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One-Electron Reduction of Acridine-1,8-dione in Aqueous Solution: A Pulse Radiolysis
Study
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In a neutral agueous solution of acridine-1,8-dione (AD) the was observed to react with a bimolecular
rate constant of 1.5 10 dm® mol~ s~ and form transient optical absorption bands withx = 305, 475
nm, a shoulder at 680 nm, and increasing absorption &vith800 nm. The entire spectrum froin> 450
nm decayed by first-order kinetics wilt= 1.5 x 1P s72, whereas the absorption at 315 nm showed growth
with k= 1.6 x 10° s™L. It decayed by second-order kinetics witki = 1 x 10* s™1. The transient optical
absorption bands at 305, 475, 680, an800 nm are assigned to the electron adduct,; Avhich on
protonation forms H adduct (AD}with Anax = 315 nm and a g value of 4.7. In basic solutions (pH
13), AD'~ does not show slow transformation to ABwhile in acidic solutions (pH= 3), only ADH* was
observed max = 315 nm). ADH in highly acidic solutions (pH< 3) protonates to form (ADB*t (Amax =
315, 560 nm) with a ¢ value of 2.6. AD/AD™ established an equilibrium with MW¥/MV*t and the reduction
potential for AD/AD~ couple was determined to be0.586+ 0.03 V. a-Hydroxyalkly radicals (CH),C*OH,
CH3C*HOH, and*CH,OH) were able to reduce AD with bimolecular rate constant values ok312F, 2.3

x 108, and 1.2x 10° dnm?® mol~! s, respectively. The radical anion ADwas able to transfer electron to
p-nitroacetophenone with a bimolecular rate constant f 60° dm?® mol™* s

Introduction dyes. We report the one-electron reduction of acridinedione

) ) dye with &q~ and other reducing agents (€Q a-hydroxyalky!
The early studies on the dyes, which could act as both electronagicals).

donors and acceptors, focused attention on the efficiency of these

dyes to act as a class of good laser dyes, having stimulatedExperimental Section

emission in the blue region with lasing yields comparable to

that of coumarin-102-3 The photophysical and photochemical ac?i’dsi,nGéSiégépﬁggmsem))\//tr?’?r;G’SZgélrgéh%(a\?v)fsro-gBiﬂza fol-

characteristics of these dyes were studied briefly by Timpe et lowi ' ; oo prep

4 " owing the procedure reported in the literatdrg.

al4 These dyes have also been used as photosensitizers for diolvsis of d | lution lead

onium salt decompositiérin the polymerization of acrylates Radio ysIS 0 N-satura';e neutral aqueous solution leads to
the formation of three highly reactive species,(MOH, and

a.ndllmc.atthgcrytlate‘fz. Th(tasethdyels 4a(;('ah|r3porta.n(; becau;e r? f the €yq ) in addition to the formation of other less reactive molecular
similarity in structure to the 1,4-dihydropyridines which are 14,61 H,0,) 24

analogs of the biologically important coenzymes, NADH (

dihydronicotinamide adenine dinucleotide) and NADPH [ oy e - +
dihydronicotinamide adenine dinucleotidé-fhosphate)]1° HL0 H,"OH, &g, HO", H,0, H, (1)
The photochemical reactions of 1,4-dihydropyridines, NADH
and NADPH have been studied in great det&if® In fact,
the acridinedione dyes have been shown to mimic NADH to a
greater extent than the 1,4-dihydropyridines due to the tricyclic
structure which is capable of protecting the enamine mdiety. CH.).COH + *OH— ‘CH.(CH.).COH+ H.O (2
Recently, the electrochemical characteristics of the acridinedione (CHy; ACHa) 0 ()
dyes have been reportétl. The electrochemical oxidation leads The pH of the solution was adjusted with NaOH/HGI®

to the formation of products which have been isolated and ,n,qphate buffers. The solutions were prepared in deionized
characterized. As a continuation to the one-electron oxidation Nanopure water and freshly prepared solutions were used in

of acridinedione using pulse radiolysisthe present study iS  aach case.
carried out to understand the one-electron reduction of these  pyise radiolysis experiments were carried out with high-

energy (7 MeV) electron pulses (50 ns) generated from a linear

' The reaction of g~ was carried out in an Nsaturated solutions
containingtert-butyl alcohol (0.3 mol dm?3) to scavengeOH
radicals

1 Bhabha Ato;‘nic Eesearch Centre. electron accelerat@P. An aerated aqueous solution of KSCN
University of Madras. ; i
§ Also affilitated as Honorary Professor with the Jawaharlal Nehru Centre (10 mmziedm% was use(_j for measuring the dose de“\llered
for Advanced Scientific Research, Bangalore, India. per pulse?® The dose delivered per pulse was ca. 15 J'kg

€ Abstract published ilAdvance ACS Abstractddarch 15, 1997. The reactions induced hy-hydroxyalkyl radicals were inves-
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tigated using MO-saturated solutions of AD (0-3) x 10~

mol dnT3 in the presence of high concentration (1 moldn
of methanol, ethanol, and 2-propa##l. All other experimental
details have been described elsewlére.

Results and Discussion

Optical Absorption Studies. The ground state optical
absorption spectrum of AD in aqueous solution shows absorp-
tion bands withimax = 410 nm € = 5.6 x 10 dm® mol~?
cm1), 275 nm € = 5.5 x 10° dm®* mol~! cm™1), and 255 nm
(11.3 x 10 dm?® mol™* cm™1). The spectrum remained
independent of pH in the range-13, indicating that it has no
pK in this pH range.

Reaction with e,q~. In Neutral Solutions The rate constant
for the reaction of g~ with AD was studied by monitoring the
decay of g;, formed on pulse radiolysis of Msaturated
aqueous solutiorntért-butyl alcohol= 0.3 mol dnT3, pH = 6)
containing different concentrations of AD {@.5) x 1074 mol
dm=3). The decay (700 nm) was observed to become faster
and of first order. The pseudo-first-order rake, was found
to increase with AD concentration. The bimolecular rate
constant, determined from the slope of linear plokgf with
solute concentration, was 16 10 dm?® mol~! s™1. Time-
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Figure 1. Transient optical absorption spectrum obtained on pulse
radiolysis of N-saturated aqueous solution of AD (251074 mol
dm~3, tert-butyl alcohol= 0.3 mol dn3, pH = 6): (a) 2; (b) 10; and
(c) 45 us after the pulse. Inset shows absorption-time signal at (d)
800, (e) 475, and (f) 315 nm.

kinetics withk = 1.6 x 1 s (inset of Figure 1), reaching

saturation in 3@s. Since the decay matched with the formation

resolved studies showed the formation of transient bands with at 315 nm, the transient species absorbing at 4758800 nm

max = 305 and 475 nm, a shoulder at 680 nm, and increasing
absorption atA > 800 nm (Figure la). Sinceaf£ has
completely decayed during this time 42 after the pulse), the

might have been converted into another transient species

absorbing at 315 nm. The decay of the transient band at 315

nm as determined from the plot of 1/OD vs time followed

observed spectrum should be due to the product of the reactionsecond-order kinetics withk&l = 1 x 10* s™1.

of esq~ with AD. The bimolecular rate constant, determined
from the growth of the 305 nm band, was %6L(° dm® mol~?1
s7%, close to the value obtained from the decay gf e The

The rate of reaction (rate constantconcentration) of g~

with AD is (2.5 x 10 s1), much higher than with itself (2.5

x 10* s7Y). Almost all the electrons must have reacted with

absorption at 475 and 800 nm was observed to decay by first-AD to form the transient species. Under these conditions, the

order kinetics withk = (1.5+ 0.2) x 10° s71 (inset of Figure

molar absorptivity at 475 and 315 nm was determined to be

1). Since the decay at these wavelengths was similar, it should8.2 x 10 and 11.4x 10® dm® mol~! cm™1, respectively.
be due to the same species. Simultaneous to the decay, the The initial attack of g; is likely to occur at any one of the
absorption at 315 nm was observed to grow by first-order electron-affinic heteroatoms [O(1), O(8)] of the AD leading to
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the formation of radical anion, AD, (2, Scheme 1). ltis also

possible that the charge and radical site may be spread over

several sites including both oxygens and the nitrogen. The
radical anion may then protonate giving rise to H adduct, ADH
(3, Scheme 1). The transient absorption bands (305,4860
nm), 2us after the pulse, are assigned to ‘AjFigure 1a) and
the transient band (315 nm) 455 after the pulse (Figure 1c) is
assigned to ADM(Scheme 1).

If the observed spectral changes are due to the protonation

of the radical anion, then the transformation reaction would be
affected by the pH of the solution. The radical anion (AD
should be observed immediately after the pulse in basic solutions
with only slow if any transformation to ADH Similarly, ADH®
should be observed in acidic solutions immediately after the
pulse as the slow transformation of ADto ADH* (pH = 6)
would be fast in acidic solutions.

In basic solutions (pH= 13), the bimolecular rate constant
for the reaction of g~ with AD was determined to be 1.&
100 dm® mol~* s71. Time-resolved studies showed the forma-
tion of transient optical absorption band with.x = 300 and
475 nm and a# > 800 nm (similar to Figure 1a). Since the
entire spectrum decayed by the same kinetidgc(2= 4.5 x
1P s, it should be due to one species and is assigned to the
radical anion, AD~. The growth at 315 nm was not observed,
suggesting that the transformation of Ao ADH- is not taking
place at pH= 13, thus supporting the earlier conclusion. The
decay of the transient optical absorption bands {pH3) was
different from that at pH= 6 which might be due to the
stabilization of the radical anion at pH 13. The molar
absorptivity at 300 nm was determined to be %.610° dm?
mol~1 cm™L,

In acidic solutions (pH< 6), the absorbance at 475 nm,

immediately after the pulse, started decreasing with decreasée\2

in the pH of the solution. Even the decay became faster showing
the reaction of AD~ with H™. The growth at 315 nm was also
observed to decrease at lower pH. This, and the fact that more
and more of the 315 nm absorption was present immediately
after the pulse, support the formation of AbiFhmediately after
the pulse in acidic solutions. Singe (e,q~) would decrease
with pH of the solution, the absorbance at 475 nm has been
normalized and plotted as a function of pH (Figure 2). It
showed the existence of an equilibrium (Scheme 1) witka p
value of 4.7.

pK of ADH. The reaction of g~ with AD at pH < 3 could
not be carried out in Msaturated aqueous solutions ag @s
quantitatively converted tt (e,q” + H" — H* + H,0). Even
in the pH range of 34, the yield of H atom is quite high and
the reaction of Matom with AD forms transient bands which
interfere with the absorption bands formed on the reaction of
€.q Wwith AD.2® A matrix containing 2-propanol (1 mol drd)
and acetone (0.1 mol drf) can be used in the pH range of
~0.1-132%027 |n basic solutions, £~ reacts with acetone to
produce (CH).C*OH radicals and the same radical species is
produced even in the acidic solutions (reactions53
(CHj3),C*OH radical, with

€, + (CHy),CO— (CH,),CO™ ©)
(CH),CO™ + H,0— (CH),C'OH+OH™  (4)
(CH,),CHOH + "H/"'OH — (CH_,),C'OH + H,/H,0  (5)

almost the same yield, is the only reactive species produced in
the pH range 0f~0.1-13. As (CH),C*OH radical has been
shown to react with AD in a manner similar to that gfe(see

i
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Figure 2. Variation of normalized absorbancAA/G(e,q)] at 475
nm as a function of pH.
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Figure 3. Transient optical absorption spectrum of pulse radiolysis of
-saturated acidic (pH= 1) aqueous solution (AB= 2.5 x 104 mol
dm~3, isopropyl alcohol= 1 mol dnT3, acetone= 0.1 mol dn13) 25

us after pulse. Inset shows absorption-time signal at (a) 315 and (b)
560 nm.

text), this matrix was used in this pH range to determine the
pK value of the transient species ADkNd the reduction of
AD in acidic pH region.

Figure 3 shows the transient optical absorption spectrum on
pulse radiolysis of Msaturated acidic (pk 1) aqueous solution
(2-propanol= 1 mol dnt3, acetone= 0.1 mol dnt3, AD =
2.5 x 107 mol dnT3), 25 us after the pulse. It exhibits
absorption bands at 315 and 560 nm. The rate constant for the
reaction of isopropyl alcohol radical with AD was determined
by formation kinetics at 315 and 560 nm and the value was
same at both the wavelengths (&5LC8 dm® mol~1s™1). The
entire spectrum decayed by second-order kinetics wkith 2
5 x 10* s (inset Figure 3), suggesting it to be due to one
species. The spectrum could not be assigned to A&8bt~
as it (Figure 3) was not matching with that of ADADH*
(Figure 1). The absorption at 560 nm was monitored as a
function of pH (Figure 4), which suggests the existance of an
equilibrium (Scheme 1). The transient species (Figure 3) is
assigned to protonated ADH(ADH)**] with a pK value of
2.6 and formed according to reactions 6 and 7.

(CHy),C'OH + AD — AD"™ + (CH,),CO+ H*  (6)
AD"™ + H' = ADH" <= (ADH,)"* )

In this case also, the charge and radical site may be spread over
several sites. The reaction of isopropyl alcohol radical with

AD was also carried out at pH 6 and 11. At pH6, a transient

optical absorption band withyhax= 315 nm was observed. The
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Figure 4. Variation of absorbance (560 nm) as a function of pH.

TABLE 1: Spectral and Kinetics of the Transient Species
Formed from AD

aqueous solution op-nitroacetophenong-NAP, (1 x 1073
mol dnv3, tert-butyl alcohol = 0.3 mol dnT3), remained
unaffected on addition of AD (2.5 10~* mol dm3), showing

€ (dm? bimolecular that the reduction potential of AD/AD couple is more negative
mol™* rate const transient than that ofp-NAP/p-NAP*~ (—0.358 V)2° On the other hand,
reaction pH cm™) (dmPmol™s™)  A(nm)  species pulse radiolysis of Btsaturated aqueous solution of AD {3
AD+eq 6 82x10% 1.0x 100  305,475>800 AD- 104 mol dn13, tert-butyl alcohol= 0.3 mol dn13) containing
AD +eyq 6 11.4x10% 315 ADH low concentration op-NAP (0—1) x 1075 mol dm2 showed
AD +eq 13 9.6x10%  11x 10  300,475>800 AD~ buildup at both 350 and 550 nm and the transient spectrum was

a475 nm.? 315 nm.c 300 nm.

TABLE 2: Kinetic Parameters for the Reaction of Various
Reducing Species with AD

similar to that ofp-NAP*~. Under these conditions, more than
90% of electrons would react with AD to form AD which
would then react wittp-NAP to form p-NAP*~. The bimo-
lecular rate constant, determined from the build up at 350 nm,

. . bimolecular _ for the reaction of AD™ with p-NAP (reaction 8) was 6 10°

reducing E Amax rate C(B{]SEl transient dm? mol-1 sL.

agents pH (V) (nm)  (dm*mol™ts) species
COs~ 6 —-19 315 3.4x 108 ADH* b _ — - *
(CH):COH 1 315,560 7.5 10 (ADHo)™ AD" + p-NAP—p-NAP" + AD (8)
%:3;228: 1? -1l 3(1)?, 475 ?’Z%f igz ﬁgﬁ' With M+, MVt formed on pulse radiolysis of N
CH.CHOH 6 —095 315 23 1 ADH* saturated aqueous solution of methyl viologen, MYl x 10-3
*CH,OH 6 —0.73 315 1.2<10F  ADH* mol dnr3, tert-butyl alcohol= 0.3 mol dnv3), is a reducing

absorption in the region of 456650 nm was very small. The
bimolecular rate constant, determined from the growth of the
transient band at 315 nm, was 32108 dm® mol~ s1. The
spectrum was similar to that of ADH The AD~ formed
(reaction 6) is slowly converted to ADHeven at pH= 6. At

pH = 11, transient optical absorption bands with.x = 305

agent with reduction potential for the couple RVMV*+ =
—0.465 V2 |ts decay was slightly affected by low concentra-
tions of AD. Pulse radiolysis of Nsaturated aqueous solution
of AD (4 x 1074 mol dnr3, tert-butyl alcohol= 0.3 mol dn3)
containing low concentration of M/ (0—8) x 107% mol dn3
showed build up at 605 nm, suggesting electron transfer from
AD*~ to MV2*, The first-order rate for the growth of 605 nm

and 475 nm were observed. The spectrum was similar to thatband of MV was found to depend on AD concentration.
of AD*~. At this pH, slow transformation of AD to ADH" is These results suggest the existence of following equilibrium:
not taking place. The bimolecular rate constant for the reaction

of isopropyl alcohol radical with AD at pH= 11, determined 9)
from the growth of bands at 315 and 475 nm, was the same (2

AD" +MVZ =AD + MV*"

x 10° dm® mol™! s™1). These studies support that earlier
conclusion that AD is slowly converted to ADMat pH= 6.
In basic solutions, its transformation to ADH not taking place.
In acidic solutions, it is converted to ADHADH)**.

Reaction with Reducing Species.The reducing species such
as CQ*~ (E° = —1.9 Vy® anda-hydroxyalkyl radicals (Table
2) were able to react with AD and showed the formation of

transient optical absorption band at 315 nm. The bimolecular

The first-order ratekipg for this equilibrium reaction could be
written as follows:

Kops= KMV *] + K [AD] (10)
Kobs . [MV*']
[AD] kf—[AD] +k (11)

rate constant for the reaction of these reducing species with ADk: and k; are the rate constant for the forward and reverse
was determined from the growth of 315 nm band as a function reactions, respectively. The equilibrium constiint ki/k, can

of AD concentration (0.41.8) x 10~* mol dn2 and the values

be determined from the first-order ratied). The growth of

are shown in Table 2. The tetrahydrofuran radical failed to react the transient absorption band at 605 nm of #\Was determined

with AD, suggesting that the redox potential value for AD/AD

couple is more negative than that of tetrahydrofuran radical.

(TheE® for this reducing species is estimated to-H&55 V. 5P
With p-NAP~. The decay of the radical anigiNAP*~ (Amax
= 350, 550 nm) formed on pulse radiolysis of-Baturated

for various concentrations of AD (4) x 10~ mol dm23 and
MV 2+ (1-6) x 106 mol dm3. Under these conditions, the
initial reaction of @~ would mainly be with AD and AD"
would then react with M¥". The plot ofky,dAD vs MV2H/
AD was linear (Figure 5) with slope = 0.73x 10*°dm? mol~1
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s 1 and intercepk = 0.64 x 1072, The equilibrium constant
was determined to be 1.13 1% It is related to the difference
in the redox potential value of two couples.

E® = E°spap- — EMvermves (12)

= 0.059 log K (13)

From the value oK = 1.13 x 10? andE°yy-+mvz+ = —0.465
V, the redox potential value for the couple AD/ADis
determined to be= —0.586+ 0.03 V vs NHE.
Conclusions

The radical anion (AD’), formed on reaction of g with

AD showed slow transformation to heteroatom (O) protonated

species, ADHM at neutral pH. In acidic solutions, ADH
(ADHy)**, depending on the pH, is formed immediately after
the pulse. The reduction potential for AD/ADcouple was
determined to be-0.586+ 0.03 V.
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