" in bulk water can be neglected, because their encounterreasonable to assume that the slow formation of DMAN

probability should be significantly small at pH 2.55.

observed at pH 2.55 (Figure 5b) proceeds from the triplet state

As shown in Figure 5c, one can see a fast decay componentof pMAN (3DMAN¥), because the rise time of DMAR

in the time profile observed at 700 nm. Since the spectral

(Figure 5b) is in agreement with the decay time*DMAN*

property and decay rate of the component agreed well with thOSE(Figure 5a) and this process is not seen under the aerated

of e,q produced by photoionization of Fe(CH) in water at

condition (see Figures 2b and 3b). Recently, we have reported

pH 2.55, the fast decay component in Figure 5c can be assignedy, occurrence of the ET reaction from the triplet state of DMB

to eyq . This finding suggests that the cation radical (DMAN
formation upon excitation of DMANH is due, at least in part,
to the second mechanism (eq 5).

To consider the contribution of the third mechanism, the
Gibbs free energy changdG ©) for the ET process between
IDMAN* and H* as shown in eq 7 was estimated by using
electrochemical potentials:

'DMAN* +H* — DMAN ™ + H 7

The standard Gibbs free energy change of the hydrated:, (H
AG°(Hag), is reported to be 222 kJ mdi?8 which corresponds
to the Gibbs free energy change for the conversiog;(H>
Hag because oAG{%(Haq") = 0 conventionAG{%(Hag) includes

(3DMB*) to the hydronium iont Therefore, one can consider
the possibility of the ET reaction betwe€DMAN* and the
hydronium ion for the slow formation mechanisms of DMAN
The lifetime ofSDMAN* (21 us) at pH 2.55 is sufficiently long

to form the encounter complex withakt. To estimate the rate
constant of the ET reaction froBDMAN* to the hydronium

ion, we made kinetic analyses on the time profile of the transient
absorption spectra shown in Figure 2.

Since no significant absorbing species were recognized after
disappearance of the DMAN cation radical and the hydrated
electron, the overall absorbance change&(f)) of the transient
absorption spectra of DMAN in acidic aqueous solution
monitored at 550 nm can be expressed by the following
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Figure 7. Time traces of the transient absorption spectra of DMAN K
monitored at 700 nm (a) pH 0.52, (b) pH 1.85, (c) pH 2.55, (d) pH kerT [H30%]
3.05, and (e) pH 4.00. :
ko ko e
equation: DMAN
—r3 550 . L,0ob!
AAgsft) = DMAN] o €77 exp—Kr 1) DMANH" + H,0 DMAN + H30*

+ [°DMAN*] o Det i L EXPK o) —

ob dissociation o DMANH ** decreases with an increase in the
exp(-kr 1)}

hydronium ion concentration. At pH 0.52, most of molecules

+ [DMAN ™, e exp(—k ,d) in the S; state are protonated due to the relatively large
_. 550 bimolecular rate constant (3.2 10°® M~ s71)7 for proton
+ [€ado €rE EXP(—Kyeh) (10) g . . o
agl0 ~HE E association compared with the proton dissociation rate constant
(9.6 x 10° s71),7 resulting in the decrease in the fast photoion-

wherekr°s andk.aq are the decay rate constants3BiMAN*
and DMANT*, respectively (heré,q was estimated to be 3.0
x 10 s71 from the slow decay component in Figure 5@)t
is the efficiency of the ET reaction froPDMAN* to the
hydronium ion, ander and ¢,9 are the molar absorption

i~ 3 * +e 1
coefficients of*DMAN® and DMAN ", respectively. Ther value decreases with an increase ofQH] suggesting that the

value at 550 nm has been reported as 5100 bm1° The o P .
€rag Values at 550 and 700 nm can be determined to be 114089uilibrium betweeADMANH ™ and DMAN* should be taken

. T .
and 1370 M* cm-1 by using the reported value of DMAN'™ into account to estimate the valuelef'. Hence, a relaxation

. - scheme foPDMAN* is assumed as shown in Scheme 2.
(2400 M1 cm™! at 650 nm) and its spectral shabk.e is the . T
decay rate constant of£ in acidic aqueous solution, which is According to Scheme 2, thier' value can be expressed by

ization yield.

To determine the rate constant for the bimolecular ET reaction
(ket") from 3DMAN* to H 54", the kr°*s values were measured
at various [HO™] values. Figure 8 shows plots &°bs as a
function of [HsO™] for aqueous DMAN at 293 K. Thédobs

37
represented bigie = kyel + kqe'[H30™]. The bimolecular rate eq 11:
constantkxe') between g and Hyg" has been reported as 2.3 T + re—1 +
x 109 M~1 5 1.23-25 [ DMAN **] is the initial concentration of KPS = ko T KerlHsO'] 1+ ko' K 7 [H,O] (11)
DMAN* produced from theS state, and the value was 1+ K '[H,01
determined by the initial absorbance of DMANat 700 nm.
[EDMAN*] max is the maximum concentration GDMAN*, whereky andky' stand for the decay rate constanBMAN*

which was obtained by subtracting the absorbance of DMAN  to the ground DMAN and that ofDMANH ™ to the ground
from the maximum absorbance at 550 nm. Since the lifetime DMANH™*, respectively. Thdg andk o' values were obtained
(2.8 x 10°8s) of &g at pH 2.55 is sufficiently short{30 ns), as 6.4x 10* s~ and 3.9x 10* s~ by using solutions with pH
the contribution of g, to the time profiles shown in Figure 5,  9.83 and 0.52, respectivel, (= ki/k-1) denotes an equilibrium
parts a and b, can be neglected. The solid curves in Figure 5,constant betweer DMAN* and SDMANH**, which was
parts a and b, were obtained by fitting eq 10 to the experimental estimated to be 2.6 1072 M from pK,' of the excited triplet
values, wherekr°bs and gt were used as fitting parameters.  state (K" = 2.7)8
The best-fitted values fder°°s and et were 4.8 £0.2) x 10* The curves in Figure 8 were obtained on the bases of eq 11
s 1 and 0.45 £0.3), respectively. by assuming differenkgr" values. When thder" values are
Figure 7 shows time traces of the transient absorption spectralarger than 1x 10° M1 s7, then the fitting curves deviate
of DMAN monitored at 700 nm in degassed aqueous solution significantly from the experimental values, while if we assumed
with different pH values. The time traces are found to change ket" values smaller than ¥ 10° M~ s™1, no apparent change
depending on the hydronium ion concentrations. The proportion was found for the calculated curves. Thus, ka¢' value was
of the fast rise component, i.e., fast ionization through proton estimated to be less thanx1 10®° M~1 s™1,
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Figure 9. Transient absorption spectra obtained upon 266 nm laser yheree re

photolysis of the Np-DMAN system in HO—ACN (4:1 v/v).

The results of the above kinetic analysis are supported by

thermochemical considerations. In analogy with the thermo-
chemical treatment on the reaction in t8estate of DMAN,
we can consider the reaction betwe®@MAN* and Haq" to
produce DMAN™ and a hydrogen atorh:
3 " + +e
DMAN* +H,,” ~DMAN "™ +H (12)
The AGP value for the reaction in eq 12 can be estimated by
using eq 13:

AG’ = 96.5x E(DMAN "/DMAN), — E; + AG(H)

=47 kJ mol'* (13)
Here theE 1 value represents the triplet energy of DMAN (226
kJ molY) which was determined from the phosphorescence
spectra of DMAN in ethanol: methanol (1:1 v/v) glass at 77 K.
Thus, theAG® value for the reaction in eq 13 is evaluated as
47 kJ mot. The highly endergonic nature of the ET reaction
betweem®DMAN* and the hydronium ion implies that the ET
reaction in eq 12 cannot be a dominant mechanism.
Another possible mechanism for the slow formation of
DMAN** from 3DMAN* is an electron-ejection process to
solvent water. The possibility of the slow electron-ejection from
SDMAN* to solvent was examined by energy transfer experi-
ments from triplet naphthalene (the triplet energy of Np: 255

Tajima et al.

where IRasis the ionization potential of a solute molecule in
the gas phas®) is the adiabatic electronic polarization energy
of the medium by the positive ion, and thg is the minimum
energy of a quasi-free electron in the liquid phase relative to
that of an electron in the gas phase. ThgdRalue of DMAN

has been reported to be 7.00 8\ he V, value in liquid water

is known to be—1.2 eV In a theoretical model regarding
solvents as the dielectric continuum, the valuePgf can be
estimated from the Born’s expressit:

el
—_ = 1 _

2, €op,
andeq, are the electronic charge, effective ionic
radius, and optical dielectric constant of the solvent, respectively.
The polarization energyP(.) calculated by eq 15 corresponds
to fast electron photoejection processes in which orientational
relaxation is not included. However, in slow photoionization
processes of a solute molecule in water, the orientational
relaxation should be included. Therefore, one can use the static
dielectric constante() instead ofeqp. In @ similar manner, the
free energy change for electron hydratierl(67 eV}’ can be
used instead of, for quasi-free electron. By using these values
andr+ = 0.41 nm as stated in Section 3.4, theqlRalue of
DMAN in aqueous solution is calculated to be 3.57 eV which
is still ~1 eV larger than the triplet energy (2.34 eV) of DMAN.
The difference in the calculated jPand the triplet energy of
DMAN suggests the presence of the other factors which stabilize
the products. The solvent effects of water on the photoionization
of aromatic amines involve not only general effects originating
from the dispersion force but also the so-called specific effect
which is usually caused by local interactions for the product
cation radical. In fact, the photoionization yield of aniline
derivatives in aqueous solution showed a good correlation with
an extent of charge localization in the cation radical state rather
than the magnitude of Jg? According to MO calculations,
the formal charge on the nitrogen atom of DMANwas
+0.450. This charge localization of the cation radical would
be related to large stabilization of DMANin water. Recently,
Neusser et & have reported that the dissociation energy (4790
cm~1) of the indole-H,O complex in the ground cation radical
state was almost 3-fold as large as that obtained in the neutral

P,= (15)

kJ mol%)%to the ground DMAN. Figure 9 shows the transient state (1632 cm) in the gas phase, due to enhancement of the
absorption spectra obtained by 266 nm laser photolysis of the hydrogen bonding in the ionic state caused by the additional
Np (1.0x 1074 M)—DMAN (1.3 x 1075 M) system in HO— charge-dipole interaction. Similar interactions between DMAN

ACN (4:1 v/v). The structured absorption band at around 410 and solvent water would be involved in the slow electron-

nm observed at a delay time of %8 is ascribable to th€&, ~—

T, absorption of N@7 Since the direct excitation of the ground
DMAN is negligible under the present experimental condition,
the broad 550 nm band can be assignetDiIAN* produced

by energy transfer fromSNp* to DMAN. After the decay of

ejection of DMAN.

It is of interest to compare the ionization in the triplet state
of DMAN in water with that of 1,4-dimethoxybenzene (DMB)
having a symmetric conformation. The slow electron-ejection
from triplet DMB (CDMB*) to water has scarcely been

the broad 550 nm band, a red-shifted broad absorption band atobserved. This may be due to the inefficient polarization

650 nm is seen which can be ascribed to DMANrom its
spectral shapg&Since the electron-ejection efficiency would be
reduced in HO—ACN (4:1 v/v) mixed solvent compared with
that in HO, one cannot see isosbestic point in Figure 9. This
finding supports the occurrence of the slow electron-ejection
from 3DMAN* to water with a time constant of ca. 3@ (see
Figure 9).

In general, the ionization threshold of a solute molecule in
water is significantly lowered compared with that in the gas
phase®~43 The ionization potential (IR) of a solute molecule
in the liquid phase can be estimated by the following equation:

IPjg = IPgast Py + Vg (14)

stabilization because of the lack of charge localization in the
cation radical (DMB®) in contrast to the case of DMAN.
However, the ET reaction frofDMB* to the hydronium ion
occurred efficiently with a rate constant of 256106 M~1s™1,
whereas that fronPDMAN* to the hydronium ion was not
significant 1.0 x 10° M~1s™1). The former ET reaction may
proceed via the triplet exciplex betweeédMB* and the
hydronium ion, just like the proton-induced electron transfer
via the triplet exciplexX250For the latter ET reaction is restricted
since the triplet exciplex betwe@DMAN* and the hydronium

ion may not be so stable because of the interaction of
the nitrogen atom in®DMAN* with protons to produce
SDMANH**. Thus, one can conclude that the electronic
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structures both in the triplet state of the aromatic compounds
and the product cation radical seem to control the ionization
processes in the triplet state in water.

4. Concluding Remarks

The photoionization processes of DMAN in aqueous solution
with different pH values at 293 K have been investigated by
means of the nanosecond laser flash photolysis method at 26
nm and fluorescence spectroscopy. It was found that the
ionization processes in the excited states of DMAN are quite
different from those of DMB}* and the following concluding
remarks can be drawn.

(1) The photoionization reaction of DMAN is scarcely
observed in the pH regior 1; that is, no photoionization takes
place from DMANH" to water.

(2) Under basic and neutral conditions, the electron-ejection
occurs mainly from the nonrelaxési state ;") of DMAN by
one-photon absorption at 266 nm. This is due to the smgl IP
value of DMAN in aqueous solution resulting from appreciable
polarization stabilization of the cation radial (DMAN.

(3) In the pH range from-2.0 to~4.0, there are two possible
ionization processes from both relax&l and T; states of
DMAN, i.e., (a) the ET reaction from both ti& andT; states
of DMAN to the hydronium ion, which is regarded as a minor
process from thermochemical considerations, and (b) proton
dissociation of the excited protonated DMANDMANH ** and
SDMANH **) followed by electron-ejection to solvent water,
which may be a more important process.

(4) It is found that the slow electron-ejection fréidMAN*
to water occurs with a time constant 30 us.

(5) The localization of the formal change on the nitrogen atom
(+0.450) of the cation radical (DMAN) plays an important
role in the stabilization due to solvent reorientation in water.

(6) The difference in photoionization mechanisms between
DMAN and DMB* can be explained in terms of polarization
stabilization of the product cation radical which is affected by
charge localization in the cation state.
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