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Steady-state photolysis of XA (9,lO-dichloroanthracene and 9-chloroanthracene) in acetonitrile-amine (triethylamine or 
N,N-dimethylaniline) causes the consecutive reactions (DCA - CA - anthracene), but the rate of dechlorination is not 
affected upon addition of azulene and ferrocene in spite of quenching of the lowest excited triplet states ['XA(T,)] of XA 
by these additives with quenching rate constants of the order for that of a diffusion-controlled reaction. Although not only 
the intensities of fluoreaccnce spectra due to the lowest excited singlet states ['XA(S,)] of XA but also those of triplet-triplet 
absorption spectra due to 3XA(Tl) decrease with increasing amine concentration, the appearance of absorption spectra due 
to the chloroanthracene radical anions (XA'-) within the duration of nanosecond pulse excitation has been attributed to the 
formation of singlet exciplexes [l(XA-amine)*] by a diffusioncontrolled reaction of 'XA(S,) with ground-state amine followed 
by decomposition into XA' and the amine radical cations. Since 3XA(TI) are quenched by amine in the microsecond time 
regime and no evidence supporting the participation of the triplet exciplexes of chloroanthracenes with amine in the dechlorination 
as proposed by Soloveichik et al. is obtained (cf. ref 2), we have concluded that XA'- produced via '(XA-amine)* are the 
reaction intermediates for dechlorination of XA. 

Introduction 
For the photochemical debromination of meso-substituted 

bromoanthracenes (9,lGdibromo and 9-bromo compounds) by 
amine [triethylamine (TEA) or Nfl-dimethylaniliie (DMA)] in 
acetonitrile, we have proposed that the reaction intermediates are 
the bromoanthracene radical anions produced by a diffusion- 
controlled reaction of the lowest excited singlet states of bromo- 
anthracenes with ground-state amine yielding the singlet exciplexes 
followed by the decomposition into the bromoanthracene radical 
anions and the amine radical cation.' Meanwhile, Soloveichik 
et al.2 have reported that the photochemical dechlorination of 
9,l O-dichloroanthracene by DMA in acetonitrile is strongly re- 
tarded upon addition of azulene (and ferrocene) and that the 
increment of triplet decay rate constant with increasing DMA 
concentration is not linear. Based on these results, they have 
refuted our conclusion and proposed that the haloanthracene 
radical anions produced via the exciplexes of singlet halo- 
anthracenes with ground-state amine do not participate in the 
dehalogenation but the exciplexes of triplet haloanthracenes with 
ground-state amine are the reaction intermediates. 

In photochemistry, however, the radical anions produced via 
the several singlet exciplexes are generally believed to be the 
intermediates for the dehalogenation of aromatic halides by 
amine."O Moreover, our recent reinvestigation has still revealed 
the participation of the lowest excited singlet states of bromo- 
anthracenes in their debromination by amine, and no evidence 
supporting the triplet exciplex mechanism is obtained.1'J2 Thus, 
the present paper deals with the photochemical dechlorination of 
9,10-dichloroanthrace (DCA) and 9-chloroanthracene (CA) 
by amine (TEA or DMA) studied by stcady-state photolysis and 
laser photolysis in acetonitrile at mom temperature. A preliminary 
result for DCA has been published e1~ewhere.l~ 

Experimental Section 
Zone-refined anthracene (Tokyo Kasei) was used without 

further purification, and DCA and CA from Aldrich were re- 
crystallized from ethanol; CA was further purified by vacuum 
sublimation. GR-grade azulene (Aldrich) and ferrocene (Nacarai) 
were used without further purification, but GR-grade TEA and 
DMA from Wako were refluxed over calcium hydride and distilled 
under a nitrogen atmosphere. The solvents used were spectral- 
grade acetonitrile (CH3CN) from Dojin and 2-methyltetra- 
hydrofuran (MTHF) from Aldrich which were dried using 3A 
molecular sieves (Wako) preheated in a crucible over Bunsen 
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burner and cooled in vacuo; dried MTHF was further distilled 
under nitrogen atmosphere and again dried using sodium metal. 
The sample solutions were degassed by several freezepump-thaw 
cycles. 

Steady-state photolysis was performed using a USH-500D 
super-high-pressure mercury lamp for DCA and a UXL-500 D 
xenon lamp for CA, and the absorption spectral change was 
recorded using a Hitachi 200-20 spectrophotometer: For photolysis 
of DCA, the 404.6-nm monochromatic light was selected by a 
combination of two Toshiba color glass filters (UV-39 and V-VM) 
and a filter solution (CuS044H20, 50 g dm-? path length 3 cm); 
for photolysis of CAI however, the light of wavelengths longer than 
390 nm was selected by a combination of a Toshiba W - 3 9  color 
glass filter and the filter solution. For DCA in CH,CN/amine 
(0.04 and 0.08 M), the quantum yields (a,) of dechlorination 
yielding CA were determined by the Hatchard-Parker potassium 
ferrioxalate actinometry methodI4 measuring the decrement in 
the reactant absorption at 403 nm. 

Static fluorescence spectra due to the lowest excited singlet 
states [lXA(Sl)] of XA (DCA and CA) were recorded using a 
Hitachi MPF-4 spectrofluorometer with no correction of the 
sensitivity. On the other hand, the time-resolved fluorescence 
spectra due to lXA(S1), the triplet-triplet (T' - TI) absorption 
spectra due to the lowest excited triplet states [3XA(Tl)] of XA, 
and the ahrption spectra of the chloroanthracene radical anions 
(XA'-) were recorded by sample excitation using the second 
harmonic (347.2 nm, pulse width = 20 ns) from a Q-switched ruby 
laser equipped with a multichannel analyzer controlled by a 
personal computer (NEC PC-98O1RA);l5 the sensitivity of the 
multichannel analyzer was corrected by using a halogen lamp as 
a standard light source. By operating the multichannel analyzer 
in the gated mode and using a pulsed xenon flash lamp (Unisoku 
USP543S) as a probing-light source, the absorption spectra of 
XA'- were recorded at O-ns delay (a delay time where the ex- 
citation pulse intensity was maximum) and a gate time of 50 ns, 
while the T' -TI absorption spectra of ,XA(TI) were recorded 
at a delay time of 70 ns and gate time of 20 ns in order to avoid 
the disturbance due to fluorescences; the quantum yields (aT) of 
triplet formation for DCA in CH3CN/amine (0.04 and 0.08 M) 
were determined from the integrated intensities of T' - TI ab- 
sorption spectra relative to that of anthracene with * of 0.72.16 
To detect the all fluorescing lights, however, the time-resolved 
fluorescence spectra of 'XA(S,) were recorded by operating the 
multichannel analyzer in the continuous mode, and the gate of 

0 1992 American Chemical Society 



10298 The Journal of Physical Chemistry, Vol. 96, No. 25, 1992 Hamanoue et al. 

DC A C A  
(a) CTEAl=0.04 M 

300 400 
Wavelength I nm 

Figure 1. Dechlorination of XA upon steady-state photolysis in 
CH,CN/TEA (0.04 M) (a) and y-radiolysis in CH$N (b) at room 
temperature. 
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Figure 2. Decrement in the relative absorbances (D,/Do) of XA during 
steady-state photolysis a t  room temperature in CH3CN/TEA (0.04 M) 
without (0) and with 1 X lo-' M azulene (A) [or ferrocene (M)]. 

multichannel analyzer was opened before sample excitation; the 
fluorescence quantum yields (aF) due to 'XA(S,) in CH3CN 
without amine were determined from the integrated intensities 
of timaresolved fluoresana spectra relative to that of anthracene 
with OF of O.27.I6 The decays of absorptions due to "(TI) and 
XA* were analyzed by means of a combination of a photomul- 
tiplier (Hamamatsu R666) with a storage oscilloscope (Iwatsu 
Ts-8123) controlled by the personal computer, while the 
fluorescence decays of 'XA(Sl) were measured using a Horiba 
timaresolved photoluminescence and fluorescence spectrometer 
(NAES-700L) with an excitation light source of a N2 laser (337 
nm with pulse width of 0.7 ns). 

In the absence of amine, yradiolysis of XA was performed at 
mom t e m p h u e  (in CH3CN) and 77 K (in MTHF) using '%o 
y-rays at an exposure-dose rate of -76 Gy/min. 

R d b  rad Dhmioa 
Figure la shows the change of absorption spectra upon 

steady-state photolysis of XA in CH3CN/TEA (0.04 M) at room 
temperature; similar results arc also obtained in CH$N/DMA 
(0.04 M). In annparimn with absorption and fluonscence spectra 
of the authentic samples, we have concluded that the photoproducts 
from DCA and CA arc CA and anthracene, respectively. Since 
these results are identical with those obtained for 9,lGdi- 
bromoanthracene and 9-bromoanthracene,' it can safely be con- 

TEA 0.04 0.037 f 0.007 0.121 f 0.006 
0.08 0.064 f 0.008 0.079 0.004 

DMA 0.04 0.083 f 0.018 0.086 0.004 
0.08 0.117 * 0.014 0.073 f 0.004 

TABLE Ik QaacMog Rate C o r t u t s  (k,) of 'XA(S,) by Amiae, 

kL)l in CH,cN/Amine 
rad the Beet-Fit VdIKa of 4 (+k,/kk) .ad l9 [3k&/(kG + kh + 

k,/M-'s-' a/M-' 8/ 10-2 
TEA DMA TEA DMA TEA DMA 

~~ 

DCA 1.6 X lOIw 24 6.4 
1.4 X 10IOb 2.5 X loLob 20 35 6.1 6.0 
1.4 X 10'Oe 2.7 X 1O1OC 20 39 6.1 5.9 

1.2 X 1O'Ob 2.4 X 1O1Ob 4.5 10 12 13 
1.1 X 1O1OC 2.4 X 1O'OC 3.6 10 9.9 13 

CA 1.1 X 10'" 3.6 9.9 

a From the increment of fluorescence decay rate constants by amine. 
From * From the quenching of static fluorescence spectra by amine. 

the quenching of time-resolved fluorescence spectra by amine. 

104 I- (a) DCA at 405nm 
15- 

Figure 3. Fluorescence decay curves (full lines) of 'XA(SI) in CH,CN 
without amine at room temperature (a, b), and plots of fluorescence 
decay rate constants (kF) against TEA concentration (c). The dashed 
lines in (a) and (b) are simulated single-exponential functions with life- 
times ( T )  indicated. 

cluded that the dechlorination of DCA by amine proceeds by the 
consecutive reactions (DCA - CA - anthracene). 

Figure 2 shows the effects of azulene and ferrocene on the 
decrement in the relative reactant absorbances (D,/Do) during 
steady-state photolysis of XA in CH3CN/TEA (0.04 M). Since 
similar results are also obtained in CH3CN/DMA (0.04 M), it 
can be safely concluded that addition of azulene or ferrocene (1 
X lo4 M) does not affect the decrement of XA, although Solo- 
veichik et a1.* have reported that the quantum yield for the de- 
chlorination of DCA by DMA damasar remarkably upon addition 
of these additiva. We thus have determined the quantum yields 
(@'R) of dechlorination for DCA yielding CA in CH3CN/amine 
(0.04 and 0.08 M) upon no addition of azulene or ferrocene and 
the values of 

Figure 3a,b shows the single-exponential fluorescence decays 
of 'XA(SI) in CH3CN without amine at room temperature. 
Similar fluorescence decay curves are also obtained in 

linearly with increasing TEA concentration as shown in Figure 
3c; the fluorescence quenching rate constants (k,) thus obtained 
are listed in Table 11. In accordance with these results, the 
intensities of static fluorescence spectra due to 'XA(SI) decrease 
with increasing amine concentration as shown in Figure 4a,b. 
From these spectra, the average intensities of two strong emission 
peaks (A and B) in the absence (4) and presence (E)  of amine 
are calculated, and plots of G/G against amine concentration give 

are listed in Table I. 

CH3CN/TEA, but the decay ~onstants (kF! in? 
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Figure 4. Intensity decrement in the static fluorescence spectra of 
'XA(Sl) upon addition of amine in CH&N at room temperature (a, b), 
and plots of $ / E  against amine concentration (c). The straight lines 
(-, ---) correspond to eq 1. 
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Figure 5. Intensity decrement in the time-rtsolved fluorescence spectra 
of 'XA(Sl) upon addition of amine in CH3CN at room temperature (a, 
b), and plots of $ /E  against amine concentration (c). The straight lines 
(-, ---) correspond to eq 1. 

the straight l ies  (cf. Figure 4c). As shown in Figure 5a,b, the 
intensities of timeresolved fluorescence spectra due to lXA(S1) 
also decrease with increasing amine concentration; although the 
spectral prorilar shown in F i i  54b arc somewhat different from 
those shown in Figure 4a,b, this is due to the lack of sensitivity 
co" f a  a conventional (Hitachi MPF-4) spectrofluorometer. 
By the integration of timeresolved fluorescence spectra over 
emission wavenumbcrs, the inmities of fluorescence spectra are 
calculated and plots of a/c against amine coMrmtration give the 
straight lines as shown in Figure 5c. Denoting the fluorcacence 
lifetimes of 'XA(S1) in the absence of amine to be 7, g /c  are 
given by 

(1) 

and a choice of the values of 7 (8.6 ns for DCA and 3.2 ns for 

a/fl = 1 + k,r[amine] 
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F i i  6. Intensity decrement in the T' + T I  absorption spectra of 
3XA(T,) upon addition of amine in CH$N at  room temperature. 

DCA CA 

CAmineI / M 
Figure 7. Plots of I i / I f ;  against amine concentration in CH3CN at room 
temperature. The dashed linea correspond to eq 1, and the full lines are 
simulated by IT/If; = (1 + k,r[amine])/(l + a[amine]) using the values 
of kq obtained from the quenching of timeresolved fluorescence spectra 
by amine (cf. Table 11). 

CA indicated in Figure 3a,b) gives the quenching rate constants 
(k,) of the order of 1Olo M-' s-l as listed in Table 11, indicating 
that the quenching of lXA(S1) by amine is a diffusionantrolled 
reaction. 

The intensities of T' - TI absorption spectra due to 3XA(T1) 
also decrease with increasing amine concentration as shown in 
Figure 6; a normalization of the T' +- TI absorption spectra in 
the presence of amine to those in the absence of amine reveals 
no change in the spectral profile. Since these spectra am recorded 
at a delay time of 70 ns and a gate time of 20 ns and since the 
T' - TI absorptions arc found to decay in the microsecond time 
regime even in the presence of amine (cf. Figure 9), the intensity 
decrease of T' + TI absorption spectra upon addition of amine 
can be ascribed to the decrement in the yields of IXA(SI). 
Calculatin the intensities of T' +- TI absorption spectra in the - TI absorption band (band C) over absorption wavenumbers 
from Pa to 3b indicated in Figure 6, the ratios of Zz/c are potted 
against amine concentration as shown by open circles in Figure 
7. If 3XA(T1) are produced only via the indirect IXA(SI) - 
3XA(T,) - '=(TI) intersystem crossing through an adjacent 
higher excited triplet (T,) ~ t a t e , ~ ' - ~ ~  the ratio of g/c can also 
be given by 

(2) 

absence ( P o )  and presence ( I f ; )  of amine by the integration of T' 

fl/c = 1 + k,r[amine] 
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TABLE IIk Quenchlog Rate Comtrab (k',) of %(TI) by Amine, Aflllew, or Ferrocene in CH3CN and the Deay  Rate Comtmb (km.-) of 
xA'- in CH3CN/Amiac (1 M) 

kb1M-I s-I km*-/s-' 
TEA DMA amlene ferrocene TEA DMA 

MIA 1.8 x 105 5.0 X lo' 6.0 X Id 3.8 x 109 2.8 X lo' 3.9 x 10' 
CA 2.3 x 105 2.2 x 10' 7.1 x 109 3.2 x 109 9.7 x 104 9.5 x Id 

SCHEME I 

'(XA-amine)* 

.I 
'XACr.) XA + amine - 'XA(T1) + amine 

indicating that the values of k obtained from Z l / Z l  should be 
equal to those obtained from b/E. In contrast, as shown in 
Figure 7, the values of Zi/c (open circles) deviate greatly from 
the dashed lines which are obtained by Stern-Volmer plots of 
g/r", against amine concentration as shown in Figure 5c. The 
smaller values of $/Z$ than those of $/r", may reflect an ad- 
ditional formation of XA(Tl) by amine. 

This amine-assisted formation of 3XA(Tl) has also been ob- 
served for 9,lGdibromoanthracene and 9-bromoanthracene,I2 
where we have propxed that the intersystem crossing from the 
singlet exciplexes [ '(XA-amine) *] to the triplet exciplexes 
[3(XA-amine)*] is followed by the decomposition into 3XA T 

should be equal to (1 + k,r[amine])/(l + a[amine]), where a! 
is given by Bh/k, and B = + k, + k'd is the efficiency 
for the formation of 'XA(TJ via '(XA-amine)*. By a best fit 
of the calculated values ((1 + k,r[amine / 1 + a[amine])) to 

centration can well be reproduced as shown by the full lines in 
Figure 7, where the values of k, obtained from the quenching of 
timeresolved fluorescence spectra by amine are used. Since the 
fluorescence quantum yields (aF) in CH3CN without amine are 
found to be 0.64 for DCA and 0.02 for CA, the rate constants 
(kk) for the 'XA(S1) - 'XA(T,) intersystem crossing are cal- 
culated to be 4.2 X lo7 s-] for DCA and 3.0 X lo8 s-' for CA. 
In Table 11, the best-fit values of a! (determined using various 
values of ) and those of 6 (calculated by B = a k d k , )  are listed. 

by nanosecond laser photolysis of XA in CH3CN/amine (1 M) 
at room temperature; the spectra are recorded at a delay time of 
0 ns and a gate time of 50 ns. In the absence of amine, however, 
no absorption bands [F, G, and H (and E in the presence of 
DMA)] can be s e n  except for bands C and D which are the T' - TI absorptions of 'XA(T,). We have assigned bands F, G, 
and H to the absorptions of the chloroanthracene radical anions 
(XA'-) produced by a diffusion-controlled reaction of lXA(SI) 
with ground-state amine yielding '(XA-amine)* followed by the 
dmmpoaition into XA'- and the amine radical cations (amine*+) 
based on the following facts: (1) The spectra with bands F, G, 
and H shown in Figure 8a,b are identical with those shown in 
Figure 8c which are recorded after 7-radiolysis of XA at 77 K 
in MTHF; we believe that the spectra in Figure 8c are due to the 
absorphsof XA',bccauscthcirspcctra are very similar to those 
of the bromoanthracene radical anions produced upon pulse ra- 
diolysis (at room temperature in CH3CN) and y-radiolysis (at 
77 K in MTHF) of 9,lGdibromoanthraccne and 9-bromo- 
anthracene.20 (2) %A(TI) in CH3CN decay following a sin- 
glaexponential function imspactive of absence (a) and presence 
(b, c) of amine as shown in Figure 9, and the decay rate constants 
( k ~ )  thus obtained increase linearly with increasing amine con- 
centration as shown in F i i  lOa,b The quenching rate amstants 
(kb = 10'-1@ M-' s-I) of %A(T,) by amine listed in Table 111, 
however, are much smaller than those (k, = 1O1O M-I e') obtained 
for the quenching of IXA(Sl) by amine (cf. Table 11), indicating 
that the spectra shown in Figure 8a,b cannot be attributed to a 

and ground-state amine as shown by Scheme I. Hence, o/ZA 4 

the experimental values, the change of # h  o /  A with amine con- 

Figure tl a,b shows the transient absorption spectra obtained 

O C A  
I 

C A  
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Figure 8. Transient absorption spectra obtained by nanosecond laser 
photolysis of XA in CHpCN/amine (1 M) at room temperature (a, b), 
and absorption spectra of XA- obtained by y-radiolysis'(3 min) of XA 
in MTHF at 77 K (c). 

0. o,c$K c )  tDMA3=0.4 M 

npOe 9. Decays of T' - TI absorptions (full lines monitored at 420 nm) 
due to %A(T,) in CH,CN (a) and CH,CN/amine (0.1 M TEA or 0.4 
M DMA) (b, c) a t  rmm temperature. The dashed lines are simulated 
single-exponential functions with decay rate constants (kT) indicated. 

transient species produced by a reaction of 3XA(TI) with amine. 
(3) Band E observed in the presence of DMA is very similar to 
that of the published absorption spectrum due to DMA'+;21-23 no 
clear observation of the absorption band due to TEA'+ may be 
ascribed to its weak absorption.22 

As stated previously, the IXA(S1) - 3XA(T,) intersystem 
crossing rate constants (kis) are 4.2 X lo7 s-l for DCA and 3.0 

Time Ips 
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Flgm 10. Plots of triplet decay rate constants &) against concentration 
of amine (a, b), azulene or ferrocene (c) in CH$N at mom temperature. 

X lo8 s-l for CA. Thus, the greater values of &,[amine] = 
(1.4-2.7) X 1O1O s-' for DCA [and (1.1-2.4) X 1O1O s-l for CAI 
in CH3CN/amine (1 M) compared with those of k, indicate that 
'(XA-amine)* are produced with a nearly unit efficiency and that 
almoet all of 3XA(T1) are produced via the indirect '(XA-amine)* - '(XA-amine)* - 'XA(T,) process shown in Scheme I. Since 
Figure 8a,b meals that the intensities of absorption bands C due 
to 'XA(T1) are 1.3-1.8 times greater than those of absorption 
bands H due to XA'- and since the absorption coefficients 
[(4.2-5.1) X 104 M-' cm-' at -420 nm24] of 'DCA(T,) are 
1.5-3.9 times greater than those of XA'- (-2.8 X 104 M-' c m - I  
for DCA- at 675 nm and - 1.3 X 104 M-' cm-' for CA* at 700 
nm estimated from those of the radical anions of 9,lO-dibromo- 
and 9-bromoanthracenes1), kion may be roughly equal to &{&. 
Hence, the small values [(5.9-13) X 1W2] of 6 = &!,/(kc + k,, 
+ &L) may reflect that is 6-15 times greater than ki, - &L. 

The absorptions of xA'- in CH3CN/amine (1 M) decay with 
time following a single-exponential function and the decay rate 

in Table 111; typical decay carves obtained in CH3CN/TEA (1 
M) arc shown in Figure 1 1. Although the decay of absorption 
due to DMA'+ can be analyzed by first-order reaction kinetics, 
the decay rate constant (3.1 X lo5 9-I) obtained is smaller than 
those of xA'- listed in Table 111. The decays of absorptions due 
to XA', moreover, can also be analyzed by second-order reaction 
kinetics, but the decay rate constants ( -5  X 10" M-I for 
DCA' and -3 X 10" M-' for CA-) obtained in the presence 
of 1 M DMA are 1 order of magnitude greater than that (2.0 X 
1O1O M-' S - I ) ~ ~  estimated from the viscosity of CH3CN using the 
DebytSmoluchowski equation, and the half-lives of XA'- are 
independent of the initial concentration of W-; an analysis of 
the decays of absorptions due to XA' by a combination of first- 
and suxndader reaction kinetics, moreover, indicates that a decay 
rate constant smaller than -5 X 1Olo M-I s-l does not affect the 
singleexponential decays of xA'-. We thus believe that the 
second-order reaction between XA'- and amine*+ can be ruled 
out and that the difference between the decay rate constants of 
XA' in CH3CN/TEA and those in CH3CN/DMA is due to the 
effect of solvent property. 

by a reaction of 'XA(T1) with ground-state amine and if these 
triplet exciplexes give rise to the formation of XA'-, Table I11 

constants (&=--) obtaiued are of the order of 104-105 5-1 as listed 

If '(XA-amine)+ as pmposed by soloveichik et al.2 are produced 

1 (a) DCA; at 675nm 

u 
I (b) CAT at700nm 1 v, 

O 0 l t I  ""r, 
Time /ps 

F'ignre 11. Decays of absorptions (full lines) due to XA- in CH3CN/ 
TEA (1 M) at room temperature. The dashed lines are simulated sin- 
~axponcnthl functions with decay rate constants (km-) listed in Table 
111. 

indicates that one cannot confirm the formation of XA- in 
CH3CN/DMA (1 M) owing to the smaller values of &h[DMA] 
= 5.0 X 104 (DCA)-2.2 X lo5 (CA) s-' compared with those of 
kU-- = 3.9 X l@ (DCA)-9.5 X lo5 (CA) s-l. In CH3CN/TEA 
(1 M), however, the rises and decays of absorptions due to xA'- 

= 2.8 X 104 (DCA)-9.7 X 104 (CA) s-l are d e r  than &;[TEA] 
= 1.8 X lo5 (DCA)-2.3 X lo5 (CA) s-'. In contrast, no such 
an evidence has been obtained. Even if the dechlorination does 
occur in '(XA-amine)* produced by a reaction of 3XA(T1) with 
ground-state amine and no XA'- are produced, the following 
results cannot support the triplet exciplex mechanism: (1) The 
decay rate constants (kT) of 3XA(TJ in CH3CN/amine increase 
linearly with increasing amine concentration as shown in Figure 
10a,b, indicating no existence of such an equilibrium between 
'XA(TI) + amine and '(XA-amine)* as proposed by Soloveichik 
et during decrement of the T' - TI absorption spectra of 
'XA(T1) with time in CH3CN/amine (0.04 M), moreover, no 
change in the spectral profde can be seen. (2) Addition of azulene 
or ferrocene in CH3CN acceleratts the decays of 'XA(T,) with 
quenching rate constants (kh) of the order of 108-109 M-I s-l (cf. 
Figure 1Oc and Table 111), while Figure 2 reveals no effects of 
these additives on the decrement of reactant absorptions during 
steady-state photolysis in CH,CN/TEA (0.04 M); similar results 
arc also obtained in CH3CN/DMA (0.04 M) as stated previously. 
(3) As listed in Table I, the quantum yields (aR) for the de- 
chlorination of DCA yielding CA in CH3CN/amine (0.08 M) 
are greater than those in CH3CN/amine (0.04 M), while the 
quantum yields (aT) for the formation of 3XA(T1) decrease with 
increasing amine concentration; in the presence of 0.08 M DMA; 
moreover, aR = 0.117 is greater than aT = 0.073. 
All the results obtained so far are consistent with those obtained 

for bromoanthracenes.'J1J2 We thus again conclude that the 
haloanthracene radical anions produced by Scheme I are the 
intermediates for the dehalogenation, Le., the exciplexes of triplet 
haloanthracenes with ground-state amine do not participate in 
the dehalogenation. Although Soloveichik et a1.2 have concluded 
that the haloanthracene radical anions do not participate in the 
dehalogcnation, we would like to deny their conclusion on the basis 
of the following reasons. (1) As shown in Figure 1, y-radiolysis 
of DCA and CA in CH3CN without amine at room temperature 
causes the dechlorination essentially identical with that caused 

in CH3CN/TEA are identical with those obtained in CH3CN/ 
DMA as stated previously; in comparison with the results obtained 

should be detectable in the microsecond time regime, because &=% 

by photolysis in C H 3 C N / m  The results Obtaind by PhOtdysis 
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by photolysis (cf. a), the results obtained by ?radiolysis (cf. b) 
reveals no clear formation of CA (from DCA) and AQ (from CA), 
probably being due to the further radiolysis of the products in 
accordance with the fact that the absorption increment around 
300 nm c a d  by radiolysis is much greater than that caused by 
photolysis. (2) In CH$N without amine at room temperature, 
pulse radiolysis of bromoanthracenes yields the bromoanthracene 
radical anions and y-radiolysis causes the debromination.20 
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Reactlon of Hydrated Electrons with Guanine Nucleosides: Fast Protonation on Carbon 
of the Electron Adduct 

Luis Pedro Camleias,' Petra Wolf? Peter O'NeU,* and Steen Steenken**' 
Max- Planck- Institut f%r Strahlenchemie, 0-4330 Mtilheim, Germany, and MRC Radiobiology Unit, Chilton, 
Didcot, Oxon, OX1 I ORD, UK (Received: May 28, 1992; In Final Form: September 3, 1992) 

The reactions of hydrated electrons (eq-) and hydrogen atoms (IT) with guanosine, Z'deoxyguanosine, and 1-methylguanosine 
(G) were studied by pulse radiolysis with optical and conductometric detection. In neutral solution, the reaction of both 
e, - and H' with these purines leads to the same neutral radical. This is suggested to be the H adduct to the C8 position 
(G(C8H)') formed by H' addition and by protonation at C8 of the electron adducts, via tautomerization (k = 1.2 X lo6 
s-I for the case of guanosine) following protonation of the radical anion at a hetero atom (k 2 lo7 s-l). The C-protonated 
radical is only a weak reductant: It does not react (k I lo7 M-' s-') with the oxidant methylviologen (E = -0.44 V/NHE), 
but with the stronger oxidant Fe(CN)?- (E = 0.36 V/NHE) there is some reactivity (k = 5.9 X lo8 M-' PI). In acidic 
solution G(C8H)' protonates at a heteroatom to give a radical cation (pKa = 5.4-5.5). The same radical cation results also 
from the reaction of H' with G at pH 3. The C8 protonated electron adduct of 1-methylguanosine deprotonates (from the 
amino function at C2) with a pKa of 13.3. C-protonated electron adducts of the purines have so far not been detected in 
irradiated DNA. Since the tendency for their formation (by protonation by the water of hydration of DNA) is probably 
very high, the failure to detect these radicals in DNA can be taken as indication that electron transfer from the purine radical 
anions to pyrimidines in their neighborhood is faster than their C protonation. 

btrduction 
According to the two-component model,3 the ESR spectrum 

of irradiated DNA in the solid phase4 at room temperature can 
be explained on the basis of only two radical species: the guanine 
radical cation and the CCprotonated thymine radical anion. This 
situation, as well as the results of various studies with model 
compounds,5 can be explained as resulting from electron and 
electron hole migration in DNA, by which the randomly dis- 
tributed initial damage is concentrated at specific bases. These 
ideas have recently suffered some criticism,4 arising especially 
from the realization that proton-transfer reactions may play an 
important role in the fixation of the radical sites.68 These pro- 

ton-transfer reactions include reversible (de)protonation of het- 
eroatoms but also irreversible protonations at carbon.ei1 Ulti- 
mately, the electrons result in the formation of 5,6-dihydro- 
t h ymin-5- yl radical. 

An example of the importance of proton transfer in aqueous 
solution is the competition between deoxycytidine (C) and thy- 
midine (T) for e,- produced in ionizing events.'* Whereas in the 
gas phase T is more electron affinic than C,13 in aqueous solution 
the higher basicity of the radical anion of C (pK 1 13) relative 
to that of T (pK = 6.9) has a leveling effect, making the (aquam 
solution) reduction potentials of C and T equal = -1.1 
V/NHE).'* In agreement with this concept, recent ESR ex- 
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