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The radical anion formed on reaction @fewith acridinedione dye (ADH) exhibits transient optical absorption
bands aflmax = 315, 460, and>780 nm. The bimolecular rate constant for the reaction.@fwith the dye

was determined to be 2 10° dm?® mol™* s™%. It is converted to (ADH) on protonation and showed an
absorption band at 310 nm. At pH 1, acetone ketyl radicals are observed to react with the dye with a
bimolecular rate constant of 23 10° dm?® mol~ s72, and the transient optical absorption bants{= 315,

540 nm) are assigned to (ARM". The radical anion (ADM) is a strong reducing agent, with reduction
potential= —1.37 V vs NHE, and is able to undergo electron-transfer reactions with methyl viologett MV
andp-nitroacetophenong{NAP) with bimolecular rate constants of 4910° and 6.1x 10° dn® mol~1s™?,
respectively.

1. Introduction absorption spectrum of the radical formed, which has a
maximum around 480 nm. Laser flash photolysis experiments
have shown the decay of the anion radical having a transient
maximum around 480 nm. In continuation to our earlier studies
on the one-electron reduction of the-methyl-substituted
acridinedione dyéwe report the one-electron reduction of the
N—H acridinedione dye using the pulse radiolysis technique.
We have carried out the reduction using eand specific one-
electron reducing agents generated on reaction,f with
acetophenonegp-nitroacetophenone, and methyl viologen and
determined the reduction potential of the dye.

The acridinediones have found applications as efficient laser
dyes!? The bichromophoric structure of the dyes allows them
to act as both an electron donor and acceptér.They are
similar in structure to the 1,4-dihydropyridines and the biologi-
cally importantj-dihydro nicotinamide adenine dinucleotide
(NADH) and its analogues. In fact the acridinediones have been
shown to mimic NADH to a greater extent than the 1,4-
dihydropyridines because of the tricyclic structure, which is
capable of protecting the enamine moiétyThere have been
extensive studies on the photochemistry and electrochemistry
of the 1,4-dihydropyridine%:2* We have previously carried . )
out the electrochemical studies on various substituted acridine-2- Experimental Section
dione dyeg> The studies reveal that these compounds undergo The dye was prepared following the procedure reported in

f’;ﬁ‘;‘gsgf Pr’:’:'srlggggg ?oxri%aetéogetp?e;%rsmo;h;eptsoudbusctitﬁjtio-l;lhgnthe literaturé’> The absorption spectra were recorded with®10

: : o S I dm3d luti i Hewlett-Packard 8452A diod
the nitrogen and in the 9-position in the case of acridinediénes. :Tr(r)a M ° dye Soiliions Using a Hewleti-rackar lode

; S y spectrophotometer.

It has been reported for the 1,4-dihydropyridines that the Pulse radiolvsis experiments were carried out with high-
presence of at least one hydrogen in the 4-position is extremely u I0lysis exper W ied out with hig
necessary for the oxidation to proce€dThe photochemical energy electron pulses (7 MeV,.50 ns) pbtalned from a linear
studies on the 1,4-dihydropyridines and acridinediones also IeadBIeCtron faccelerator whose details are g|ven_elsevxﬁﬁé‘f’§he
to the formation of oxidized compounds. The products of dose_dellvered per pulse W?S determ|3ned_W|th aerated aqueous
oxidation of acridinediones have been isolated and shown to Zcr)rlrgtlrcr)lglgf gﬁnggxlgg_ e\Tc:t dSH&))nvr\:']tth?eﬂ; 2tr1ar51§i(:ant
be the same as that of the electrochemically oxidized prOdUCts'(SCN)f species, and it was close to 15 Gy per pulse. Ghe

Generally the N-H substituted compounds undergo oxidation denotes the number of species per 100 eV of absorbed energy
to form the amortized central ring, wherdssalkyl-substituted ande is the molar absorptivity of (SCM)- at 500 nm. Methyl

compounds form the acridinium salts. X -+ .
While all the above-mentioned studies have concentrated onVIOIOgen (M=), p—n|troqcetophgnonq){NAP), anq acetophe-
none (AcP) were of high purity and used without further

the oxidation of the acridinediones dyes, we have tried to carry urification.  The freshlv prepared solutions in deionized
out the electrochemical reduction of the dyes in the spectro- Eanopure Water were useyd f%r Sulse radiolysis experiments. The
photometer cuvette at a platinum electrode and recorded theIDH of the solution was adjusted with NaOH/HGIi phosphate

t Also associated as honorary professor with the Jawaharlal Nehru CentrebUffer.  The other details about the sample preparation are
for Advanced Scientific Research, Bangalore, India. reported elsewher&’
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The reaction of g~ was carried out in isaturated solutions 0.05 )
in the presence dkrt-butyl alcohol to scaveng®H radicals I 0.04
[(CH3)sCOH + *OH — *CHy(CHj3),COH + H,0]. The reaction i 0.03
of a-hydroxy alcohol radicals*CH,OH, CH;*CHOH) was 0.04 - 0.02 , ]
studied in NO-saturated solutions, to converfqe to *OH i ‘ Mm
radicals (g;” + N2O — N2 + *OH + OH"), containing 1 mol L 0.01
dm-3 methanol, ethanol, respectively. The reaction of {5H 0.03 - T
COH radicals was studied in,paturated mixed solvent solution I 0 500 1000 |
(2-propanol= 1 mol dnT3, acetone= 0.1 mol dn13) in the < ozl Time (ps)
pH range of 0.£1230 < %

The transient species formed on pulse radiolysis were [
monitored using a 450 W xenon arc lamp, and a Hamamatsu 001

R-955 photomulitiplier was used as the deteéiorThe pho-
tomultiplier output was digitized using a 100 MHz storage i
oscilloscope interfaced to a computer for kinetic anal§’signe 0.00 |-
first-order rate constankg,y values were determined from the :
plot of In(OD) vs time. The points back-calculated from the
slope and intercept of the plots were found to fit the actual
formation curve quite well. The bimolecular rate constant values
were determined from the slope of the linear plotkgfs vs
solute concentration. The rate constant values were the averagé&igure 1. Transient optical absorption spectrum obtained on pulse

of at least three experiments, and the variation was within radiolysis of N-saturated aqueous solution of ADH (2510 mol
P dm™3, pH = 6, tert-butyl alcohol= 0.3 mol dnt3), 2 us after the pulse.
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+10%. Inset show absorptiertime signal at (a) 315 and (b) 780 nm.
3. Results and Discussion SCHEME 1

The ground-state optical absorption spectrum of ADH in 0 ? ? o
neutral aqueous solution shows absorption band Wit = w m
402 nm € = 8.2 x 10 dm® mol~! cm 1) and 252 nm{ = N * €aq i
17.8 x 10° dm® mol™! cm™). The spectrum remained }L H .
unchanged in the pH range of-12. In highly alkaline (ADH )
solutions, the optical absorption shifted to 478 nm withka p ADH _Hmﬂr

value of 13.35. In highly acidic solutions (HCIG= 1 mol
dm3), the longer wavelength (402 nm) absorption maxima

[ OH (o] OH
shifted to 440 nm. W
Pulse Radiolysis Study. Reaction with g;~. The decay of 5 —=
A\ +H |
H H H

€. , formed on pulse radiolysis of a Maturated neutral
aqueous solutiortért-butyl alcohol= 0.3 mol dnT3, 4 = 700
nm), was found to become faster on addition of very low (ADH3)*- (ADH; )
concentration (82.5) x 10~ mol dn3 of ADH, suggesting
high reactivity of g, with ADH. The bimolecular rate  remained independent of solute concentratior3)L x 10°*
constant, determined from the linear plot of pseudo-first-order mol dm3 and dose rate (1648 Gy per pulse).
rate Kopy VS solute concentration {2.5) x 104 mol dnv3, The attack of g, is likely to occur at any one of the electron
was (2.7+ 0.7) x 10 dm?® mol™! s*%. The differential affinic heteroatoms [O(1), O(8)] of ADH leading to the
absorption spectrum (@s after the pulse) showed absorption formation of radical anion ADH (Scheme 1). It is also
bands withlmax = 315, 460 andt > 780 nm (Figure 1). The  possible that the charge and the radical site may be spread over
ground-state absorption spectrum of the dye has practically noseveral sites including both oxygen and the nitrogen atom. The
absorption ai > 450 nm, and, therefore, ground-state absorp- absorption bands (Figure 1) must be decaying to a stable or
tion is not expected to change the position of the 460 nm band nonabsorbing (308800 nm) species as the time-resolved studies
(Figure 1). However, at 315 nm, the molar absorptivity of the do not show the formation of any new transient absorption band
dye is 0.3x 10 dm® mol~* cm™* and may slightly affect the  with the decay. At a slightly higher pH, the transient absorption
nature of the transient absorption spectrum. Singe kas at 315 nm started showing growth with the decay of transient
completly decayed during this time, this spectrum should be absorption bands at 460 ar780 nm. Figure 2 shows the
due to the product of.g” reaction with ADH. The bimolecular  absorption time signal obtained on pulse radiolysis of N
rate constant, determined from the formation kinetic studies at saturated solution of the dye (2256104 mol dnv3, pH = 11,
315 nm, also gave same value. tert-butyl alcohol= 0.3 mol dnv3). The absorption at 315 nm
The rate of the reaction (rate constantconcentration) of showed buildup wittk = 5.1 x 10* s™1. Simultaneously, the
€ag- With ADH (6.7 x 10F s72) is much higher than with itself ~ absorption at 460 nm and> 780 nm showed decay with=
(2.5 x 10* s1). Therefore, almost all the electrons must have 5 x 10* s™1. The differential transient optical absorption
reacted with ADH to form the transient species. Under these spectrum, 2.5us after the pulse, showed absorption bands at
conditions, the concentration of the transient species could be315, 460 and > 780 nm (Figure 3a), similar to those observed
taken equal to that of,g". The molar absorptivity at 315 and at pH= 6. The bands in the differential absorption spectrum,
460 nm was determined to be 10:410° and 6.4x 10° dm? 45 us after the pulse, where the transformation is almost
mol~1 cm™1, respectively. The entire spectrum decayed by first- complete, showed a band wiflsax = 310 nm and with very
order kinetics, wittk = (6.34 1.5) x 10®*s™L. The decay also little absorption in 456780 nm region (Figure 3b). This
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Figure 2. Absorption-time signal obtained on pulse radiolysis ofN
saturated aqueous solution (gH11) of ADH (2.5 x 1074 mol dn13)

+ tert-butyl alcohol (0.3 mol dm®) at (a) 315, (b) 460, and (c) 780
nm.
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Figure 3. Transient optical absorption spectrum obtained on pulse
radiolysis of N-saturated solution of ADH (2.5 10~* mol dnm3) +
tert-butyl alcohol (0.3 mol dm’) at pH = 11, (a) 2.5 and (b) 4&s

after the pulse. Inset shows the variation of absorption (460 nm) as a

function of pH, and - - - is the computed curve.

transient absorption spectrum should be due to AlScheme
1). The bimolecular rate constant for the reaction gf evith
the dye, determined from the decay @feat 700 nm, was 1.8
x 1019 dm?® mol~1 s71, close to the value determined at g+

Mohan et al.

where AA; and AA; are the observed difference in the
absorbance at pH values well before and well beyond ke p
The inflection point at pH= 8 (inset of Figure 3) should be
due to the protonation of the radical anion as the dye in the
ground state does not show any spectral changes in this pH
range of 6-11.

The kinetic and spectral parameters of the transient species
formed on reaction ofg~ with N—H and N-CHjz acridinedione
dyes were similar. The radical anion ofHCHs acridinedione
dye showed protonation with &g value of 4.7, whereas with
N—H acridinedione dye thelfy value was observed at 8. The
kinetic and spectral parameters of the transient species formed
on protonation, in both the cases, were also similar.

At pH > 12, the dye undergoes deprotonation withkg p=
13.35, and even at pH 14, the dye may not be completely
present in the deprotonated form. Moreover, the deprotonated
form has high ground-state absorption withax = 480 nm.
Considering these difficulties, the reaction ofjewith the
deprotonated form could not be carried out.

In acidic solutions the transient bands in the differential
absorption spectrum formed on reaction @fewith ADH
showed slow growth at 315 nm with decay at 460 nm (pH
4). Simultaneously, a new absorption band appeared in the
region of 540 nm. This transformation was not observed at
pH = 4. But the reaction ofg~ with ADH could not be carried
out at pH < 3.5 owing to its conversion ttH atoms (g +
H* — *H + H;0). However, it was possible to study one-
electron reduction of the dye in this pH range (see text) with
specific reducing agents.

Reaction with Specific Reducing AgentSne-electron reduc-
tion of organic compounds in the pH range of 0112 could be
conveniently studied with a relatively strong reducing agent,
(CHj3)2°COH radical (redox couple= (CH3),"COH/(CH;).CO,

H™), which has a reduction potential f1.1 V at pH= 7. A
matrix containing 2-propanol (1 mol dr¥) and acetone (0.1
mol dn13) would produce (Cl),*COH radicals with & value
of 6 in the pH range of 0:212 according to following reactions.

(CHp),CO+ &,y — (CH),CO™ )
(CHy),CO™ + H,0— (CH),COH+ OH™  (3)
(CH,),CHOH + "H/"'OH — (CH,),’COH + H/H,O  (4)

6. The molar absorptivity at 310 nm was determined to be 14.8 Under these experimental conditiong ¢°H, and*OH radicals

x 10° dm® mol~! cm™1. It decayed by second-order kinetics
with 2k = 3.3 x 108 dm®* mol~1s™1. tert-Butyl alcohol radicals,
[*CH,(CH3),COH], formed orrH atom abstraction byH/*OH

radicals, are observed to be unreactive toward the dye. How-
ever, these radicals may interfere with the bimolecular decay
of the radical species generated from the radiolysis of the dye.
Therefore the actual bimolecular rate constant value in the

absence dfert-butyl alcohol radicals may be slightly lower than
the value reported here.

The transient absorptiort (= 460 nm) at pH= 6 showed
very little decay during 4&s after the pulse, whereas at pH

11 it had almost completely decayed. The absorption values

(AAob9 as a function of pH were fitted to the modified
Hendersen equation (eg®1)

AA AA,
- ok T K—pH
1+ 107°P 1+ 10°7°

AAgps @)

would react with the matrix and (Ghp*COH radicals would
be available for reaction with the dye. Pulse radiolysis gf N
saturated neutral aqueous solution of ADH (%5104 mol
dm=3) in 2-propanol (1 mol dm3) + acetone (0.1 mol dn?)

did not produce any transient absorption in 3080 nm region,
suggesting that the reduction potential for the ADH/ADH
couple is more negative than that of (§HCOH/(CH).CO,

H* couple 1.1 V). These studies are in contrast te-8H;-
substituted acridinedione dye wherehydroxy alcohol radicals
[*CH,OH, CHs*CHOH, (CH),"COH] were able to undergo one-
electron reduction. Since the reduction potential value of
(CH3)2"COH/(CHs)>CO, H' couple becomes more negative at
lower pH, pulse radiolysis studies were carried out at=pH.

At pH = 1, the pulse radiolysis of Nsaturated solution [(Chhk-
CHOH = 1 mol dnt3, (CH3),CO = 0.1 mol dn73, ADH =
2.5 x 1074 mol dn73] showed transient bands in the differential
absorption spectrum withmax = 315 and 540 nm (Figure 4),
suggesting the reduction of ADH. The bimolecular rate
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Figure 4. Transient optical absorption spectrum obtained on pulse Figure 5. Variation of absorbance at 315 nm (45 after the pulse)
radiolysis of N-saturated aqueous solution of 2-propanol (1 mofgm as a function of pH. ---is the computed curve.
acetone (0.1 mol dn?), and ADH (2.5x 10~4 mol dn13, pH= 1) 45 ]
us after the pulse. Inset shows absorption time signal at 315 nm. a-Hydroxy alcohol radicals generated from ethanol and

methanol were also able to reduce ADH at #H and formed
constant, determined from the growth of transient absorption a transient optical absorption spectrum similar to that shown in
at 315 nm for various concentrations of ADH (8.8.5) x 10~* Figure 4. The bimolecular rate constant values are shown in
mol dm3 was 2.3x 10° dm® mol~! s™.. Both the bands Table 1. CQ~ is a strong reducing agent with reduction
decayed by first-order kinetics with= 1.1 x 10®* s™1. Since potential value of—1.9 V vs NHE. But it could not be used
the nature of the transient spectrum, its decay, and formationfor such studies as the dye was not stable in this medium
kinetics were different from those of ADHand ADH,* species (HCOO™ = 2 x 1072 mol dnv3).
(Figure 4), it could not be assigned either to ADIdr to ADH,* From these studies, it appears that the radical anion of ADH
species. lItis possible that the radical anion formed on reduction has high reduction potential value. Therefore, it should be able
of the dye gets protonated to ARHspecies and finally to  to undergo electron-transfer reaction with solute having lower
(ADHg)". The transient optical absorption spectrum is therefore reduction potential value. M&¥/MV** and p-NAP/p-NAP*~
assigned to (ADH)'* species (Scheme 1). The observed are such couples whose reduction potential values are low
absorbance at 540 nm as a function of pH was fitted according (—0.458 and—0.358 V, respectively), and the transient optical
to eq 1, and the inflection point was observed at $H2.2 absorption bands of the reduced species have high molar
(Figure 5). This should be due to the protonation of the radical absorptivity €gos = 12 800 andesso = 2900 dn¥ mol-1 cm™1,
anion as the dye in the ground state has Kairpthis region. respectively). The pulse radiolysis obMaturated solution of
Since (CH),*COH radicals were unable to reduce ADH at pH ADH (3 x 10~* mol dnr3) + (tert-butyl alcohol= 0.3 mol
= 6, the transient absorption bands due to ABADH 3" were dm=3) in the presence of low concentration of ¥\v(1 x 10-°
not seen. At lower pH, ADM after its formation is converted  mol dn3) showed buildup at 605 nm, and the bimolecular rate
to (ADH3)'". The kinetic and spectral parameters of the constant was determined to be 4 10° dm® mol™? s™1.
transient species formed on one-electron reduction-eANand Similarly, with p-NAP, the buildup kinetics at 550 nm gave a
N—CHjz acridinedione dyes in acidic solutions were similar. bimolecular rate constant value of 6 10° dm?® mol~! s71,
N—H acridinedione dye showedKp value of 2.2, whereas  suggesting electron transfer from ABHo MV2™ andp-NAP
N—CHs dye showed K, value of 2.6. (reaction 5).

TABLE 1: Kinetic and Spectral Parameters for the Transient Species Formed on a Reaction of,g and Specific One-Electron
Reductants with ADH

bimolecular rate constant/

reaction pH AmadnM dm*molts? e/dm® mol~tcm™ decay/s?
ADH + ey 6 315 2.7x 109 10.4x 1C¢° 6.3x 10°
460 6.4x 10°
>780
ADH + ey 11 310 1.8x 10% 14.8x 1¢° 3.3x 1082
ADH + (CHs3)"COH 1 315 2.3x 10 5.6 x 10° 1.1x 1
540
ADH + CHz"CHOH 1 315 2.1x 10
540
ADH + *CH,OH 1 315 1.5x 10°
540
ADH*~ + MV 2+ 6 395 4.9x 10°
605
ADH*~ + p-NAP 6 550 6.1x 10°

aDecay by second-order kinetics (@mol~* s72).
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ADH'™ + MV #'/p-NAP — ADH + MV **/p-NAP"~ (5)

The time-resolved studies showed the formation of characteristic
absorption bands of MY andp-NAP*~. These experiments
were carried out at low dose rate (8 Gy per pulse) to avoid
radical radical reactions. The value of the reduced products,
MV */p-NAP*~, was close to 2.6, showing complete electron
transfer from ADH~. These studies support the results that
the reduction potential value of ADH/ADH couple is much
higher than that of M¥"/MV** andp-NAP/p-NAP*~ couples.
Reduction Potential of ADH/ADH Couple. The decay of
the transient band formed on pulse radiolysis efddturated
aqueous solution of ADH (2.5 1074 mol dnr8, tert-butyl
alcohol = 0.3 mol dnT3) was affected on addition of low
concentration of acetophenone [AcP, @8 x 10~* mol
dm=3]. The transient absorption band of the radical anion of
AcP also showed accelerated decay on addition of low
concentration of ADH. The decay of ADH in the presence
of low concentration of AcP, was also accelerated on increasing

the concentration of ADH. These studies suggest the existence

of the following equilibrium:

ADH*™ + AcP==AcP"~ + ADH (6)

The pseudo-first-order ratégfg for this equilibrium reaction
could be written as follows

Kobs = Ki [ACP] + k; [ADH] Q)
I(obs _ [ACP]
[ADH] kf[ADH] Tk ®)

wherek; andk; are the rate constant for the forward and reverse
reactions, respectively. The pseudo-first-order rgg)(was
determined on monitoring the decay of the transient band of
ADH*~ (4 = 315 nm) for various concentrations of ADH-{1

4) x 1074 mol dm 2 and AcP (3-10) x 105 mol dnv 3 under
conditions such that the initial attack ofse is with ADH and
ADH*~ would then react with AcP. The plot é§pd[ADH] vs
[AcP]J/[ADH] was linear (Figure 6) with slopes ki = 5.0 x

108 dm® mol~! s7* and intercept= k; = 0.2 x 10° dm® mol~?

s 1. The equilibrium constari = ki/k,, was determined to be
25. This is related to the difference in the reduction potential
value of two couples.

)
(10)

AE® = E® \priapn— — B acpiach-
= 0.059 logK = 0.082

Taking the reduction potential value for the AcP/Actkouple

= —1.29 V vs NHE33the reduction potential value of the ADH/
ADH*~ couple was determined to bel.37 V vs NHE. Owing

to the solubility limitations, thé,,svalues were determined over

a narrow range of concentration of AcP and ADH. These
limited studies resulted in scattered data, and the uncertainty in
the redox potential value was higtt 0.03). The radical anion

of N—H acridinedione dye is a strong reducing agent with
reduction potential value of-1.37 V, whereas the reduction
potential value of N-CH3 dye has a lower value 6f0.586 V.

Conclusions

The hydrated electron showed high reactivity={ 2 x 10'°
dm® mol~! s71) with N—H acridinedione dye (ADH).a-Hy-
droxy alcohol radicals were observed to react at a much lower
rate &2 x 108 dm® mol™! s1). The radical anion has high

Mohan et al.
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Figure 6. Plot of kond[ADH] vs [AcP)/[ADH].

reduction potential{1.37 V vs NHE) and showed transforma-
tion to heteroatom (O) protonated species, ADHIn acidic
solutions, it is converted to protonated species (ADHwith

a K value of 2.2.
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