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Abstract

In connection with quenching of the lowest excited singlet state of 9,10-dichloroanthracene (DCA) by ground-state 2,5-dimethylhexa-2,4
diene (DMHD), measurements of the fluorescence spectra reveal formation of an exciplex (DCA-DMt¢Spective of the dielectric
constant £) of a solvent. By means of subpicosecond and nanosecond laser photolysis as well as steady-state photolysis, however, t
following results are obtained: (a) in acetonitrile, methanol or acetone, decomposition of (DCA-DMidDbgrates the DCA radical
anion (DCA ) as an intermediate for the formation of 9-chloroanthracene (CA), but itswptie¢reases in the order ofacetonitrile,
£=37.5)>(acetoneg=20.7)>(methanolg=32.7); (b) in 1-octanol{=10.3), diethyl etherd=4.34) or heptanes&1.92), decomposition
of (DCA-DMHD)* generates an open-form transient (OFT, i.e. a ground-state singlet biradical or its zwitterionic form (ZIF)) as an
intermediate for formation of the §42] adduct; (c) in ethanole&24.6) or 2-propanolg=19.9), not only OFT (major) but also DCA
(minor) are generated from (DCA-DMHD#and formation of two compounds (the{2] adduct and CA) in ethanol (or only the former
compound in 2-propanol) can be seen. We thus conclude that not only the dielectric constant of a solvent but also its hydrogen-bondi
ability affects the photochemistry of DCA originating from (DCA-DMHD® 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction lamine or N,N-dimethylaniline) [12—-15]. Our conclusion
was that quenching of the lowest excited singlet states of
For photoinduced and amine-assisted dehalogenationhaloanthracenes by ground-state amine gave rise to forma-
of aromatic halocompounds, their radical anions (gener- tion of the exciplexes or the encounter complexes (or the
ated by decomposition of the exciplexes formed between ion pairs) depending on the nature of solvents, but decom-
the lowest excited singlet states of halocompounds andposition of these unstable complexes really generated the
ground-state amine) were generally proposed to be thehaloanthracene radical anions as the intermediates for de-
intermediates [1-10]. For 9,10-dichloroanthracene (DCA) halogenation of haloanthracenes yielding 9-haloanthracenes
in the presence of amineNN-dimethylaniline), how- (or anthracene).
ever, Soloveichik et al. [11] reported that not the DCA  As an extension of our study on the photoinduced
radical anion (generated by decomposition of the singlet molecular association [12-19], the present paper deals
DCA-amine exciplex) but the triplet DCA—amine exciplex Wwith the excited-state dynamics for interpretation of the
participated in DCA=9-chloroanthracene (CA) dechlori- solvent-dependent photochemistry of DCA in the pres-
nation. In order to contest this conclusion, we performed ence of 2,5-dimethylhexa-2,4-diene (DMHD). Although
picosecond and nanosecond laser photolysis as well agjuenching of the lowest excited singlet state of DCA
steady-state photolysis afesesubstituted haloanthracenes by ground-state DMHD gives rise to formation of a
(the 9-chloro, 9,10-dichloro, 9-bromo and 9,10-dibromo DCA-DMHD exciplex irrespective of the dielectric constant
compounds) in several solvents containing amine (triethy- of a solvent, decomposition of a DCA-DMHD exciplex
generating the DCA radical anion or an open-form transient
* Corresponding author. (OFT) (a ground-state singlet biradical or its zwitterionic
1 Co-corresponding author. form (ZIF)) as an intermediate for formation of CA or the
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[4+2] adduct, respectively, is dependent on a choice of the TSA-50) was used for sample excitation and the transient
solvent (cf. Scheme 1), i.e. not only the dielectric constant absorption spectra were recorded by a pump-probe method
of a solvent but also its hydrogen-bonding ability affects the using the probing (and reference) light pulses generated

photochemistry of DCA originating from a DCA-DMHD
exciplex. For DCA in acetonitrile-DMHD, Saltiel et al.
[20,21] reported formation of a DCA-DMHD exciplex (by
direct excitation of a ground-state DCA-DMHD complex)
or a DCA-DMHD triplex (by reaction of a DCA-DMHD
exciplex with DMHD) as well as protonation of the DCA
radical anion by the DMHD radical cation yielding CA
finally. No such things, however, have been found in the
present study.

2. Experimental details

DCA (Aldrich) was recrystallized three times from
ethanol and DMHD (Aldrich) was distilled immediately

by focusing the fundamental (800 nm) into water [23]. The
former light pulse (after passing through the sample cell)
and the latter light pulse were imaged separately onto the
entrance slits of the corresponding polychromator-image
sensor detector systems. After then, the 30-times accumu-
lated intensity spectra of the probing and reference light
pulses were recorded at various delay-line settings for cal-
culation of the transient absorption spectra corrected for
the group velocity dispersion of the probing light pulse.
By 620 nm absorbance measurements of the singlet—singlet
absorptions due to the lowest excited singlet state of
9,10-dibromoanthracene (DBA) in cyclohexane at various
delay-line settings, the time-zero point and the instrumental
time constant (0.25ps) were determined, i.e. a Gaussian
function with a full width at the half-maximum intensity

before use. The solvents used were spectral-grade one¢FWHM) of 0.25ps was assumed for both the excitation

(acetonitrile (Dojin), acetone (Dojin), methanol (Dojin),
ethanol (Nacalai), 2-propanol (Dojin) and heptane (Dojin)),

and probing light pulses.
Nanosecond laser photolysis was carried out using a

diethyl ether (Merck) and distiled GR-grade 1-octanol Nd*':YAG laser (Continuum Surelight 1). The excita-
(Wako); although heptane and diethyl ether were used with- tion light pulse was the third harmonic (355nm) with
out further purification, all the other solvents were dried FWHM=5ns and the transient absorption spectra were
using molecular sieves 4A (Wako). All experiments were recorded using a multichannel analyzer [24]. The decay
performed at room temperature and the sample solutionscurves of transient absorptions were analyzed by means of
used for subpicosecond laser photolysis in a flow cell of a combination of a photomultiplier (Hamamatsu R636-10)
2mm path length were deoxygenated by bubbling of Ar with a storage oscilloscope (Iwatsu TS-8123), and the tran-
gas, while those used for nanosecond laser photolysis andsient photocurrents were measured by the method reported
steady-state photolysis in a cell of 10 mm path length were previously [18].
degassed by several freeze-pump-thaw cycles. In order to find out the overall solvent-dependent photo-
The fluorescence spectra were recorded using a Hitachichemistry of DCA in the presence of DMHD, steady-state
MPF-4 spectrofluorometer, and only in the absence of photolysis was performed using the 404.6 nm monochro-
DMHD, the fluorescence lifetimes were determined by a matic light selected from a USH-500D super-high-pressure
single-photon-counting method using the second harmonicmercury lamp and the absorption spectral change dur-
(400 nm) from a picosecond Ti:sapphire laser [22]. For sub- ing photolysis was recorded using a Hitachi 200-20
picosecond laser photolysis, the second harmonic (400 nm)spectrophotometer. The photoproduct that was different
from a femtosecond Ti:sapphire oscillator (Tsunami, model from CA was separated by thin-layer chromatography
3960) equipped with a regenerative amplifier (model using a silica gel plate (Merck) and a mixed solvent
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(hexane/dichloromethangt:1 in volume ratio) as a de-
veloper, and then analyzed using a GE QE-3BBNMR
spectrometer and Wako NMR-grad@]-chloroform as the
solvent.

3. Results and discussion

3.1. Solvent-dependent generation of the DCA radical
anion or an OFT (a ground-state singlet biradical or its
ZIF) as an intermediate for formation of CA or the{{2]
adduct, respectively

Fig. 1 shows the transient absorption spectra (the solid
lines) obtained immediately after nanosecond pulse excita-
tion of DCA in acetonitrile £=37.5), acetones&20.7) and
methanol §=32.7) containing 1M DMHD, i.e. the delay
time is 10 ns and is the dielectric constant of a solvent [25];

hereafter, unless otherwise stated, all the solvents contain

1M DMHD. In comparison with the normalized absorption
spectrum of the DCA radical anion (DCA) obtained by
nanosecond laser photolysis of DCA in acetonitrile contain-
ing triethylamine, i.e. the dotted line shown in Fig. 1(a) [12],

it is expected that DCA is also generated in the presence
of DMHD. In fact, in acetonitrile and acetone, the lifetime
(z1) obtained by the single-exponential decrease in transient
absorption (cf. Fig. 2(a) or (b)) is equal to thatp) ob-
tained by the single-exponential decrease in transient pho-
tocurrent (cf. Fig. 2(3 or (K)). Interestingly,e of methanol
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Fig. 2. (a)—(c) Decay curves of transient absorptions monitored at 670
nm; (d) and (B) those of photocurrents (—) obtained by nanosecond laser
photolysis of DCA in acetonitrile, acetone and methanol containing 1M
DMHD. The dashed curves are the best-fit single-exponential functions

is greater than that of acetone, but the absorption spectrumyit jitetimes ¢ or zp) indicated.
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(b)acetone
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Fig. 1. Transient absorption spectra at 10ns delay (—) obtained by
nanosecond laser photolysis of DCA in acetonitrile, acetone and methanol
containing 1 M DMHD. In (a), the dotted line is the normalized absorption
spectrum of DCA™ obtained by nanosecond laser photolysis of DCA in
acetonitrile—triethylamine [12].

of DCA*~ obtained in the former solvent (cf. Fig. 1(c)) is
very weak compared to that obtained in the latter solvent (cf.
Fig. 1(b)). In accordance with this, the transient photocur-
rent in methanol is too weak to measure its decay curve but
determination ofry is possible as shown in Fig. 2(c).

For DCA in all the solvents stated above, the absorption
spectral changes caused by steady-state photolysis reflect
formation of CA. A typical example obtained in acetonitrile
is shown in Fig. 3(a) and it is clear that the decrement of
reactant absorptions (peaks, R» andRs3) is accompanied
by the increment of product absorptions (pe&ksP, and
P3) identical to those of CA. The rate) of CA formation,
however, is found to decrease in the ordew(cetonitrile,
£=37.5)>(acetone,c=20.7)>(methanol,£=32.7). Since
this result is consistent with those obtained by nanosec-
ond laser photolysis (cf. Figs. 1 and 2), we conclude that
an intermediate for photoinduced and DMHD-assisted
DCA— CA dechlorination is really DCA™. For this rad-
ical anion in acetonitrile, Saltiel et al. [21] proposed that
protonation by the DMHD radical cation (DMHD) fol-
lowed by chlorine-atom elimination gave rise to formation
of CA. As stated previously, however, not the second-order
but the first-order disappearance of DCAcan clearly be
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Fig. 4. Transient absorption spectra at 10 ns delay obtained by nanosecond
laser photolysis of DCA in ethanol, 2-propanol, 1-octanol, diethyl ether
and heptane containing 1M DMHD.
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Fig. 3. Absorption spectral changes upon steady-state photolysis of DCA

in acetonitrile and 2-propanol containing 1 M DMHD. In ethanol ¢=24.6), the absorption spectral change

caused by steady-state photolysis reveals formation of not
only CA but also the [4-2] adduct; however, the rate of
seen. This indicates that dissociation of DCAinto the DCA— CA dechlorination is very slow compared to that in
chlorine anion (Ct) and the CA radical (C#) followed methanol £€=32.7). Owing to an extremely weak transient
by its hydrogen-atom abstraction from the solvents and/or photocurrent, determination of its lifetime by nanosecond
DMHD (or DMHD*™) gives rise to formation of CA. laser photolysis is impossible and a transient absorption
For haloanthracenes (the 9-chloro, 9,10-dichloro, spectrum thus obtained (cf. Fig. 4(a)) is somewhat differ-
9-bromo and 9,10-dibromo compounds) in acetonitrile, ent from the absorption spectrum of DCA (cf. Fig. 1).
ethanol, cyclohexane and heptane containing amineAs shown in Fig. 5(a), furthermore, the decay curve of
(triethylamine or N,N-dimethylaniline) [10,12-15], we transient absorption (the solid curve) can be reproduced
observed their photoinduced dehalogenation yielding by a single-exponential function (the dashed curve) with a
9-haloanthracenes or anthracene. In the presence of DMHD Jifetime of 7;=0.41us. In 2-propanol £=19.9), 1-octanol
however, Fig. 3(b) indicates that steady-state photolysis (¢=10.3), diethyl ether §=4.34) and heptanes£1.92),
of DCA in 2-propanol §=19.9) causes the absorption no transient photocurrents are detectable, but the transient
spectral change different from that shown in Fig. 3(a). absorption spectra shown in Fig. 4(b)—(e) and their decay
No clear DCA-CA dechlorination can be seen and the curves shown in Fig. 5(b)—(e) are similar to those obtained
decrement of reactant absorptions upon photolysis is ex-in ethanol §£=24.6). On the basis of formation of the{{2]
tremely slow compared to that shown in Fig. 3(a). Similar adduct upon steady-state photolysis of DCA in benzene,
results are obtained in 1-octanad={10.3), diethyl ether  Saltiel et al. [26] proposed that an exciplex formed be-
(¢=4.34) and heptanes£1.92), and'H-NMR analysis tween the lowest excited singlet state (DGAf DCA and
reveals the final product to be the-f{2] adduct (cf. a ground-state DMHD was the precursor for generation of
dibenzobicyclo[2.2.2]octadiene-type compound shown in a ground-state singlet biradical as an intermediate (cf. BR
Scheme 1), i.e. 0.65ppm (s, 3H, one methyl at the bridge shown in Scheme 1).
carbon), 0.85ppm (s, 3H, the other methyl at the bridge If the transient absorption spectra shown in Fig. 4 are
carbon), 1.58 ppm (s, 3H, one methyl at the vinyl carbon), due to the absorption of BR, then, the lifetimes § of
1.68ppm (s, 3H, the other methyl at the vinyl carbon), transient absorptions indicated in Fig. 5 correspond to the
2.73ppm (d, 1HJ=10.8 Hz, proton at the bridge carbon), time constants for conversion of BR to theH2] adduct.
4.41ppm (d, 1HJ=10.8 Hz, vinyl proton), 7.24-7.28 ppm  For photo-induced formation of the {£] adduct between
(m, 4H, aromatic), 7.62—7.65ppm (m, 1H, aromatic) and 9-cyanoanthracene and DMHD, however, Okada et al. [27]
7.69-7.78 ppm (m, 3H, aromatic); this assignment is con- proposed equilibrium population of a singlet exciplex and a
sistent with that reported by Saltiel et al. [26]. ground-state singlet biradical with a lifetime of 520-575 ps.
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(a) ethanol (d) diethyl ether of DMHD are thus measured, and plotslefip against the
=044 5 0051 T=049 s concentration of DMHD are found to give the straight lines
0.005- with slopes §) listed in Table 1. By hand-made drawing,

furthermore, estimation of the pure exciplex emission bands
and then their integration over wavenumbers are performed
at the DMHD concentration of 1 M, and the relative yields
of exciplex emissions&,) thus obtained are also listed in

0 == 0% 2 a Table 1.
(b) 2- propanol (e) heptane In comparison with the exciplex emission band in a
o T,=0.81 s 0.005- Ty=0.59 ps solvent withe>19.9, that in a solvent witls<10.3 shifts
e greatly to shorter wavelengths and significant overlap of
£ 0.005- ) o0
2 the exciplex and monomer emission bands can be seen
2 in heptané. A similar result is also obtained for an ex-
< ciplex formed between the lowest excited singlet state
(DBA*) of DBA and ground-state DMHD [19]. For an ex-
0 2 4 0 ) 4 ciplex formed between DBAand amine (triethylamine or
(c) 1- octanol Time / ps N,N-dimethylaniline) [14,15], however, shift of the exci-
T,=0.73 us plex emission band to shorter wavelengths with decreasing

0.01- ¢ of a solvent is not so very large, and no partial overlap

of the exciplex and monomer emission bands can be seen.
For haloanthracenes (the 9-chloro, 9,10-dichloro, 9-bromo
and 9,10-dibromo compounds) in acetonitrile, ethanol, cy-
clohexane and heptane containing amine (triethylamine or
0 N,N-dimethylaniline) [12-15], furthermore, only dehalo-

°o _ 2 4 genation (yielding 9-haloanthracenes or anthracene via the

Time/us . . .
haloanthracene radical anions) could be observable irrespec-

Fig. 5. Decay curves of transient absorptions (—) obtained by nanosecondtive Of ¢ of a solvent as well as its hydrogen-bonding ability
laser photolysis of DCA in ethanol, 2-propanol, 1-octanol, diethyl ether and the rate of debromination decreased with decreasing
and heptane containing 1 M DMHD. The monitoring wavelength is 650nm |n contrast, the photochemistry of DCA in the presence of
aﬁd_ the dashed_ curves are the best-fit single-exponential functions with DMHD is solvent-dependent as discussed previously, i.e.
lifetimes () indicated. CA and/or the [4-2] adduct are formed depending on the
nature of a solvent.

In order to find out the detailed mechanism for
solvent-dependent decomposition of a singlet DCA-DMHD

This lifetime is very short compared to those obtained by us

and conversion of BR to its ZIF followed by formation of . : L
exciplex, therefore, subpicosecond laser photolysis is per-

the [4"’_2.] adqluct can not be ru_led out (cf. $cheme 1. 1T this formed and Fig. 7(a) shows the transient absorption spectra
mechanism is true, the transient absorption spectra shown

in Fig. 4 can be assigned to the absorptions of ZIF. We thus (the solid lines) thus obtained in gceton|tr|bi(37.5). In
. ) . . .~ the absence of DMHD, the normalized spectrum (the dotted
believe that the intermediate responsible for the transient

absorption spectra shown in Fig. 4 is an OFT, i.e. BR or ZIF. line with only band .A.‘) is obtained r?md the gpectral profile
as well as the position of absorption maximum are very

similar to those of the singlet—singlet’¢SS;) absorption
3.2. Solvent-dependent decomposition of a singlet spectra reported for the lowest excited singlet states of
DCA-DMHD exciplex generating DCA or OFT anthracene and its several derivatives [14,15,19,29]. In the

presence of DMHD, therefore, it looks like the decrement

Fig. 6 shows the fluorescence spectra obtained for DCA in of band A (due to the 'S-S; absorption of DCA) with

the absence (the dashed lines) and the presence (the dotteiime is accompanied by the increment and then the decre-
or solid lines) of DMHD. Irrespective of of a solvent, addi- ment of band B (due to the absorption of another transient
tion of DMHD gives rise to the appearance of a broad emis- species); band ‘Bis confirmed to be due to the absorption
sion band at wavelengths longer than those for the structuredof DCA®*~ and band B is very similar to the absorption
emission band. Undoubtedly, the former band is due to the of DMHD** [27,30]. In fact, as shown in Fig. 8(a), the
exciplex emission originating from a singlet DCA-DMHD time-dependent absorbance changBg/Omax) of bands
exciplex and the latter band is due to the monomer emissionA (the open circles) and B (the closed circles) can well
originating from DCA. Up to the DMHD concentration of
0'_08 M’_ it is confirmed that_ nc_) eXCIpleX _em_ISS|0nS are con- Wingto this, no observation of the exciplex emission band in heptane
tained in the monomer emission peaks indicated by arrows. reported previously [28] can be ascribed to the lack of our careful spectral
Their intensities in the absenck) and the presencédr) check.
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Fig. 6. Fluorescence spectra obtained for DCA in various solvents containing OM (---)e"#é)(and 2M (—) DMHD. The excitation wavelength is
380 nm and the spectral intensity is normalized at the emission peak indicated by the arrow.

be reproduced by the smooth curves which are calculatedthe concentrations of DCAand (DCA-DMHDY at timet

assuming a Gaussian intensity function (FWHBI25 ps)
for both the excitation (and probing) light pulses and using
the biexponential functions (with time constamtsandz2)
given by Egs. (1) and (2), respectively:

t t
=a1 exp(——) + azexp (——) + a3 1)
Dmax T1 T2
D t t
LE— exp(——) + b exp(——) + b3 2
Dmax 1 2

where a;—3 as well ashi;—3 are the positive experimental
constants ant); is found to be equal tby.

Band B shown in Fig. 7(a) is very similar to the absorp-
tion bands of exciplexes formed between DB&nd amine
(triethylamine orN,N-dimethylaniline) in several solvents

[14,15]. We thus believe that band B is due to the absorption

of an exciplex ((DCA-DMHD}) formed between DCA

and DMHD. Since the mechanism for formation and decay

of an exciplex as shown in Scheme 1 is well known [31],

Table 1

can be calculated using Egs. (3) and (4), respectively, which
have two time constants.{ ) given by Eq. (5), wheré&g

is the sum of rate constarks, ko, ks andks, and [DMHD]

is the concentration of DMHD; since intersystem crossing
from a singlet DCA—DMHD [26] (or DCA—amine [12]) ex-
ciplex to the corresponding triplet exciplex followed by its
rapid decomposition gives rise to population of the lowest
excited triplet state of DCAky is the sum of rate constants
for intersystem crossing to a triplet DCA-DMHD exciplex
and nonradiative decomposition into DE®MHD:

[DCA*] {(kq[DMHD] + kn — A2)exXp(—A1t)

AL — A2

+ (A1 — kg[DMHD] — km)exp(—Aot)} 3

{—exp(—A1t) + exp(—Azt)}
4)

DCA-DMHD)*
[ oo

Slopes §) for plots of lg/lp against [DMHD], relative yields of exciplex emissiorn®,) at [DMHD]=1 M, rate constantskg, ks, kg) for (DCA-DMHD)*

and intermediates (INT) obtained in various solvénts

Solvent s(MY O, kg M ~1s™h kp (571 ke (s71) INT
Acetonitrile =37.5) 69.1 1.0 1.810%0 2.5x10° 4.8x10° DCA*~
Methanol £=32.7) 78.3 2.9 1.£101° 3.3x10’ 2.2x108 DCA*~
Ethanol ¢=24.6) 56.5 6.6 1.4100 1.5x108 2.6x10° OFT»>DCA*~
Acetone £=20.7) 70.1 25 1.810%0 1.9x10° 1.6x10° DCA®~
2-Propanol §=19.9) 30.2 9.9 2.810%0 2.2x10° 4.1x10° OFT»>DCA*~
1-Octanol £=10.3) 12.1 15.2 54100 2.6x10%0 7.2x10° OFT

Diethyl ether £=4.34) 18.6 24.2 3.8100 2.0x10%0 1.2x10° OFT
Heptane §=1.92) 5.8 30.4 9.01010 1.9x10%0 1.4x108 OFT

a¢ is the dielectric constant of a pure solvent [25], and OFT is the ground-state singlet biradical (BR) or its zwitterionic form (ZIF).
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tion of DCA* with DMHD but also by direct excitation

of a ground-state DCA-DMHD complex. If this were
to be correct, the transient absorption responsible for
(DCA-DMHD)* should build up within a duration of
the excitation light pulse. In contrast, Fig. 8(a) indicates
that band B never grows in within a duration of subpi-
cosecond pulse excitation. Furthermore, examination of
the absorption spectral change responsible for DCA upon
addition of DMHD in acetonitrile reflects no formation
of a ground-state DCA-DMHD complex. For benzophe-
none in acetonitrile and anthraquinones (anthraquinone and
haloanthraquinones) in toluene [32—35], we really observed
formation of the ground-state ketone-DMHD complexes,
i.e. addition of DMHD caused the intensity increment (and
broadening to a longer wavelength) of absorption spectra
responsible for ground-state aromatic ketones and picosec-

Fig. 7. Transient absorption spectra (—) obtained by subpicosecond laserond laser photolysis revealed that direct excitation of the
photolysis of DCA in acetonitrile and ethanol containing 1M DMHD.
The dotted lines are the normalized«SS; absorption spectra obtained

for DCA in the absence of DMHD.

1
A= E{kq[DMHD] + kb + kg + km

i\/ (k[DMHD] + ki —kb—kg)? + 4kpkq[DMHD] }

®)

except for the residual absorbances (constaésdbs cor-
responding to the absorbances of DCA, therefore, Eqs.
(1) and (2) (withby=by) are consistent with Egs. (3) and

(4), respectively.

ground-state ketone—-DMHD complexes gave rise to a pop-
ulation of the excited singlet charge-transfer complexes (or
the singlet ion pairs) within a duration of pulse excitation. In
acetonitrile, formation of a triplex between (DCA-DMHD)
and DMHD was also reported by Saltiel et al. [20,21].
In the present study, however, no such an evidence is ob-
tained and the results obtained can well be explained by
Scheme 1, i.e. irrespective of the monitoring wavelength,
the time-dependent absorbance changes of bands A and B
shown in Fig. 8(a) can well be reproduced by the biexpo-
nential functions given by Egs. (1) and (2), respectively.
Almost identical results are obtained by subpicosecond
laser photolysis of DCA in methanad£32.7) and acetone

By measurements of the fluorescence spectra and their(e=20.7). In comparison with the transient absorption spec-
life-times in acetonitrile, Saltiel et al. [20,21] concluded tra obtained in acetonitrile (cf. Fig. 7(a)), however, those ob-
that (DCA-DMHD)* was formed not only by a reac-

tained in ethanolg=24.6) indicate the very weak intensity

6 (b) heptane
(a) acetonitrile Ty =55 ps g 4 A 1ps
1.0 179=0.40 ns .
0.2} N
O :at590nm 0L : . L L 26
0.5 @ : at 680nm 0.4+ ps
0.21 LM
—_ Q0
x o 1 1 1 1 1 1
g 0 | i s | | §0.4* 100 ps
5 0 02 04 06 08 105y, //\\M
~ @
=) a 01 i I | | I
=1.0 <
a 0.4- 400 ps
0.2+ ’—/\w
0-5 OJ T 1 1 1 1
1ns
O :at 600nm 0.4
A :at 635nm 0.2+ e
QMO e 0 T T~
1 1 1 1 ] 1 1 1 1 1
0 0.1 0.2 0.3 500 600 700
Time/ns Wavelength / nm

Fig. 8. (a) and (c) Time-dependent absorbance chard@Bfay) of bands A O, A) and B @) in acetonitrile and heptane containing 1M DMHD; (b)

transient absorption spectra (—) in heptane-DMHD (1 M) obtained by subpicosecond laser photolysis of DCA. Assuming a Gaussian intensity functior
(FWHM=0.25 ps) for both the excitation and probing light pulses, the best-fit absorbances (—) in (a) are calculated using the biexponential function:

given by Eqg. (1) ©) and 2 @, by=hy); in (c), however, the best-fit absorbances (—) for band A are calculated using the biexponential functions given
by Eq. (1) @) and 2 O, by#by). The dotted lines in (b) are the normalizetkSS; absorption spectra obtained for DCA in the absence of DMHD.
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O : acetonitrile O: 2-propanol
@ : methanol @: 1-octanol
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Fig. 9. Plots of 1#1+1/r» against [DMHD] in various solvents.

of band B and the existence of not only baridBt alsoband  Okada et al. [27]. A possibility that OFT is BR, however,
C as the residual absorption bands (cf. Fig. 7(b)), i.e. band can not be ruled out absolutely, and thus, the constants (

C is somewhat different from band’Bbtained in acetoni-  andbsz) might be ascribed to the absorbances due to the ex-
trile. Although a similar result is also obtained in 2-propanol cited singlet state of BR.
(6=19.9), the intensities of bands B and &e very weak Irrespective of solvent-dependent decomposition of

compared to those in ethanol. In 1-octareet(0.3), diethyl (DCA-DMHD)* stated so far, Eq. (5) indicates that the sum
ether £€=4.34) or heptanes&1.92), furthermore, no bands  of rate constants;=1/r1 andi,=1/r, should be expressed

B and B can be seen, i.e. only bands A and C are observ- by Eq. (6):

able. A typical example obtained in heptane is shown in Fig.

8(b) and it looks like that DCAresponsible for band Ais — + = — kq[DMHD] + kp + kg + km (6)

the precursor for generation of a residual species responsible™ 2

for band C. As shown in Fig. 8(c), however, the absorbance where 1ky is the fluorescence lifetime obtained for DEA

of band A monitored at 600 nm increases and then decreases the absence of DMHD: since these lifetimes obtained in
to a constant absorbance following a biexponential function gcetonitrile (8.6ns), ethanol (8.5ns) and heptane (8.7 ns)
given by Eq. (2) withbyz#by (cf. the open circles), while  are found to be nearly equal, those in the other solvents are
that monitored at 635 nm decreases to a constant absorbancgssumed to be 8.6 ns. The rate constégtand k =kp-+ke
following a biexponential function given by Eq. (1) (cf. the  can thus be obtained from the slope and the intercept of Eq.
closed triangles); at 535 nm, the absorbance of band C is (), respectively. By measurements of the time-dependent
constant up to~100 ps delay and then it decreases some- ghsorbance changes of bands A and B at various DMHD
whatto a constant absorbance following a single-exponential concentrations in all the solvents studied here, the rate
function with a lifetime 62) equal to that obtained for band constants (]dl and 1/[2) are determined and p|0ts of
A. These results indicate the existence of partial over-lap 1/r,+1/r, against the concentration of DMHD give the
among bands A, C and that of (DCA-DMHD)Hence, in  straight lines shown in Fig. 9. The efficiency for repopu-
a solvent withe<10.3, superposition of absorptions due t0 |ation of DCA* from (DCA-DMHD)* can be defined by
DCA* and (DC/A-D'\/'HD?< is consistent with Significant )/:kb/kl (Cf Scheme 1), and thus, the intensity ra‘lgﬂb)
blue-shift of the exciplex emission with decreasingf a of monomer emissions measured previously in the absence

solvent (cf. Fig. 6). Since the residual absorption spectrum (I0) and the presence) of DMHD is given by Eq. (7):
with band C (cf. Fig. 8(b)) is clearly different from the ab-

sorption spectrum of OFT (BR or ZIF) shown in Fig. 4(e), fo _ 2142 _ 4 (1 — y)kq[DMHD]
constantsz andbs (given in Egs. (1) and (2), respectively) Ip  kikm km

can be ascribed to the absorbances of BR if OFT is ZIF.
This is consistent with the assignment of a 520 nm band listed in Table 1,y can be calculated by a choice of
to the absorption of a ground-state singlet biradical (gener-kq and ky. A combination of y thus obtained with
ated from a singlet 9-cyanoanthracene—DMHD exciplex) by ki=kp+ke, furthermore, gives the decay rate constants

(kp, kg) of (DCA-DMHD)*. All the rate constants thus
31n heptane, the single-exponential decay of band A with time and no obtained are ||Sted_|1n Table 1. In acetonitrile grl acetone,
observation of band C reported previously [28] are found to be owing to Kb=(2.5—1.9)x 10°s™! and ke=(4.8-1.6)x10°s! ob-
no flow of the sample solution. tained for (DCA-DMHD} are comparable with those

@)

Since the slope S=(1—y)kq/km) of this equation is
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(kp=1.4x10°s1 and ke=3.1x10°s™1) obtained for an
exciplex ((DBA-DMHDY*) formed between DBA and
DMHD [19] as well as those k(=2.7x10°s! and
ke=4.8x10° s~1) obtained for an exciplex formed between
DBA* and N,N-dimethylaniline [14].k,=1.5x10%s~! and
ke=2.6x10° s~1 obtained in ethanol, however, are one order

19

(or DMHD* ) yields CA; (2) in 1-octanolg=10.3), diethyl
ether €=4.34) or heptanes&1.92), OFT (BR or ZIF) gen-
erated from (DCA-DMHD) is an intermediate for forma-
tion of the [4+2] adduct; owing to forbidden [42] addition
between DCA and DMHD [36], formation of the [4-2]
adduct from (DCA-DMHDJ via the stepwise processes is

of magnitude smaller than those obtained in acetonitrile and reasonable; (3) in ethanal£24.6) or 2-propanole=19.9),

acetone; althougke=2.2x10% s~ obtained in methanol is
almost equal to that obtained in ethank=3.3x10" s 1
obtained in the former solvent is one order of magnitude
smaller than that obtained in the latter solvent.

A qualitative interpretation of solvent-dependent gener-
ation of an intermediate (DCA or OFT) summarized in
Table 1 is that the relatively small and large valuesiof
and S, respectively, reflect enhanced generation of DCA

decomposition of (DCA-DMHD) generates not only OFT
(major) but also DCA™ (minor); although two compounds
(the [4+2] adduct and CA) are formed in ethanol, only the
former compound is formed in 2-propanol.

In the presence of DMHD, the solvent-dependent
photochemistry of DCA is similar to that reported for
DBA [19]%. The differences between them, however,
are as follows: (i) the order of dechlorination rate is

(and thus suppressed generation of OFT). In acetonitrile v(acetonitrile, e=37.5)>(acetone, e=20.7)>(methanol,

(¢=37.5), acetones20.7) or methanolg=32.7), the order
of kg (101°M~1s71) is greater than those &f (10°s™1), ky
(10°—10" s1) andkgacky +ks+kg (10°-10F s71). This indi-

£=32.7)>v(ethanolg=24.6), but that of debromination rate
is v(acetonitrileg=37.5)>v(acetones=20.7)}>v(methanol,
£=32.7) and no absorption spectral change reflecting de-

cates that the quantum yield of exciplex emission given by bromination can be seen in ethanol; (ii) the coexistence

k3kg[DMHDY]/( knm kp+km ke+kekq[DMHD]) is nearly equal

to ks/kg at [DMHD]=1 M. If there is no solvent effect on the
rate constantkg) for exciplex emission, then, it looks like
ke(acetonitrile)kg(acetonex3.0 is nearly equal ta,=2.5

in acetone, bukg(acetonitrile)ke(methanol=21.8 is 7.5
times greater thab,=2.9 in methanol. This might suggest
that only the rate constank;() for generation of DCA™
from (DCA-DMHD)* is reduced by decreasirgof a sol-
vent, but its hydrogen-bonding ability reduces all the rate
constantsKi, k3 andky). In ethanol §=24.6) or 2-propanol
(6=19.9) whereke should be equal td<y+ky+ks+k,
however, no linear correlation can be found between
@, and 1ke. In solvents withe<10.3, the order ofkg
(1019M~1s 1y is equal to that oky, and thus®, should be
proportional tokokg[DMHD]/( kv ko+-km ke+kekg[DMHD])

at [DMHD]=1M; in this case,kg is nearly equal to
ko+ks+ks. The value ofd; in a given solvent relative to
that in heptanes=1.92) is 0.80 in diethyl etherc&4.34)

or 0.50 in 1-octanol §=10.3), while the corresponding
value of ki=kq[DMHD]/( kv kp+kmke+kekq[DMHD]) at
[DMHD]=1M is 0.13 or 0.21, respectively. For the linear
correlation betweer, andk,, even a qualitative explana-
tion can thus not be given; however, both the value®pf
andk; in heptane {=1.92) are greater than the correspond-
ing values in a solvent with=4.34-10.3.

4. Conclusion

The solvent-dependent photochemistry of DCA in
the presence of DMHD can be interpreted as follows
(cf. Scheme 1): (1) in acetonitriles£37.5), methanol
(6=32.7) or acetoneeE20.7), DCA~ generated from
(DCA-DMHD)* is an intermediate for formation of CA, i.e.
dissociation of DCA™ into CI~ and CA followed by its
hydrogen-atom abstraction from the solvent and/or DMHD

of OFT (major) and DXA~ (minor) for DXA(=DCA)

can clearly be seen in ethanol and 2-propanol, but that
for DXA(=DBA) is observed only in methanol. We thus
conclude that not only the dielectric constant of a solvent
but also its hydrogen-bonding ability affects the photo-
chemistry of DXA originating from an exciplex formed
between the lowest excited singlet state (DXAf DXA

and ground-state DMHD.

Our present discussion is based on an assumption that
both DXA®*~ and OFT are generated from an identical ex-
ciplex. For formation of an exciplex between DXAand
DMHD, however, their reasonable interaction may be of
either 4r+4m- or 4w+2m-type. Hence, an alternative in-
terpretation of our results is that an exciplex formed by the
former interaction generates DXA and another exciplex
formed by the latter interaction generates OFT. If there
exists rapid interconversion between these two exciplexes
or if formation of one of them is predominant in a given
solvent, then, the time-dependent absorbance changes of
bands A and B can still be reproduced by the biexponential
functions given by Egs. (1) and (2), respectively.
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40n the basis of the present results, generation of BR by a
diffusion-controlled reaction of DBAwith DMHD proposed in the pre-
vious paper [19] is incorrect.
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