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Reactions of Methyl Viologen Dication (MV2") with H Atoms in Aqueous Solution:
Mechanism Derived from Pulse Radiolysis Measurements and ab Initio MO Calculations
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The mechanistic details @ H atom (H radical) reaction with the methyl viologen (Paraquat) dication,2MV

in agueous solutions is presented, based on pulse radiolysis measurements in acig @di@n and
supported by ab initio molecular orbital calculations. H atom-initiated reduction follows three different paths.
About 76% of reactions follow the H atom addition to one of the ring C atom positioned mat&litatom.

The resulting cyclohexadienyl-type radical (M¥#") shows an absorption peak at 350 nm (fwisn40 nm,

€ = 44704 300 Mt cm™Y), and its second-order decay ratdést3.m= 2.6 + 1.1 x 10° M~1 s7%) suggests

a radicat-radical disproportionation reaction. About 10% of H atom reactions proceed with abstraction of
one H atom from a>N—CHjs group, resulting in the formation of aN—CH,* radical. Subsequently, its
transformation into theN-hydroxycyclohexadienyl-type radical (MVQt") in the presence of water is
indicated. The MVOH?* radical is exclusively generated during tt@H radical reaction with M¥*. It
shows two absorption peaks at 315 nm (fwkmt5 nm,e = 7400+ 400 Mt cm™) and 470 nm (fwhm=

60 nm,e = 15 300+ 700 M~ cm™Y); a mixed-order radical decay in this case suggests a complex kinetics.
The remaining H atom reaction proceeds with an H adduct formation at one of the two N atoms. The resulting
MVH 2t radical shows alg, value of —0.2 4 0.1 corresponding to the MVigf™ + H,O < MV + HO"
equilibrium. Thus, in solution of pH 1, deprotonation of the MVkt?" radical results in the appearance of
the well-known intense blue MYV radical absorption signakax = 393 nm,e = 42000+ 1200 M cm;

Amax= 605 nm,e = 13 300+ 550 M~* cm™?), also obtained directly during MA/ reduction by g, CO»",

etc. These results also reconfirm that a previous report ofkhealue of 2.9 for MVH?" adduct radical was
merely a reflection of g scavenging in acidic solution.

Introduction reaction with M\Z™ would not only necessitate a prior knowl-
edge of its presence but also suitable incorporation of its specific
reaction(s) with M\#*. Although agueous medium remains the
natural choice for such studies, available details in the literature
are not satisfactory, mainly because under the insufficiently
acidic conditions employed therel?®Pthe simultaneous pres-
ence of g;” and its reactions to generate the radical catiorrMV
(reaction 1) could not be avoided because of a high rate constant
(reportedk; for g~ = 5.4-9.0 x 101°M~1s71).6 Additionally,
the presence of the MYV radical also imposed a major
experimental challenge in characterizing any other transient
radical because of its intense and broad absorption bands in
the UV—vis range €zgo-396nm = 33 000-45 000 M~ cm™%;
€600-605nm = 800014 000 M1 cm~1).13-16
In case of the H atom, the following processes also add to
MVZ + R— MV + R 1) the complexity of the reactions. In highly_ alkaline |_oH though,
the H atom gets deprotonated following reaction 2 and,
In the family of free-radical reductants, the H atom*(H consequently, the,g reactions may gain prominence. At a low

radical) is also considered to be a strong reducing ajeid pH, on the other hand, protonation reaction 3 may change the
its formation or presence in the above photo, thermal, and initiating radical nature and the subsequent reaction mechanism.

electric discharge and radiation-induced reactions in the presence

Methyl viologen (Paraquat, Scheme 1) commonly exists as
the MV2+ dication salt with either 2Cl or SQ?2  as the
counterion. M\#" is known for its diverse applications, such
as an herbicidal and toxicological agént,an electron acceptor
and transfer catalyst in redox reactidfsa reference-reducing
radical in different matrixe%,an electron-accepting agent in
photochemical and photoelectrochemical devices aiming to
harness solar enerdyand in devising electrochromic display
systems$:® Use of MV2" in these areas becomes feasible mainly
because of its facile one-electron reduction to the blue radical
cation MV** by a suitable reducing agent (R), reaction 1, and
subsequent participation of this latter intermediate in various
applications.

of H.O/H;0" and H in different phases are now well H'+OH —e, (k=22x 10'M s ()
establishe&:!* However, the H atom reactions are not known
to follow the general outer-sphere electron-transfer mechanism €q T H3O+ —H (k=23x10"°M s )

(reaction 1§ Therefore, a quantitative mapping @ H atom

Furthermore, the reaction intermediates arising out of the H

* Author to whom correspondence should be addressed. E-mail: tndas@ atom/%qf addition may also be interrelated by a deprotonation
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S E-mail: tapang@apsara.barc.ernet.in. equilibrium. Thus, transient characterization needs to take into

T E-mail: hpal@apsara.barc.ernet.in. consideration all these interfering effects.
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The electrophilic nature of the H atom addition suggests its © I © OCD:
natural preference for the M¥ ring. However, it can also § 0.4 T )
abstract an H atom from the %parbon of a methyl group, ~ I | e_(calcd) ]
producing a C-centered radical and.Hwith four dissimilar < 031 : . T
sites available for H atom addition (i.e., atoms C1, C2, C3, and % I |
N4 in Scheme 1, all other positions being equivalent), each of ® 0.2 | 1
these adduct formations would result in the ring host-atom t.)’ I :
hybridization to change from 3po si#, destroying the planarity 0.1 : .
and electronic conjugation in the concerned ring to different - : H" (calcd)
extents. Even the fifthh N—CH,* radical site, arising out of the 00F . ., ., . A
H atom abstraction reaction, would be only partially resonance- -6 -4 2 0 2 4 6
stabilized because of reduced conjugation as compared to the - Ho/ pH —

MV** radicall’~1® To unmask the interfering effects of the
MV** radical and establish the MV + H atom reaction
mechanism, our approach in this study has been as follows. First,
we have conveniently generated the H atom quantitatively (in Results and Discussion
the absence of.g”) employing pulse radiolysis (PR) experi-

ments in highly acidic solution®?2 Second, taking assistance X ) | ; o .
from ab initio molecular orbital (MO) calculations describing SOlUtions, various primary reducing and oxidizing radicals were

the molecular structure, electron-density, and spin-density h°m°99n90US|y QIstnbu.ted Wlthnofll(r7 s (rgactlon 4), with
mapping€! we have systematically compared all the different their after-pulse yield& (in «mol J™) shown in parentheses.
H* + MVZ2" reaction transient properties to judge their actual
experimental occurrence and arrive at the overall reaction
mechanism. Our results indicate major differences in the
initiation step for the H atom reaction with MV as compared

to the simple electron transfer in reaction 1.

Figure 1. Yield of reducing radicals Hand g4 in aqueous HCI®
solution.

Yield of H Atom in Acid. During radiolysis in dilute agueous

H,0 —\W—>"OH (0.28), H (0.062), e,y (0.28) etc @)

In general, with increasing acidity (below pH 3.5), competition

from reaction 3 changes the availablgeto a H atom ratio

for reaction with a dissolved solute (in submillimolar concentra-

) ) tion range). However, in the presence of ca. 200MV 2" (a

Experimental Section working concentration), subsequent formation of f1¥bllow-

ing reaction 1 can be prevented only at gHL.0 because of an

exceptionally highk; value. Thus, for a true evaluation of H

atom reaction alone (i.e., in the absence of any dirgctedfect)

an even higher solution acidity (with HC}@ molar quantities)

is desirable, and in such cases of high acidity (below pH 0),

the overlappingHo scale needs to be evoké&dRadiolysis

schemes of a few molar HClGolutions from a recent stuéi

allows a qualitative calculation @(H*) in such cases. In Figure

1, the calculate@(H*) vs Ho/pH plot covering an acidity range

represented by, —5.0 to pH 6 is shown by the continuous

Turves H (calcd). These calculations are based on the principle

. . of radiation energy partition between the two solvent compo-

spectral measurements were made on a Hitachi 330 SpeCtrO'nents HO and HCIQ, taking into account the accepted valence

photometer. electron fraction methodology .(The results from the less-used
The 7 MeV electron-pulse radiolysis kinetic spectrophoto- total-electron fraction methodology is not presented here; those

metric detection Setup used in this Study has been described ir\/a|ues were margina”y h|gher) However, in the presence of

detail before’??* Samples were irradiated in a & 1 cn? molar quantities of HCIQ scavenging/trapping of quasi-dry

Suprasil cell. Optical detection of transients was performed electrons even in a subpicosecond time scale b@'His

within the spectral range of 2300 nm using a 450 W xenon  reported to lead to a still-higher value for the H atom yi&ki.

lamp and a Kratos monochromator blazed at 300 nm coupledTo have an experimental measure of this desired parameter in

to a Hamamatsu R-955 photomultiplier tube. A spectral resolu- the high acidity range, Nsaturated 15Q:M biphenyl (BP)

tion of ~3 nm was routinely achieved, and the background of solution was irradiated (with a 10 Gy dose) in the presence of

scattered light at 250 nm was2%. Sample replenishment 0.4 Mtert-butyl alcohol (to scavenge all the oxidizing radicals,

before each pulse was achieved with the help of a flow je., *OH, CIOs, and ClQ°). The adduct BPHradical was

arrangement, and oscilloscope traces were averaged duringormed by reaction 5.

spectral and kinetic measurements. For dosimetry, a 0.01 M

aerated SCN solution was used, taking is = 0.34umol J* BP+ H'— BPH' (5)

and theG-e = 2.59 x 104 m? J°1 at 475 nm?* The general

uncertainty of+15% in results from the PR experiments relates Matching radical spectral profiles dty —4.8 and pH 2

to all subsequent measurements. confirmed that the nature of this adduct remained unchanged

Materials and Procedure. All the solutions were prepared
in triple-distilled water. The gases,ON,, and NO used for
purging these solutions were obtained locally from British
Oxygen Ltd. (purity~99.95%). Methyl viologen dichloride
trinydrate obtained from Aldrich was of 98% purity, and upon
comparing its spectrum with the published vallegurther
purification was found unnecessary. Other chemicals, such as
tert-butyl alcohol, KOH, KCI, HCQNa, HCGH, and HCIQ
(60 wt %), were of the highest purity available locally from
SD Fine Chemicals and used as received. All PR measurement
were made at ambient temperatures close tat26 °C. All
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even in the presence of high HCJ@oncentration. Taking BPH

radicalezeonmvalue= 5000 M~ cm~1 for its absorption peaké

the experimentaG(H*) values were estimated takirg90% of

the H atom reaction with BP under these conditions. The

remaining H atoms were lost in reactions wight-butyl alcohol

(and also in its radical-dimerization reactiofi§jhese data are

plotted in Figure 1 as H(exptl). Although the M (exptl) and

H* (calcd) values match above pH 0, their increasing divergence

with decreasingo provides the estimate for electron scaveng-

ing/trapping at high acidityazo+). In all subsequent measure-

ments, the H(exptl) values were used to normalize the transient

yields from H atom reactions. In Figure 1, te.q ) values

are plotted as4g~ (calcd) to show the correlation between the

after-pulse yields of Hand the g; radicals at pH> O.
Absorption Characteristic of MV ** Radicals.To check the

parent M\2H stability in our workingHo/pH range, its absorption

characteristics at neutral pH were compared with—4 and

pH 14 solutions. These resulting profiles withax = 258 nm

ande = 23 000 Mt cm™! were found to remain unchanged

even under these extreme conditions. Since all the spectra

evaluations of the present work were intended to be made after

taking into account any contribution from the MVvradical
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Figure 2. Transient MV* absorption spectra for 2QaM MV 2t with
(a) CQr~ radical in the presence of 1.0 M (total of) Hgand HCQ~

700

Iunder N saturation; pH 0.9; dose 14.3 GXAnax ([radical] = 9.3uM)

6.3 us after pulse (@-); (b) CO»~ radical in the presence of 65 mM
HCO,~ under NO saturation; pH 8; dose 7.5 Gy; ([radicaf]4.9uM)
6.3 us after pulse (@-); (c) eq in the presence of 0.5 Nert-butyl

absorption, fresh spectral measurements were made for the latteralcohol; N saturated; 15 Gy; 0.2s; pH 6 (®-) ([radical] = 4.1 uM);

The MV** radicals in these measurements were exclusively
generated via (i) reaction of MV with e,y in Nj-saturated
solution containing 0.5 Mert-butyl alcohol near neutral pH
and pH~14 (in the latter case, for long use it was found
necessary to flow M¥" and KOH solutions in different
channels and later mix these prior to irradiation by using the
mixer assembly described in our earlier sttRignd (i) electron
transfer from the C@~ radical to M\2*. In case of the &~
reaction, high reactivity of reaction 2 at pH 142.2 x 10’
s71) ensured negligible interference from the H atom (at ¥V

= 200uM, H atom reactivity remained 10° s™1). Interference
due to'OH/O~ radicals was minimized by thtert-butyl alcohol
present, and the resultiffghydroxy radical {CH2(CHs),COH)
from the*OH/O~ + (CH3)3COH reactiof®>2°3%was found to
have negligible reactivity toward MAf. This approach to
scavenge th#®H/O~ radicals was also adopted earlier by Solar
et al’?@ For the CQ*~ radical reaction, the spectral measure-
ments were made at a few selected pHs with 200 MV 2*
and using either pD-saturated 56500 mM HCQNa solution

at pH > 4 or Ny-saturated~1.0 M HCO,H/HCO,~ solution at
pH < 2. In addition to reaction 3, the following sequence of
reactions 6-10 (along with some direct.g + MV?2* reaction

1) ensured formation of only the MYV radical.

&g TNLO—N,+°0" (k=9.1x 1M *s™?)  (6)

'0” + H,0=OH +OH
(k=94x10s % k=13x10°M s (7)
H'+ HCO, /HCOH — CO,"” + H,
(k=12100/4.4x 10°M's™") (8)
"OH 4 HCO, /HCO,H — CO,” + H,0
(k=32.0/1.8x 10°M*s™%) (9)
CO,” + MV* —CO, + MV™*
(k=6.4x 1M s (10)

pH 14 (M) ([radical] = 4.6 uM).

0.30 T T T r —0.408
T=QGH),  — ]
0.25 F ~ N expt! 40.340
\ -O-
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Figure 3. Absorbance 4Asg3) vs solution acidity for g~ assisted
reduction of 20«M MV 2* in the presence of 0.2 Mert-butyl alcohol
under N saturation; dose 15 Gy@-). Similar results obtained with
COy~ radical in the presence of additional 1.0 M (total of) HEDO
and HCQ™ under N saturation (&-). Yield of H* radical  — —)
and gq (...) from Figure 1 are included for comparison.

cm™ 1) match well with the reported profile of the MV radical
from earlier studie$?~1> From the spectral profiles in Figure

2, various ratios 0fy)/Agg3 at selected wavelengthd)(were
used for later comparisons with other spectral profiles measured
in this study. With the C@~ radical, these measurements could
be extended up to pH 0.9 because of the corresponding
(protonated) radical, HCO(pK, value—0.2) 31 However, below

pH 0.5, the C@~ radical yield decreased rapidly because of
lower propensity of its generation by*#OH radicals from
HCO,H, as compared to HCO at higher pH (&, of HCO.H

= 1.8)%

Experimental Observations wis-a-vis Electron-Density
Projections. The acidity-related after-puls®Azgznmmaximally
obtained with N-saturated, 200M MV 2" and 0.2 Mtert-butyl
alcohol solution is plotted in Figure 3 (Curve 1). For comparison,
G(MV ") values are calculated frof(exq ) using eq 11, taking

Few transient absorption spectra from these measurements aréto account the relative propensities of reactionReaq")

shown in Figure 2. These spectian{x = 393 nm,e = 42 000
4+ 1200 M1 cm~t andAmax = 605 nm,e = 13 300+ 550 M1

and 3 and are included in Figure 3@V *")cace TheG(eag)
value used in eq 11 is equal to 0.2l J .
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GIMV ™) eaica™ GlEsq ) % (K x [MV Z)/(ky x [MV ] +
ks x [107PH]) (12)

G(H)expn ~ Gl€sq ) — GIMV™) + G(H) (12)

Below pH 4, due to the increased scavenging ef e
following reaction 3, availability of [g;] for reaction with
MV 2" decreases rapidly, lowering the yield of MV However,
instead of reaching a value of0 at pH < 1, the experimental
G(MV**) value is found to become stabilized-20.055umol
J ! between pH 0.61.5. The complementary value G{H*)exp,
required later for relating witls(MV ™), is obtained from eq
12 and is included in Figure 3 for the sake of completeness.
The quantityG(H*) in eq 12 represents the pH dependent after
pulse yield of H.32

From Figure 3, the following conclusions are drawn. Close
match ofAAggznm (Curve 1) andG(MV**) values between pH
3—6 indicates that the [M¥/] radical is not protonated (g, of
2.9) as suggested by Solar et#land later rejected by Venturi
et al12¢ Absence of a transient<p value, even up to pH 1, is
also evident from the plot ohAggznmVs pH (Curve 2) in Figure
3, describing MV generation by the C© radical (reaction
10). Here theG(MV*t) values closely follow theG(CO, ")
profile in this pH range; the continuous decrease in the latter
below pH 3 takes place because of slower ,COradical
generation from HCeH, as compared to HCO at higher pH
as mentioned earlier. Below pH 3, ti€As3g93nm values (Curve
1) deviate from theG(eaq) profile.

An enlarged Curve 1 in Figure 4 shows that the variation in
AAsgsnmValues below pH 3 matches well with a deprotonation
relation defined by the Henderson equation and provides a
transient K, value of —0.2. The K, value remains identical if
the observed\Asgsnm values are normalized for the variation
in G(H*) (comparing with the yield from Figure 1 for the acidity
range covered). The radical deprotonation step is further
supported by the kinetic traces shown in the Figure 4 inset.
Herein, although the kinetic trace @i, —0.36 shows a
continuous rise in absorbanceyt ~ 10 us), the trace at pH

1.65 shows a two-stage increase, first an after-pulse fast rise,

(due to a minor directg™ + MV 2" reaction) and later a slower
but matching risety» ~ 10 us) as above. Ay —0.36, because
of negligible direct g;” reaction with M\2*, the slowAAzgznm

J. Phys. Chem. A, Vol. 107, No. 31, 2008001
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Figure 4. Radical X, obtained from experimentahAzgs (-M-) VS
acidity and also for normalized Ases (-0-) under a uniform yield of

H* radical over the acidity range for conditions give in Figure 3. Inset:
Growth of the transient absorption signal at a different solution acidity.
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Figure 5. Time-resolved transient spectra obtained jrsiturated 340

1
400

uM MV 2+ and 0.27 Mtert-butyl alcohol atH, —1.7; dose 11 Gy,

producing~5 uM H atom. AAnax shown at Gus (-O-) and 38us (-A-)
after end of pulse. Inset: Kinetic traces obtained at the two peak

rise confirms a subsequent radical reaction such as its depro-wavelengths.

tonation. A lower transient absorbance ¢ —3.0 is com-

tonation. As a corollary~14% of H atoms attach to the N4

mensurate with an unfavorable deprotonation reaction at higheratom. Although the MVi42" species can be compared to a

acidity. At pH 1.65, the 3%us after-pulse transient spectral
profile closely matched the M spectrum. From comparisons
of the maximumAAsgznmVvalue andG(H®), it is found that only
~14% of the H adducts give rise to the M\species following

protonated tertiary ammonium species with th€H; and

cyclohexadienyl cationic radical substitutions on the N4 in
addition to the hydrogen, its strong acidity probably arises from
a combination of the following effects: (i) presence of the ring

reaction 13. It is to be noted that in these and all subsequentsybstituent possessing an unpaired spin, (i) effect of substituent

results, the fraction of the H atoms not reacting with ¥\but
getting scavenged biert-butyl alcohol and also disappearing
following its radicat-radical reaction were accounted for.
MVH " + H,0 = MV"" + H,0" (13)
Because the electron density values (vide Appendix) support
preferential addition of H atoms onto one of the two N atoms
in MV2*, only one deprotonation step can originate from this
adduct (MVHy4*2") with concurrent formation of MY+ (Depro-
tonation from the alternate addition site i.e., C2, would be
implausible at this acidity because of thé spture of the host
C atom in such an adduct.) Thus, th&gpvalue of —0.2
measured above is proposed to represent the Mi¥Hdepro-

positive charge, increasing the electron deficiency on the N4
atom, and (iii) favorable hydration of the deprotonated, planar
MV " radical with the concurrent reduction of structural st@in.
Other Reactions of the H Atom.To understand the reaction
pathway(s) followed by the remaining86% H atoms, spectral
measurements were made in highly acidjesdturated solutions.
A new peak centered at 350 nm appeared below pH 0 with
concurrent reduction oAAzgznmdue to the MV radical. The
latter completely vanished By —3.0 as the 350 nm peak gained
prominence. Time-resolved transient radical absorption spectra
measured at an intermediate acidlty (—1.7) is shown in Figure
5. A minor shoulder at 393 nm and the characteristic broad 605
nm peak reveals some finite contribution from the Wyadical.
The Figure 5 inset indicates matching transient formation
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Figure 6. Time-resolved transient spectra obtained ppsiturated 200
uM MV 2+ and 0.27 Mtert-butyl alcohol solution at pH-0.5; dose 15
Gy, producing 5.«M H atom.AA at 1.4us (O-), 12.7us (-O-), 20
us (-4-), and 38us (-®@-) after end of pulse. Inset: Plot @Anax Vs
acidity shown for comparison.

kinetics at 350 and 393 nm with no further slow rise in the
AAsgesnm as is expected at this acidity (in analysis of all radical

formation kinetics, any radical decay therein was always taken
into consideration). Different decay kinetics at 350/393 nm,

Das et al.

0.015

0.010

AA 470 nm

0.005

0.000

e ;

Brets
1.6x10°

8.0x10™ 1.2x10°

MVT/ M
Figure 7. Variation of AAs7onmWith increasing concentration of MV
in Nz-saturated pH~0.5 solution in the presence of 0.1 tdrt-butyl
alcohol; dose 14 Gy. (Inset A) Comparison of transient formation
kinetics at 470 nm with 44 Gy dose with 0.2 tdrt-butyl alcohol and
at different concentrations of M¥. (Inset B) Comparison of transient
formation kinetics at 350 and 470 nm. Dose 14 Gy, 0.2eu-butyl
alcohol, [MV?*] = 300 uM and 650uM (left, 350 nm and top, 470
nm) in either case.

4.0x10™

300 uM MV 2t and in~3.5 us at 650uM MV 2+ (Figure 7,

however, confirms dissimilar nature of the two transients. While inset B) and therefore reconfirms the earlier proposition that
the transient decay measurements at 350 nm revealed a secondhe concerned radical forms directly & H atom reaction with

order kinetics, suggesting a radieahdical reaction, our attempt
to check the effect of @on this radical decay was not successful
because of preferential scavenging of the H atom pjo@ning
the HO radical. To quantify the radical absorption character-
istics, additional information regarding its yield was obtained
from the following results.

In No-saturated M¥" solution at pH~0.5, the time-resolved
spectra in Figure 6 reveal four peaks. Different formation

MV 2+, Irrespective of the dose (14 or 44 Gy), iN&47onmdecay
followed a complex kinetics, although a segment of the respec-
tive kinetic traces could be analyzed for a second-order decay
(with 2k/e value= 1.9+ 0.3 x 10° M~1s71). (2) The increase

in AAszonmmaximum value with increasing [M&/] takes place
with concurrent increase in the valuessso/393/605nm (3) The
linear increase inAA47onm With [MV2*] (Figure 7) below
millimolar concentration slowly levels off above it. The profiles

kinetics of the peak absorptions at 350 and 470 nm suggestsof AA vs [MV2*] at 350/393/605 nm plots remain similar. When
that if the former (as for 393 nm) arises because of a primary these measurements were repeated with higher concentrations
radical, then the latter is caused by a secondary radical. This isof tert-butyl alcohol (up to 0.6 M), but maintaining:0.8
further rationalized below in Figure 7. The Figure 6 inset shows reactivity of the H atom toward M%", no qualitative differences
the change iMAmax at 350 and 470 nm with an increase in were noticed in these characteristics. These observations imply
solution acidity. If the increase in transient absorbance at 350 that, unlike in the 350 nm case, the concerned species with its
nm with increasing acidity is related to tk&H"), it is found to Amax @t 470 nm forms only in a secondary reaction, most
remain proportional to the latter below pH 1.5. For these certainly from another H atom-generated radical. Time-resolved
calculations, any contribution of the MYV radical absorption spectral measurements from 300 to 800 nm made to trace this
at 350 nm was taken into account (related to the absorbance aintermediate species, however, remained unsuccessful. Continu-
605 nm). Above pH> 1.5, the masking effect of the 393 nm  ing with our earlier discussion of the reaction possibilities, the
peak increased rapidly, preventing further quantitative estimation remaining two, i.e., (i) ring addition at C2 and (ii) methyl H
of the concerned radical absorbance at 350 nm. Above pH 4 it atom abstraction seem most likely to be responsible for the two
is expected that contribution to the total 350 nm absorbance transients giving rise to absorption peaks at 350 and 470 nm.
from this peak would fall to a negligible level &(H*) levels For quantitative correlation, additional results from tH/
off to its limiting value and g~ dominates MV reduction. ‘O™ + MV?* reactions were needed.
These results, however, suggest that atpH.5 the transient Transients Formed in *OH/*O~ Reactions with MV?2,
species giving rise to the absorption peak at 350 nm does notTime-resolved absorption spectra in Figure 8 are obtained from
deprotonate (verified up tblp —4.7). the *OH radical reaction with M¥". The three peaks centered

In the pH range 0.41.2, measurements at 470 nm reveal at 393, 470, and 605 nm matched with the results of similar
the several characteristics of the concerned radical. (1) First-measurements in the pd8€* When measurements were
order rate of increase iNA (k,) is independent of [M¥"] but extended up to 290 nm, another peak at 315 nm was also
increases with the dose (i.e., starting H atom concentration). recorded in the present work. Detailed kinetic analyses at each
For example, kinetic traces obtained with a 44 Gy dose reveal of these peak wavelengths reveal some new information. As
a similar signal rise time of10us s/ = 2.1+ 0.2 x 10°s74, shown in the Figure 8 inset, the kinetic traces indicate the
Figure 7, inset A), whereas with a 14 Gy dose the corresponding presence of only two types of transient species. The after-pulse
values (Figure 7, inset B) are18 us (1.04 0.1 x 10° s7%). sharp rise at 393/605 nm peaks in all certainty refer to the'MV
On the other hand, the kinetics at 350 nm is significantly faster. species as discussed before, formed by a direct reactiot ¥
At a 14 Gy dose it reaches its maximum value withiB us at € With MV 2" as compared to the scavenging of the remaining
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Figure 8. Time-resolved transient spectra obtained witOMsaturated (I:H3 109?/9’" TH3
250uM MV 2* solution at pH~6.0; dose 15 Gy, generatingd.5uM oy
total radical concentratiomA at 1.5us (O-), 8.0 us (O-), 13 us @ d

0.010

(-®@-), and 40us (—) after end of pulse. Inset: Transient formation H30"

kinetics at different peak wavelengths for comparison. O “ho

€q by NO following reaction 6. (Additionally, a small e Nchy (R4)

contribution towardAAseseosnm iS expected because of the MV CHy he SoH (R2)

deprotonation of~14% in all MVHy4*?" species withG =

0.0074uM J7* from the H atom reaction.) The increase of spectrum, as well as decay kinetics, suggests formation of only
AAgi1snmis comparatively slower than the after-pulse sharp rise one transient, it is proposed that only radical R2 is formed as a
of AAsgzeosnm but its time scale matches with th®As70nm result of*OH radical reaction. At M¥" concentratiors 1 mM,
kinetics. At a low dose of-5 Gy, the bimolecular rate constant  propensity of reaction 1 or reactions 6/7 is almost equal.
of transient formation at 315/470 nm was estimated, from the Therefore, as proposed earlf@rspur scavenging of.g can
kinetic traces at varying concentrations of #yto have avalue  take place both by M% and NO to equal extent. The total

of 1.9+ 0.3 x 10° M~! s™%, matching a previous estimate of  yield of the oxidized radical in pD-saturated solution, at a 14
2.0 x 10° M~ s7L18 Even at 393/605 nm, the second, slower Gy dose and an experimental MV concentration of ca. 1.6
rate of increase in absorbance matched the increas&gia/47onm mM, is thus estimated at0.445 umol J?, taking ~90%
suggesting that this increase was mainly due to the tailing effectsefficiency of reaction ofOH radicals with M2+ while the rest

of the transient absorption peaks at 315/470 nm. Although no gre |ost in other radical reactions. Then, from the transiéfaax
attempt was made to separate the absorption spectral profile ofgjyes obtained in experiments employing430 mM MV2+,

the transient frontOH radical reaction from that of MV ¢(R2) values are estimated as 15 300700 M~ cm at Amax
absorption, the direct yield of the MV transient was obtained 470 nm: 7400+ 400 at 315 nm; 200& 250 at 393 nm, and

as follows. Assuming negligible loss of by radicat-radical 1620+ 200 at 605 nm. From the measured after-puil®ax
reactions, the radical yield (inM) for a few 1004M MV values at 393/605 nm, the interference of the ¥¥bsorption

concentrations was calculated from eq 14. at these wavelengths were estimated, and the a{{B\& values
have been presented after due correction. d(R2) value at
GMV**) ~ 0.28 x {[MV*'] x 9.0 x 10"3/{[MV #*] x 470 nm is close to the value of 16 000 ¥cm 2 proposed by

9.0x 10°+ 0.025x 9.1 x 16 x D (14) Solar et _aP“ The es70nm value is mandatory for a final
quantification of the kreaction pathways in the next section.

In eq 14, the numerical value 0.28 represents @fe,q) in In the earlier study dealing wittOH radical reactions with

uM J71; 9.0 x 101 represents in the MV2+ + e,q reaction; MV 2+ 34 a transient [, value of 9.7 was observed that can now

0.025 represents the saturated molgNoncentration in water be explained on the basis of the cyclohexadienyl radical structure

at 26°C; 9.1 x 10° representk in the NbO + e,q~ reaction; of R2 incorporating the hydroxy-substitution on thé, smtionic

and D represents the dose in Gy. Subsequently, from the ring nitrogen (MVOH42"). In comparison, if OH addition takes

previously obtained ratios of MY and AA values for 393/  place on another atom, say C3, the radical RC (M\(@H)

315, 393/470, and 605/470 nm, th&\ values at 315/470 nm  would result. Analysis of the concerned physical parameters

for the *OH radical reaction transient were obtained. (vide Appendix Table 3) reveals a possibility of radical R2
Since the resullts of electron-density calculations on the parent(N)O—H group deprotonation at mildly alkaline pH. On the

MV2+ (vide Appendix) indicate an excess electron density on Other hand, a similar deprotonation of the (C)B group

both the N atoms, the electrophilic nature of ti@H radical attached to the $iC3 atom in radical RC seems to be possible
hints that one of these two N atoms is the preferred site of Only at a higher pH.
addition. The relevantOH radical reactions are shown in In oxidation studies employing th®~ radical at pH~ 14,

Scheme 2. Th&H radical attachment on the N4 atom directly entirely different results are obtained. As shown in Figure 9,
produces the radical R2. A comparison of excess electron-chargeapparently only the semi-reduced transient Wépectrum is
values on N4 with C2 or other ring C atoms (vide Appendix obtained irrespective of the nature of the gas used for purging
suggests that addition of &@H radical would be preferred only  the solutions, i.e., Nor N>O, wherein reactions 1517 also

at N4. As detailed investigation of the transient absorption take place.
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‘OH+ OH <0 + H,0 (pK,11.9) (15) 012_‘ ' ) —_——————— ]

00} F =
HO,” +'OH— 0, + H,0 (16) ool oosf { Tegozmn, ]
S e - - ' 0.06f TRy,
HO, +°0 — 0O, +OH (17) I 3 ool 605 nm, N,O™
. L i 0.08 - ' . 605 nm, N,
All the H,0, formed from irradiation is expected to depro- : 0.02f
tonate at pHx 14 and exist as HO (pK; = 11.7). At pH~ 0.06 |- 0.00 A4700m, KO {4
14,>99%°0OH radicals exist a%¥D~. Because the MV species I
is a stronger reducing agent than" Q' the propensity of 0.04 i
reaction 18 is expected to be low. An earlier estimati; gf=
1 x 10* M1 s71 is available in the literature based on the 0.02 | i
reduction potentials and the reverse reaction ¥ate. '
o— 2+ _ ot 0.00 N 1 . 1 N 1 N 1 7]
O, +MV O, + MV (18) 300 400 500 600 700
The kinetic traces in Msaturated solution in the Figure 9 inset wavelength / nm

show a two-stage increase in the absorbance. In this case, thé&igure 9. Time-resolved transient spectra obtained wiOhsaturated
immediate after-pulse increaseMagzsosnmarises because of ~ 60 M MV 2* solution at pH~14.0; dose 8 Gy, generating5.2 uM
the direct reaction of M¥% with e,;~ and closely follows the g’rfz' égd'sc?"cg’g?tg‘tmog?ﬁ Lﬁtse?ﬂlf\s(:e:t"-)’ngrftssie(rg;z;réza/tlizrg’kigétics
calculated yield of MV, while the subsequent second-stage SOHS L : : .

. . ’ . at different peak wavelengths undes di N>O saturation.

increase in absorbance suggests further reduction fMihe P g E :

slowgr sec_ond_—stage MY formation kinetics in N—_saturated the measuredAuronmandesronmvalues in the H atom ar®H
sollutlon orits pllrept formation in pO-saturated solutllon fo!loyvs radical studies, respectivels(R2) is found to be~10% of
a first-order kinetics, and the observed rate remains within the G(H")

range 2.3+ 0.3 x 10° s™1. Because this observed rate remains :
unexplained by any published rate value, reaction 19 with the
*O~ radical in the presence of such high concentrations of OH
is proposed as a possible route of MVgeneration via the
adduct [MV- -O1* formation.

Our earlier observation in the Figure 6 inset regarding the
decreasing transient absorption at 470 nm atpBland pH>
1 is explained below. In acidic solution$i{ < 0), higher
concentration of BO™ may directly compete with the 4@
addition step and consequently allow radical R1 to decay by
b ee o _ o _ other routes or indirectly affect the radical R2 absorbance by a
MV® +°0 —[MV--0]"" — (OH) = MV™ + HO, protonation step i.e., reduce its visibility. On the other hand, in
(19) solutions of lower acidity, because of rapidly reduc@*),
_ ) the radical R2 absorption is expected to decrease and its weak
However, it may be noted that thes@™ reactions or results  apsorption to become masked under the more intense absorption
have no direct correlation in our present studies, and further profile of the M\*+ species. Only near pH range-@, as the

experiments in this direction were not attempted. influence of the MV'* species becomes negligible, does the 470
MV 2t Reaction with H Atom Revisited. Continuing with nm peak due to radical R2 remain visible.
the H atom reactions with M&, the H abstraction reaction is The overall H atom reaction rate constaki.{uvz") was

seen to result in the formation of the radical R1 (Scheme 2). qgiimated separately from the rates of growth of transient

Although radical R1 can be part.ially resonance stabilized, as absorption at 350/393 nm in appropriate solutions. The estimated
suggested by a decrease of 0.1 in the@lbond order for the value (6.4+ 0.7 x 108 M~1 s71) is close to the previously

>N—CHy* group as compared to that of theN—CHs; group reported value of 6.0« 108 M1 s-1.12aThe 350 nm peak is

in the parent, its optical absorption in the visible region is oy expected to arise from the remaining possibility, i.e., the
suggested to be IO\J\??’bAmqng various possibilities, radical MVH c2* radical (Radical R3, Scheme 2), and its yield is found
R1 can decay by (1) an intramolecular rearrangement, (2) 1o he~769% of G(H"). After accounting for the actual concentra-

reaction with another radical (R1 included), (3) reaction with tion of H atoms generating the radical R3 and with due
solvent. Taking into account all the results obtained at 470 Nm 4 rection of the AAgsonm Value, taking into account any

from both the H atom andOH radical studies, we envisaged  cqntribution of the MV radical, theeaso value is calculated as
the mechanism shown in Scheme 2 for generation of radical 4470+ 300 M1 cm~1 (peak absorption 350 nm, fwhm 40

R2 from R.l in aqueous medium..Further support for this nm) leading to the second-order decay rdtg@am= 2.6+ 1.1
mechanlsm is derived from the foIIowmg observat!ons. Although 1 -1 s, for a possible radicairadical-type reaction.
intramolecular rearrangement of radical R1 or its subsequent

reaction with solvent (pD) would follow a first-order rate, the Conclusions

dose dependency observed before eliminates the former pos-

sibility. On the other hand, the latter mechanism also supports The mechanism of H atom reaction with MV has been
the observations of the rate remaining independent of{MlV  derived from pulse radiolysis measurements in H$Glution

but depending on the dose, i.€(R1). The dependence of and is supported by ab initio MO calculations. Scheme 2 shows
AA470nmON [MV2H] shown in Figure 7 also eliminates the second the relevant results from this study for easy reference. It is found
possibility of a radicatradical reaction. The nature of the plot that only~14% of all the H atom reaction leads to the formation
is explained on the basis of a general increase in propensity ofof the H adduct at N4 (radical R4). Th&pfor this H adduct
radical-solute reactions leading to a higher yield of its precursor has been estimated to be0.2. On deprotonation at an
radical R1. Nondependence of these results tamt-putyl appropriate solution pH, it produces the semi-reduced species
alcohol] also eliminates any possibility of its involvement. From MV**. A comparison of M\#* reactions wih a H atom and a
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*OH radical shows that only 10% of the H atom reactions are TABLE 1. MV 2" Atomic Charge and Bond Distance/Order
estimated to abstract a hydrogen from th&l—CHjz group,
generating the radical R2 in aqueous solution through the
intermediacy of the radical R1. MO calculations support a
deprotonation of the (N)©H group in mildly alkaline medium,
thus supporting alf, value of 9.7 observed earliét.Radical

R2 decay at 470 nm follows complex kinetics, suggesting more
than one decay channel. The majority of H atom reactions (76%) H
proceeds via its addition to the ring C2 atom, generating the
radical R3. The latter decays following a radicahdical
reaction imply concurrent loss of the parent molecule. However,
if this reaction can regenerate the parent (and simultaneously

the dihydro species in a disproportionation reaction) as proposed net net net

in a similar study on 4,4bipyridyl,%” then the parent recovery atom charge atom  charge atom  charge
would be ~38% following this reaction. The total parent N4 —0.590 cs —0.267 H16 0.302
recovery can thus rise to a maximum value~052% if we N10 —0.590 C5 0.175 H18 0.322
assume complete recovery from the M\species discussed C3 0.179 C9 0.175 C21  —0.342
above. Therefore, in systems where the reversibility of the €11 0179 HIi3 0.302  C22 —0.342
MVZT/MV* couple is employed as in the color displays, giz zg'ggg Eig 8'22% :5431 8'322
avoidance of the H atom in the system would be essential for 1 0078 H15 0.323 H25 0.266
a longer system life. Academically, the R4 radical generation C7 0.078 H19 0.323 H26 0.255
suggests a correction factor €0.008umol J for MV ** yield C6 —0.267 H17 0.302 H27 0.266
in pulse radiolysis measurements in mildly acidic or alkaline H28 0.266

pH. In the present study, the importance of proper placement bond bond
of the dipositive charge to assess the electrophilic attachments g5, pair  distance order  atompair  distance order
of the H aFom and theQH radlcgl apd appropriate selection of 2 3 1334 1196 1 5 1390 1418
the experimental acidity are highlighted. 4 5 1338 1175 7 12 1.390 1417
4 21 1490 0.756 5 6 1.372  1.498
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Appendix

The numerical values were obtained by employing ab initio
MO methods, namely, Hartred-ock (HF) with 6-31G* basis . . .
set dealing with structure and electron and spin density (for 17 1073 0889 21 25 1079 0919
radicals discussed later) mappings for the respective species 7 1495 1031

using the GAMESS software package for calculati&nghe C6/C8/C12, and C3/C5/C9/C11-0.054 each). While these
relevant atom-in-molecule electron populations as well as the jntegrated spin-density values provide the clue for subsequent
(radical) spin populations were obtained using the Mulliken v+ radical-radical reaction channels, the relative net atomic
population analysis scheme for net charge/spin at the atomiccharge values help in assessing the relative ease of a proton
sites. Relevant details for parent MVare shown in Table 1.  gddition (at a suitable acidic pH) on different C/N atoms in

In the geometry-optimized configuration (dihedral ango® MV ** rings. The results suggest possible protonation at N4 and
between the two rings), contrary to the general representationC2 atoms.

in the literature, each of the two N atoms possess an excess Projections for MV 2t + H* Reaction Transients.In the

charge of 0.590e such as the C2/C6/C8/C12 atoms (all case of H addition, the adduct species is expected to have four
equivalent, each posses$).268e additional charge) and C21/ possible structures relative to the different sites of H addition,
C22 atoms (each possess additional 0.342e charge). The chargﬂgpresented as MVAR*, where the subscript A represents the
deficiency is mainly shared by the C1/C7 atoms (0.078e each), site of H addition, i.e., C1, C2, C3, or N4 atoms. In case of
C3/C5/C9/C11 atoms (av 0.177e each), and all the H atoms. such addition and also for methyH abstraction reaction, the

Projections for MV ** Transient. Calculations for the M¥* resulting radical stability, dipole moment, atomic electron, and
species show that in its geometry-optimized configuration the spin-density distributions allow a comparison of the relative
two rings are coplanar (dihedral angl@®®). In this case, the  propensities of the different H atom reaction channels. In all
additional negative charge as compared toA¥Iyets distributed  cases of H addition, a reduction in conjugation and increase in
on N4/N10 (increase marginally by 0.050e each) and C2/C6/ radical dipole moment is obtained. In the present set of
C8/C12 (increase by 0.022e). Similarly, the charge deficiency calculations, first a low-level calculation (HF/STO-3G) was
at C1/C3/C5/C7/C9/C11 is reduced by 0.02B033e. The performed for the MVH*2" species in the gas phase. A
remaining electron charge in MY mainly gets distributed to  subsequent high-level calculation (HF/631-G*) in the gas phase
the H atoms; however, the charge of both C21/C22 atoms showsin each case showed insignificant change with respect to the
a marginal lowering by 0.030e. values obtained in low-level calculations.

The spin density values in MV are highest on the two From MV2+ properties the following qualitative inferences
bridging C1 and C7 atoms (0.2 each), whereas the remainingcan be drawn: (1) an electrophilic addition of H atom on N4 is
0.6 is mainly distributed over N4 and N10 (0.076 each), C2/ most favored, (2) its addition to only the C2 equivalent site is
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TABLE 2. MVH *2* Adduct Properties

MVH 2" adduct dihedral angle (deg) dipole moment (D)
C1 ~68 1.23
c2 ~2 3.10
C3 ~39 2.14
N4 ~25 4.04

TABLE 3. MVOH *2* Adduct Properties

dihedral O atom Hatom

MVOH*?" angle X—Obond O-—Hbond electron electron
adduct  (deg) order order density density
C3 ~39 X=Cs3,0.997 0.922 -0.260e 0.231e
N4 ~28 X=N4,0919 0911 -0.113e 0.262e

next-favored, and (3) calculated radical stability values also
suggest the significant probability of H abstraction from a methyl
group (570 kcal moi? as compared to the average H adduct
value~—564 kcal mof?). In the case of N4 addition, one unit
of electron spin is introduced in the resulting tertiary ammonium
structure of MVH2", and its electron-density distribution
pattern with respect to the MV values changes as follows.
The charge on C3/C5 reduces by 0.050e each, on N4 it reduce
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