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Characteristics of the reduced radicals of a series of 7-aminocoumarin dyes (C) have been investigated in
different solvents using pulse radiolysis (PR) technique. Since these coumarin dyes are almost insoluble in
water, a mixed solvent (MS) system containing 5.0 mol&lwf 2-propanol (2PNL) and 1.0 mol drh of

acetone (ACT) in water has been used in the present work to substitute the aqueous solvent. In MS, for a
wide pH range o~~1-9, the reduced coumarin radicals are formed in the neutral form, Ti¢se radicals

show two absorption bands, one in the 3@®0 nm region and the other in the 568600 nm region. As the
coumarin dyes undergo hydrolysis in strongly alkaline solutions, PR studies in MS could not be extended
beyond pH~9. In 2PNL, the reduced coumarin radicals are also formed in thef@hh, even in the presence

of ~1 mol dnT?® of a strong proton acceptor like triethylamine (TEA). Since tkg palue of TEA is 3.19,

it is indicated that the acid dissociation constant of the @idlicals (fK.;X) must be>11. The PR results in

MS and 2PNL clearly indicate that the anionic form of the reduced coumarin radica)sfé@ned by initial
one-electron reduction of the dyes undergo very fast protonation to give théo@H in the solution. To

avoid protonation of €, PR experiments were carried out in acetonitrile (ACN) solutions in the presence of
~1 mol dnt2 of aniline (AN). With this high concentration, AN efficiently scavenges the cation radicals
from the solvent ion pairs (ACN--e") formed following the electron pulse, and thus the equivalent amount

of electrons become available to reduce C to.@ is seen that the C radicals of all the coumarin dyes
studied have unusually weak absorption bands in the-B00 nm region. Since the coumarin dyes are good
electron acceptors, present results on* @htd C~ radicals will be useful in elucidating the ET mechanism
using coumarin dyes as the electron acceptors.

1. Introduction The 7-aminocoumarin dyes are also good electron accéptéfs.
. o In the past few years a number of interesting observations have
Coumarins, the derivatives of 1,2-benzopyrone, are the well- peen made in relation to the electron transfer (ET) dynamics
known laser dyes for the blue-green regiohAmong different 5ing coumarin dyes as the electron acceptor. From
coumarin dyes, the ones having amino SUbSt'tuentS-’@‘_mRz; femtosecond fluorescence up-conversion measurements it has
R being the alkyl or c_:ycloalkyl groups) at the 7-p_osm_on _qf the been observed that in electron donating solvents, such as aniline,
1,2-benzopyrone moiety have found to be of special significance substituted anilines, hydrazines, etc., the fluorescence lifetimes

in relation to their laser activity and many other applications. (1) of the coumarin dyes are drastically reduced in comparison
The fluorescence quantum yields of these molecules are usually, " : i . )
to their lifetimes in other noninteracting solveAts2* Correlat-

very high, often close to unit:® In most of these dyes, the . . . .
internal conversion and intersystem crossing processes are found'9 with the redox pot(_antlals o_f the coumarin dyes and the donor
to be almost negligibl&® The 7-aminocoumarin dyes undergo solvent 'molecule.s, this drastic reducthn in thealues of the
substantial change in their dipole moment on excitation from coumarin dyes in the glectron donating solvents have been
the ground to the excitech Statel® Thus, these molecules are attributed to ultrafast intermolecular ET from the solvent
. o O i i 4

found to be suitable probes in investigating many physical and Molecules to the excited dye molecutés™ The donor-
physiochemical processes in the condensed phase, making us@cceptor interactions between 7-aminocoumarin dyes and dif-

of their fluorescence properti€sté The large state-dependent fereént amine donors have also been investigated by us in a
variation in the dipole moment causes a large Stokes’ shift in noninteracting polar solvent, acetonitrile, using both steady-state

both absorption and fluorescence spectra of these moleculesnd time-resolved fluorescence quenching measurements under
which are again very sensitive to the polarities of the solvents diffusive condition?>~2" It has been observed that the bimo-
and the microenvironments6 Thus, a number of 7-aminocou-  lecular quenching constants correlate well with the redox
marin dyes have widely been used in studying solvatochromic potentials of the doneracceptor systems used, supporting the
properties, polarities of the microenvironments and to measure ET mechanisnt>2” Though in all these studi€s?’ the ET

the solvent relaxation timesd using dynamic Stokes’ shift ~has been predicted for the observed fluorescence quenching,
method0-16 direct evidence for the ET mechanism could not be established

unambiguously mostly because the reduced radical character-
* Corresponding author. E-mail: hpal@apsara.barc.ernet.in. Fax: 91- Istics Of_ the coumarin dyes are not ava'_la_‘ble in the Iltera%ﬁrr@._
22-550 5151. In relation to the ultrafast ET from aniline solvents to excited
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Ellt Me following the maximum optical density (O. D.) of the (SCN)
H;N 0 BN 0 X o radicals at 500 nm?
\@ @ Me @ The reduction potentials of the coumarin dy&sd) in MS
/ were measured by cyclic voltammetric (CV) method using a
CF3 CF3 CFy Eco-Chemie Potentiostat/Galvanostat-20, with a GPES software.
(C151) (C500) (C152) Solutions of the coumarin dyes~003 mol dm3) in MS
containing 0.1 mol dm?® potassium chloride as the supporting
Et electrolyte were first deaerated by purging high puritydgs
& o Me for about 15 min. The CV measurements were then carried out
% N 0 N 0 using dropping mercury as the working electrode, graphite rod
Et \@ (m as the counter electrode and silvailver chloride{ Ag/AgCl/
CF3 . 7 Cl~(saturated); electrode potential is 0.197 V vs $F@as the
3 CF3 reference electrode.
(C481) (C522) (C153)

i ) . o ) 3. Results and Discussion
Figure 1. Chemical structures of the 7-aminocoumarins investigated

in the present work. The abbreviations used in the present paper for 3.1. Pulse Radiolysis Studies in AqueousOrganic Mixed
these coumarin dyes are also given. Solvent (MS). The 7-aminocoumarin dyes investigated in the
present work are not sufficiently soluble in water. In aqueous
dye molecules, the only report that establishes ET mechanismorganic MS (cf. section 2), however, the solubility of these dyes
is that of Kandori et ak® where the transient species have been are increased substantialfy~(5—10) x 1073 mol dm3},
characterized by subpicosecond transient absorption studies ommaking it possible to carry out the PR studies. For compounds
Nile blue-aniline system. For coumariamine systems, the  which are not soluble in water but have good solubility in polar
nonavailability of the literature report on the coumarin reduced organic solvents, the MS system with the cosolvent compositions
radical characteristics is one of the hurdle to establish ET mentioned in section 2 has been established to be the best
mechanism unambiguously. In the present work our endeavor substitute for the aqueous solvent to carry out the pulse radiolytic
was to investigate the reduced radical characteristics of a seriegeduction studiedl 40
of 7-aminocoumarin dyes, which have been used extensively |n MS, since the major component is water, the primary
in the ET studie$?~2" The chemical structures along with the  radicals (M, OH, e,") formed following electron pulse are
abbreviations for the coumarin dyes used in the present work more or less similar to those produced in aqueous soldtigh.

are shown in Figure 1. With 5 mol dn3 of 2PNL and 1 mol dm? of ACT present in
MS, these primary radicals are quantitatively converted to a
2. Materials and Methods common reducing radical, (G)#COH, via the following

Laser grade coumarin dyes were obtained from Lambda sequence of reactiod*! When coumarin dyes (C) are also

Physik, Kodak or Exciton and used as received. Organic o
Irradiation

solvents, namely, acetonitrile (ACN), 2-propanol (2PNL), and 1,0 S A~~> H', OH, e, 1
acetone (ACT), were of spectroscopic grade from Spectrochem .

India, and used without further purification. Nanopure water, H' + (CH32CHOH —— (CH,), COH + Hp @
having a conductivity of 0.1S cnT™, was obtained by passing  on. + (cHsycHOH —> (CH,), COH + H0 3)
distilled water through a Barnstead nanopure water system. ;

Aniline (AN) and triethylamine (TEA) were obtained from e, + (CH3)2C=0 —— (CH3),CO” 4
Spectrochem India and purified by distillation just before - . ]

use. Since the coumarin dyes are almost insoluble in water, a(cH3%2€0" + H20 ——> (CH,), COH + oH )

mixed solvent (MS) system containing 5 mol d#rof 2PNL
and 1 mol dm® of ACT in water was used in the present work ~present in the solution with a reasonable concentratioh*
as an alternative to the aqueous solvent. The pH of the solu-mol dm3), the dye molecules can undergo reduction by the
tions in MS was adjusted by using purest grade HCIO (CHs)COH radicals due to the following one-electron-transfer
and NaOH, obtained from E. Mark, India. For all the experi- reaction (eq 6).
ments, the solutions were deaerated by purging high purity .
nitrogen gas (lolar-2 grade from Indian Oxygen Ltd.) for about C + (CHy),COH— C"™ + (CH,),CO+ H" (6)
10 min.

Ground-state absorption spectra were recorded with a Shi- Though in reaction 6 the reduced coumarin radicals have been
madzu U\V~vis Spectrophotome[er' model UV-160A. The pH represented in their anionic form;C these radicals can also
of the solutions in MS was measured using an Orion-901-A be converted to the corresponding protonated form,’,CH
lonalizer, fitted with a combination electrode. Pulse radiolysis depending on the acid dissociation constanttpeq 7) of
(PR) experiments were carried out by irradiating the dye the latter radicals and the pH of the solution.
solutions in 1 cmx 1 cm quartz cuvettes with either 50 ns (for KR
solutions in MS and in 2PNL) or 500 ns (for solutions in ACN) CH LN cC +HF 7)
electron pulses frm a 7 MeV Linear Electron Accelerator
(LINAC, Ray Technology, England). The transients formed in ~ The transient absorption spectra for all the 7-aminocoumarin
the solution following the electron pulses were detected by dyes in neutral MS solutions were recorded following 50 ns, 7
kinetic spectrometric method using a 450 W pulsed xenon lamp MeV electron pulses, keeping the irradiation dose about 16 Gy.
as the monitoring light source. The radiation doses were The coumarin concentrations used in these experiments were
measured by using aerated potassium thiocyanate dosimetry (|about 2x 10~* mol dm3. For all the coumarin dyes, it was
x 1072 mol dn12 air saturated KSCN solution in water), observed that the transient absorption grows for a time scale of
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different pH conditions. Interestingly it was seen that for a wide
pH range of~1—-9, the transient spectra remained unchanged.
ool A NN It is thus indicated that the coumarin reduced radicals exist in

. / the same prototropic form in MS for the pH range ef4 Thus
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no prototropic equilibrium (eq 7) exists for these radicals in
the pH range of+1—9. To be mentioned here that the reduced
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molecules undergo hydrolysis at strongly alkaline conditions

Figure 2. Transient absorption spectra obtained in aqueauganic (reaction 8).

mixed solvent system (spectra 1) and in 2-propanol (spectra 3) following
pulse radiolysis of the 7-aminocoumarins. The radiation doses used

for these experiments were about 16 Gy. The ground-state absorptionRyN 0.0 -
spectra of the coumarin dyes in MS are shown by spectra 2. The kinetic \@j OH
traces showing the formation of the transients are shown in the insets = >
of the figure, measured at the longer wavelength absorption peak of CF3
the respective transients.

RN OH
about 80us and the shape of the time-resolved transient o ®)
absorption spectra remains unchanged for the whole time-scale Z
of ~0—80 us. Figure 2 shows the transient absorption spectra CF3 O
for different coumarin dyes obtained &80 us delay (spectra

1) following the electron pulses. Typical kinetic traces showing  sjnce there is no prototropic equilibrium (eq 7) existing for
the transient formation for different coumarin dyes are shown the reduced coumarin radicals in the pH range-e91and also
in the insets of Figure 2. since the reduced radicals characteristics could not be investi-
It is seen from Figure 2 that the transient absorption spectra gated in much stronger alkaline solutions, it was not possible
for all the coumarin dyes have the following common features. to unambiguously ascertain the prototropic form of the reduced
There is a strong absorption band in the longer wavelength coumarin radicals formed in MS. However, considering the
region of ~500-700 nm. The peak position for this band possible chemical structures of €&hd C~ radicals (cf. Chart
gradually shifts toward longer wavelengths as the 7-amino group 1), it is evident that the coumarin reduced radicals should
of the dyes becomes bulkier with alkyl- or cycloalkyl substit- resemble closely with the typical ketyl radicfs® For
uents. For all the coumarin dyes, there is a strong negative comparison, the chemical structures of the two prototropic forms
absorption band in the 38500 nm regiorr-the spectral region  of the acetophenone (ACP) ketyl radicals (ACRid ACP~
where the parent coumarin dyes investigated have strong groundrespectively) are also shown in Chart 1. It is thus expected that
state absorption. For comparison the ground-state absorptionthe acid-base characteristics of the reduced coumarin radicals
spectra of the coumarin dyes in MS are also shown by spectrawill be quite similar to those of the other ketyl radicals. Since
2 in Figure 2. We thus infer that the negative absorption band for most of the ketyl radicals, the<gR values are in the range
in the 380-500 nm region arises due to the depletion of the of 12—-13-47 we expect that thekaR values of the reduced
parent dye molecules following their reduction by (§4€OH coumarin radicals could also be in the similar range. Thus, the
redicals. In the transient spectra, there is also a strong absorptionreduced coumarin radicals formed in MS in the pH range of
band at the shorter wavelength region~e820—-380 nm. The ~1-9 are supposed to be in their Cfrm.
peak position of this band is also seen to shift gradually toward 3.2, Pulse Radiolysis Studies in 2-Propanol (2PNL)To
longer wavelengths as the bulkier substituents are introducedsupplement the results obtained in MS, we also carried out the
at the 7-amino group of the dyes. PR experiments in 2PNL solutions. On irradiation of deaerated
From the kinetic traces and the time-resolved transient 2PNL by high energy electron pulses, the acetone ketyl radicals,
absorption spectra obtained in MS it is indicated that for all the (CHs),COH, are formed as the unique reducing radicals in the
coumarin dyes only a single transient species is formed. solution334° via the following sequence of reactions, where
Considering reactions 6 and 7, the transient species thus formed (CH3z),CHOH} ** represents the higher excited states of the
can exist as either of the two prototropic forms, namely, the solvent molecules. When coumarin dyes are also present in the
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(CH3)2CHOH % {(CH3)2CHOH" + ¢}, {(CH3)CHOHY"  (9)
{(CH3)CHOH' + ¢} —<R % ((CH3);,CHOH}" (10)
{(CH3)CHOH}” ——> H' + (CH,),COH (11)
H' + (CH3)yCHOH ——> (CH,),COH + Hp @)

solution with a reasonable concentration, the reduced radicals
of these dyes are expected to be formed by reaction 6, exactly

in the similar manner as in MS. However, unlike in MS, it is
expected that in 2PNL the prototropic form of these radicals
should be the CH as the ionic species Hand C~ will be
quite unstable in comparison to the neutral radical @Han
organic solvent like 2PNL. In fact, in pulse radiolytic reduction
studies of many organic molecules in 2PNL, it has been

Nad and Pal

in the absence of TEA. It is thus indicated that the @&dicals

are much stronger proton acceptors than TEA. Since ke p
value of TEA is 3.19'¢ present results indicate that th& 3
values of the CHradicals must be higher thanll. Such a
high pKR value for the CHradicals is also expected considering
the similarities in the structures of the present radicals with those
of the typical ketyl radicals (cf. section 3.1).

It is evident from the results in 2PNL and MS that the *CH
form of the coumarin reduced radicals are invariably formed in
both the solvents following the electron pulse irradiation. Since
the KR values of the Ckradicals are very highx 11), the
initially formed C~ radicals quickly undergo protonation in both
2PNL and MS. Thus the C form of the radicals could not be
stabilized and consequently the characteristics of these radicals
could not be investigated in either 2PNL or MS solutions. To

observed that the radicals species are preferentially formed inovercome the protonation problem of the' €dicals, we carried

the neutral form, even when th&g® values of these species
are substantially low @R < 2)3%40 Thus, in 2PNL the
reduction of the coumarin dyes by (@HCOH radicals is
supposed to occur as reaction 12.

C+ (CHy),COH — CH" + (CH,),CO (12)

The transient absorption spectra obtained in the PR of the
coumarin dyes in 2PNL are also shown by spectra 3 in Figure

2 along with those obtained in MS (spectra 1). From a

comparison of the transient absorption spectra in 2PNL and MS,

it is evident that in both the solvents the coumarin reduced
radicals are formed in the same prototropic form. Since in 2PNL

the reduced radicals are expected to be formed in the neutral

form, CH,3340we infer that in MS also the radicals are formed
in the same CHform for the whole pH range of1—9.

It is indicated from the PR results in 2PNL and MS that the
C*~ form of the coumarin reduced radicals are very prone toward

out the PR experiments of the coumarin dyes in acetonitrile
(ACN) solutions, using a judicially designed experimental
condition. Results of these experiments are discussed latter in
section 3.5.

3.3. True Absorption Spectra of the CH Radicals in MS
and in 2PNL. It is seen from Figure 2 that in the observed
transient spectra there is a large negative absorption in the 380
500 nm region due to the depletion of the parent dye molecules.
Thus to obtain the true absorption spectra of the €idicals,
it is essential to correct these observed spectra for the depleted
dye concentrations. This was done using the following
equations3-40

AOD@)G{(SCN), }¢{ (SCN), }

r(l) = ep(4) + AOD{(SCN) 1 G(R) (15)

whereer(4) andep(1) are the molar extinction coefficients of

protonation (cf. reaction 7). Since the shape of time-resolved the CH radicals and the ground state of the coumarin dyes,
transient absorption spectra remained unchanged for the wholg'€spectively, at wavelengh AOD(4) is the observed transient

time-scale of formation~40—80 us) of these transients, it is
indicated that the protonation of C(cf. reaction 7) occurs much
faster compared to the ET step (reaction 6) in both MS and

0.D. at the same wavelengtB(R) is the G value of the CH
radical formationG{(SCN)""} is theG value for the (SCNy~
radical formation in the dosimeter solutia{(SCN)*~} is the

2PNL solutions. Present results also indicate that the protonationmolar extinction coefficients of the (SCH) radical at 500 nm,

of C~ is faster than the ET step even in alkaline MS solution
with pH ~9. Since water is a major component in MS, we
expect that in alkaline solutions the protonation of Gccurs
mainly via the abstraction of a proton from a nearby water
molecule rather than by a direct reaction of kbn with the
C*~ radical. Thus in alkaline MS solution the reduction of the
coumarin dyes by (CkJ,COH radicals is predicted to occur by
the following sequence of reactions.

C+ (CHZ),COH + OH™ — C*™ + (CH,),CO+ H,0 (13)
C” +H,0—CH + OH" (14)

We note that a similar protonation of the reduced radical anion
in alkaline MS solution was also observed earlier by us in the

pulse radiolytic reduction studies of a phenazine based dye,

neutral red?
To further supplement the results obtained in 2PNL and MS,

and AOD{(SCN)*"} is the observed maximum O.D. in the
dosimeter solution for the (SCMJ radicals immediately after
the electron pulse. In using eq 15, th¢(SCN)*~} value was
taken to be 2.9 and{(SCN)""} value was taken to be 7%

10% dm?® mol~! cm1.2° The G(R) values for the MS and 2PNL
media were taken to be 6.2 and 5.1, respectivelj4° The

true absorption spectra of the Ctddicals thus obtained in MS
and 2PNL solutions for different coumarin dyes are shown in
Figure 3. It is seen from this figure that the Ctadicals are
having two strong absorption bands, one in the shorter wave-
length region of about 366400 nm and the other in the longer
wavelength region of about 5620 nm. The absorption
maxima ¢,.e) and the corresponding molar extinction coef-
ficients (o) of the CH radicals are listed in Table 1. It is
seen thaf o values of the Ckradicals gradually shift toward
longer wavelengths as the 7-amino group of the dyes becomes
bulkier. Further, the absorption maxima of the Gkdicals are
also seen to undergo a small red shift in MS in comparison to

we also carried out the PR experiments of the coumarin dyesthose in 2PNL solution, probably due to the higher solvent

in 2PNL solutions in the presence sfl mol dn13 of a strong
proton acceptor, namely, triethylamine (TEA). The transient

polarity in MS than in 2PNL.
3.4. Formation and Decay Kinetics of the CH Radicals

absorption spectra obtained in these studies (not shown in thein MS and 2PNL. The formation rates of the CHadicals in

figure) were very similar to those obtained in 2PNL solutions

both 2PNL and MS were estimated from the kinetic traces
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avelengh/nm avelength /nm (ko9 Of the CH radicals versus the concentration of the coumarin dyes
Figure 3. True absorption spectra of the Ctadicals of the coumarin in agueous-organic mixed solvent®) and in 2-propanol®) solutions.
dyes in aqueousorganic mixed solventd) and in 2-propanol @) Within experimental error the plots are linear.
solutions, as obtained after correction of the observed transient spectra
using eq 15. TABLE 2: Reduction Potentials of the Coumarin Dyes
(Eres) @and the Bimolecular Formation Constants k:) of the
TABLE 1: Absorption Characteristics of the Protonated CH* Radicals in 2-Propanol (2PNL) and Aqueous-Organic
Form of the Coumarin Reduced Radicals (CH) in Mixed Solvent (MS) Systems
2-Propanol (2PNL) and Agueous-Organic Mixed Solvent o1
(MS) Systems kf/log dm®*mol~ts )
1 a
A 0m <M Pmol-tcmrt compound/species EredV 2PNL MS
. . C151 —1.364 1.31 3.64
radicals species 2PNL MS 2PNL MS C500 ~1.370 104 3.3
C151H 325 325 11 300 12 050 C152 —1.370 1.49 3.68
510 510 4 800 4 800 C481 —1.380 1.43 3.33
C500H 340 340 14 050 14 500 C522 —1.389 1.28 2.41
525 530 7 300 7 400 C153 —1.408 1.01 1.96
C152H 310 345 12 700 13600 2The Eeq values are against Ag/AgCl/Qlsaturated) electrode
535 545 7900 7900 (reference potential 0.197 V vs SHEJn MS system
C481H 350 355 14 200 13 700 P : ystem.
540 550 9250 9250 , )
C522H 360 355 13 150 14 300 solution phasé? Further, thek; values in 2PNL are always about
555 565 7 400 7 400 2—3 times lower than those in MS.
C153h 360 365 12550 12750 Since the reduction of the coumarin dyes by @3BOH
565 580 9 200 9 200

radical is effectively an ET process, it is interesting to see if
obtained mainly at the longer wavelength transient absorption the ki values correlate with the reduction potentiaised of
bands (506-620 nm), to avoid the complications arising due (e coumarin dyes. ThErq values of the coumarin dyes in
to the ground-state absorption of the coumarin dyes bel6@0 MS were estimated in the present work using cyclic voltam-
nm. It is seen that in both 2PNL and MS the formation of the Metric technique and are listed in Table 2. Figure 5A,B show
CH- radicals follows a pseudo first-order kinetics. The observed the Ink) Vs Ereq plots for different coumarin dyes in MS and
first order formation rate constantkofy are found to be the 2PNL solutions, respectively. Though the experimental points

linear function of the coumarin concentrations used. are largely fluctuating, yet it is indicated from Figure 5 that
apparently increases linearly with an increase Vit values.
kops = K[C] + constant (16) The reason for the large fluctuations in thers E.eq plots shown

in Figure 5 are not very clear to us. Tentatively, we feel that
The bimolecular formation constants)(for the CH radicals the ET process from (CHCOH radicals to different coumarin
in both the solvents were thus obtained from the slopes of the dyes are somewhat dependent on the nature of the substituents
kobs Vs [C] plots shown in Figure 4. Thie values thus obtained  in the latter. An experimental error of about 10% is also included
for different CH radicals in MS and 2PNL are listed in Table in these results as are usually seen in the measurements using
2. Itis seen from Table 2 that the Ckhadicals of the dyes are  the present PR set up. The apparent linear trend irkivs
formed with rates much lower than the typical diffusion Eqplots shown in Figure 5 is expected to be quite normal for
controlled ratesky ~ 1 x 10 dm® mol~! s™1) observed in outer sphere ET reactions as are the present cases supposed to
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Figure 5. Variation of the bimolecular formation constarkf)(of the
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The Inf) vs Ereq plots are apparently linear though the experimental Wavelength Wavelength
data points are quite largely fluctuating, probably due to the substituent Figure 6. Transient absorption spectra 1 obtained in acetonitrile (ACN)
effects of the coumarin dyes on the reaction kinetics. solutions containing 1.0 mol dr# of aniline (AN) and 2x 10-3 mol

dm™2 of the coumarin dyes at a delay of Q.8 following electron pulse.
be, because the range Bf.q covered for the coumarin dyes The radiation doses used were about 45 Gy. Spectum 2 corresponds to
studied is not that large and thevalues are much lower than  that of AN radical in ACN, obtained in solution containing only 1.0
the diffusion controlled rate. mol dnt 3 of AN. Spectra 3 represent those obtained by subtracting
For all the coumarin dyes, their Ciradicals are seen to be spectrum 2 from spectra 1. Spectra 4 correspond to those obtained in

. . . ACN solutions containing 1.0 mol drf of triethylamine (TEA) and 2
very long-lived in both 2PNL and MS solutions. In fact, no x 1072 mol dn13 of thegcoumarin dyes. Theyspectra(obta)ined after

decay for the transients could be observed in 2PNL and in gypracting spectra 4 from spectra 3 are shown by spectra 5. For clarity,
neutral and alkaline MS, for a time scale of about 5 ms. In acidic spectra 5 for C151 and C500 are shown in this figure after magnification

MS (pH ~1), however, the CHradical absorption showed a by 4 and 3 times, respectively.
very slow decay in the time scale of about 5 ms. These decay
were, however, so slow that we could not analyze the kinetic the radicals in the solution.
traces with confidence to extract out the actual decay rate

constants. (ACN--.e )+ AN —ACN+AN""+e  (19)
3.5. Pulse Radiolysis Studies of the Coumarin Dyes in _ -
Acetonitrile Solution. PR of the coumarin dyes in acetonitrile Cte —C (20)

(ACN) solutions were carried out by judicially designing the
experimental conditions to produce the @rm of the coumarin
reduced radicals in the solution. As deaerated liquid ACN is
irradiated with high-energy electron pulses, the solvent mol-
ecules initially undergo ionization, producing the solvent ion-
pairs (ACN---e7) in the solutior®? If no solute is present in

Figure 6 shows the transient absorption spectra obtained in
ACN solution containing 1.0 mol dn¥ of AN and 2 x 1073
mol dn2 of the coumarin dyes, at about («8 delay following
the electron pulse (spectra 1), a time delay where the transients
show the maximum absorption. Since these observed spectra
are the summation of the absorption spectra of bath ahd
AN** radicals, we had to subtract the absorption spectrum of

ACN m (ACN*-¢") (17) the latter from the observed spectra 1 in Figure 6 to obtain the
spectra due to the °C radicals. In the present work the

the solution with a reasonable concentratiard @2 mol dn3), absorption spectrum of AN radical was obtained at 08s

these ion pairs undergo very fast charge recombination (CR) delay after the electron pulse to a solution containing only 1.0

reaction, producing back the solvent molectifes. mol dnm3 of AN in ACN, as shown by spectrum 2 in Figure 6.
The absorption spectra due to the” Gadicals obtained by

(ACN™---€") LR ACN (18) subtracting spectrum 2 from spectra 1 and are shown by spectra

3 in Figure 6.

In the present experiments, we used about 1.0 mofdmiline From spectra 3 in Figure 6 it is seen that the absorption

(AN) as the additive to scavenge the ACNons from the characteristics of the °C radicals in ACN solution are com-
ion pairs (ACN --- e7), and thus made available appreci- pletely different than those of the Ckadicals observed in 2PNL
able amount of e to reduce the coumarin dyes, the latter and in MS solutions. For all the coumarin dyes except C151
being kept in the millimolar concentrations. Under this ex- and C500, the spectra obtained in ACN are quite broad,
perimental condition, following sequence of reactions take spreading for the wavelength range~0500-800 nm. For the
place following the electron pulse to produce thte €@rm of wavelength range below450 nm, we could not obtain the
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transient absorption spectra due to strong ground-state absorptiomeaction with TEA™ (reaction 22) resulting in the formation of

of the coumarin dyes with a concentration-e2 x 10~2 mol the CH radicals in the solution. Typical transient absorption
dm=3, It is seen from spectra 3 in Figure 6 that the transient

spectra for all the coumarin dyes (except C151 and C500) HaN 0y 0"

apparently show two absorption peaks, one around-5635 P2 + (C2H5)3i~}L —

nm region and the other around 70040 nm region. The shape
of these spectra thus obtained in ACN solutions are very similar

to the transient absorption spectra obtained in our earlier HN 0O~_-OH CHg
picosecond laser flash photolysis (LPF) experiments in relation O;)/ [

to the ET studies in coumarin-amine systems in ACN + NTCHCHs

CF3

solutions?>~27 Such a similarity in the transient absorption CF3 CyHg

spectra obtained in the PR and LFP studies clearly indicate that 2)

the transients formed in ACN solutions following PR are the

C~ forms of the reduced coumarin radicals. spectra obtained for C151 and C500 in ACN solution in the

Itis very interesting to note from Figure 6 that in the case of presence of 1 mol dn# of TEA are shown as spectra 4 in Figure
C151 and C500, the transient spectra 3 obtained in ACN solution 6 after normalization at the 5630 nm peaks for a comparison
are substantially different in shape than those obtained for thewith the spectra obtained in ACN in the presence of AN. It is
other coumarin dyes. Comparing spectra 3 in Figure 6 for C151 evident that the spectra obtained using TEA have only the-450
and C500 with the absorption spectra of the*Gedicals in 550 nm absorption band but the 66800 nm bands corre-
2PNL and MS shown in Figures 2 and 3, it is indicated that sponding to the € radicals are absent. Thus we infer that the
some CH radicals might have also been formed for C151 and strong transient absorption band in the 4500 nm region
C500 in ACN solution, along with their anion radicals, Cin obtained for C151 and C500 in ACN solution with AN as the
fact, the decay kinetics for the transients recorded at the shortersolvent cation scavenger is due to the formation of some CH
wavelength absorption band (46850 nm) in ACN solutions radicals. The transient absorption band in the-6800 nm
are seen to be substantially different than those observed at theegion in ACN solution with AN as the additive is, however,
longer wavelength absorption band (66800 nm). We thus due to the € form of the coumarin reduced radicals, as are
infer that the 466550 nm and the 606800 nm transient formed for all other coumarin dyes. To be mentioned here that
absorption bands observed in ACN for C151 and C500 with TEA as the additive, the transient absorption spectra
correspond to two different species. Structurally, C151 and C500 obtained in ACN solution for the other coumarin dyes were
differ from rest of the coumarin dyes with respect to the presence also very similar to the CHradical absorption spectra obtained
of the NH hydrogen. Since the coumarin dyes in polar solvents in 2PNL solutions. o
(e.g. ACN) exist in their intramolecular charge transfer (ICT) _ 3.6. True Absorption Spectra of the C™ Radicals in ACN
structure3152 a partial positive charge is developed at the Solutions. The true absorption spectra of the"Gadicals in
7-amino group of these dyes, making the NH hydrogen ACN solutions were obtained by correcting the spectra 3 in
somewhat acidic. Since the Qradicals are having strong proton ~ Figure 6 using the following relation.
affinity (cf. sections 3.1 and 3.2), it is quite possible that a

fraction of the C radicals formed by reaction 20 undergoes a er() = (1) + M (23)
proton-transfer reaction with the parent dye molecules (reaction [C]
21), resulting in the formation of some Chadicals in the o o
solution. whereegr(4) andep(1) are the molar extinction coefficients of
the C~ radicals and the ground state of the coumarin dyes,
u respectively, at wavelength AOD(1) is the observed O.D. in
HoN 0O +5! 5 the transient spectra at the same wavelength and |€ the
@/ 4 BTN 00— concentration of the C radicals formed in the solution. The
o [C*~] values for all the coumarin dyes excluding C151 and C500
ks CF3 were estimated by assuming that the @adicals are formed

A with the concentration as that of the ANradical. Using the
HZM@C))/OH o 0.0 observed O.D. for AN radical at 450 nm and the reported
=

< value for this species & 4000 dnt mol~* cm~ at 450 nm}'>46
CF3 CF3 we estimated the concentration of ANand consequently that
@) of the C~ radicals formed in ACN solution. Thus tlg values

for the C~ radicals for the spectral range of about 4800
nm were obtained by correcting the spectra 3 in Figure 6 using
To ascertain the above results, we also carried out the PRrelation 23. The corrected absorption spectra for ther&licals
experiments of the coumarin dyes in ACN solutions in the of all the coumarin dyes excluding C151 and C500 thus obtained
presence of 1 mol dn¥ of TEA as the solvent cation scavenger. are shown in Figure 7. The absorption maximgy) and the
The transient absorption spectra obtained in these experimentsgorresponding values €y for the C~ radicals are listed in

are seen to be very similar to the Ciddicals obtained in 2PNL  Table 3. It is seen from this table that the Gadicals absorb

solution and there is no absorption band in the-6800 nm at much longer wavelengths than the Ciddicals and the
region corresponding to the*Cform of the radicals. These  absorptions due to*C radicals are relatively weaker compared
results are along with our expectations as the TE#dical to those of the CHradicals. At this point it is interesting to

cations formed by a reaction similar to 19 are strong proton compare the true absorption spectra of the 7-aminocoumarin
donors®®-%6 Thus the € radicals initially formed by reaction  dyes shown in Figure 7 with the absorption spectrum of the
20 in ACN solution will quickly undergo a fast proton-transfer anion radical of unsubstituted coumarin dye (1,2-benzopyrone)
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spectra 4 in Figure 6 for C151 and C500 was first subtracted

= st g 4] Cs00 from spectra 3 in the same figure to obtain the absorption spectra
~;3-0 30 only due to the € radicals of the two dyes. The spectra for
S0 «.»: 20 the C~ radicals of C151 and C500 thus obtained are shown by
g = spectra 5 in Figure 6. Since the concentration of ther@dicals
gLo =10 corresponding to these spectra are not known, we tentatively
So0 ® 00 used anepe value of 4000 driimol~ cm™? for the 615 nm

500 600 700 800 500 600 700 800

Wavelength / nm Wavelength / nm absorption peak for both C151and C500 radicals, an average

€are vValue obtained for the other*Cradicals for the corre-

sponding absorption peak (cf. Table 3). Thus the concentrations

for [C151~] and [C5007] corresponding to spectra 5 in Figure

6 were estimated from the O. D. values at 615 nm peak for the

two radicals. Using these*Cconcentrations, the spectra 5 in

Figure 6 were corrected following eq 23 to obtain the true

3 absorption spectra for the CI5land C500 radicals and are

s e o000 e o0 800 shown in Figure 7. It is seen from Figure 7 that thte @dicals
Wavelength / nm Wavelength / nm for all the coumarin dyes have very similar absorption charac-

teristics, showing two broad absorption bands in the-5810

nm region. The extinction coefficients for these absorption bands

for the C~ radicals are seen to be much weaker compared to

those of the CHradicals obtained in 2PNL and MS solutions.
In ACN solution, the € form of the reduced coumarin

radicals are seen to undergo a slow second-order decay with

) rate constants & in the order of~(1-2) x 10’ dm® mol~!

TR ST a—T 00 600 700 800 s 1. The details of the decay mechanism, however, could not
Wavelength / nm Wavelength / nm be investigated in the present work.

Figure 7. True absorption spectra of the Gadicals of the coumarin

dyes in acetonitrile solutions, as obtained after correction of the observed4. Conclusion

transient spectra using eq 23.
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The reduced radical characteristics of a series of 7-aminocou-
TABLE 3: AbS_OI’ptiOﬂ Charact(_aristics of the Anion_ic_Form marin dyes have been investigated in aquem[ganic mixed
of the Coumarin Reduced Radicals (C) in Acetonitrile solvent (MS), 2-propanol (2PNL) and acetonitrile (ACN) solu-
(ACN) Solutions . . . ; . . .
tions using pulse radiolysis (PR) technique. It is seen that in

radical species AgpelNM €ane/dmPmolem MS, the neutral form of the reduced radicals (e formed
C15% 615, 690 4000, 3940 for a wide pH range of-1—9 following the electron pulse. Since
C500 615, 730 4000, 3840 the coumarin dyes undergo hydrolysis at strongly alkaline solu-
C152~ 610, 740 4060, 3350 tions (pH> 10), it was not possible to estimate thé€p values
C481~ 615, 730 4260, 3810 ; ;
i of the CH radicals. In 2PNL also, the reduced radicals of the
C522 585, 700 3960, 3840 . . .
C153- 590. 700 4220 4050 coumarin dyes are seen to form in the Gétm. Using a strong
’ . ’ . proton acceptor like triethylamine (TEAKp = 3.19) in 2PNL
at low-temperature MTHF matrix as reported by SHi#élé.is solution also cannot resist the protonation of the initially formed

seen that the spectrum for the coumarin anion radical reportedC- radicals, indicating that theiaR values of the CHradicals
by Shida has a broad absorption band in the-58@0 nm are higher than about 11. Thus the Gorm of the reduced
region, with a peak at around 648 nm. Apparently this reported coumarin radicals appears to be very affinic toward proton in
spectrum of the coumarin anion radical at low temperature is poth 2PNL and MS solutions. TheCform of the radicals of
qualitatively very similar to the ones obtained for the anion the coumarin dyes could, however, be produced unambiguously
radicals of the 7-aminocoumarin dyes in the present work, in acetonitrile solutions, by carrying out PR experiments in the
having broad absorption bands in the 5BD0 nm region.  presence of-1 mol dnt3 of aniline (AN) as the solvent cation
Further, the molar extinction coefficient for the coumarin anion scavenger. The absorption spectra of the @dicals are seen
absorption as reported by Shida is seen to be very low with to be very broad and weak in comparison to those of the CH
eare only in the range of about 3000 dmol~* cm™t. We also radicals. It is seen that in 2PNL and MS, the Gbim of the
note that thec, . values for the anion radicals of the present radicals are very stable and show almost no decay for about 5
7-aminocoumarin dyes are found to be very low, in the range ms. In ACN solution, however, the*Cform of the radicals
of only about 4000 dfhmol~! cm™. From a comparison of  undergo a slow second-order decay, with rate constant in the
the present results with the reported results of Shida on theorder of~(1—2) x 107 dm?® mol~* s™1. Since the coumarin dyes
coumarin anion radical spectrum, it is evident that the transient are good electron acceptors for many intermolecular ET studies,
intermediates formed in the PR of the 7-aminocoumarin dyes present results will be very useful in characterizing the transient
in ACN solution must be the C radicals of the dyes. Itis also  species formed following ET reactions and consequently in
indicated from the present results that the @orm of the elucidating the ET mechanism in systems whereby the coumarin
coumarin radicals absorb much weaker in comparison to their dyes are used as the electron acceptors.
protonated form CH

For C151 and C500 dyes, since bottr @nd CH forms of Acknowledgment. The authors are thankful to Dr. R. I.
the radicals are formed simultaneously in ACN solution, it was Sundaresan and Mr. A. K. Satpati of Analytical Chemistry
not straightforward to obtain the true absorption spectra for their Division, BARC, for their kind help in the cyclic voltammetric
C*~ radicals. Thus for these two dyes, the normalized transient measurements.



Radical Characteristics of 7-Aminocoumarin Dyes

References and Notes

(1) Drexhage, K. H. infopics in Applied Physic®ye Lasers; Schafer,
F. P.; Ed.; Springer-Verlag: Berlin, 1973; Vol. 1, p 161.

(2) Fletcher, A. N.; Bliss, D. EAppl. Phys 1978 16, 289.

(3) Atkins, R. L.; Bliss, D. EJ. Org. Chem1978 43, 1975.

(4) Schimitschek, E. J.; Trias, J. A.; Hammond, P. R.; Henry, R. A;;

Atkins, R. L. Opt. Commun1976 16, 313.
(5) Halstead, J. A.; Reeves, R. Rpt. Commun1978 27, 273.
(6) Reynolds, G. A.; Drexhage, K. HDpt. Commun1975 13, 222.
(7) Fletcher, A. N.Appl. Phys 1977, 14, 295.
(8) Jones, G., II; Jackson, W. R.; KonaktanapornOgt. Commun
198Q 33, 315.
(9) Jones, G., Il; Jackson, W. R.; Halpern, A. @hem. Phys. Lett
198Q 72, 391.
(210) Maroncelli, M.; Fleming, G. RJ. Chem. Physl1987, 86, 6221.
(11) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, 84.
Phys. Chem1995 99, 17311.
(12) Tominaga, K.; Walker, G. Q. Photochem. Photobiol. A: Chem
1995 87, 127.
(13) Maroncelli, M.J. Mol. Lig. 1993 57, 1.
(14) Gardecki, J. A.; Maroncelli, MJ. Phys. Chem1999 103 1187.
(15) Chapman, C. F.; Maroncelli, M. Phys. Chem1991, 95, 9095.
(16) Kahlow, M. A.; Jarzeba, W.; Jong Kang T.; Barbara, Rl.EEhem.
Phys 1989 90, 151.

J. Phys. Chem. A, Vol. 106, No. 29, 2002331

(31) Mukherjee, T.; Swallow, A. J.; Guyan, P. M.; Bruce, J.MChem.
Soc., Faraday Transl99Q 86, 1483.

(32) Patel, K. B.; Willson, R. LJ. Chem. Soc., Faraday Trans1973
69, 814.

(33) Pal, H.; Palit, D. K.; Mukherjee, T.; Mittal, J. B. Chem. Soc.,
Faraday Trans 1991, 87, 1109.

(34) Pal, H.; Palit, D. K.; Mukherjee, T.; Mittal, J. Radiat. Phys. Chem.
1992 40, 529.

(35) Pal, H.; Mukherjee, TJ. Indian Chem. Sod 993 70, 409.

(36) Pal, H.; Mukherjee, T.; Mittal, J. Radiat. Phys. Chenl994 44,
603.

(37) Pal, H.; Mukherjee, T.; Mittal, J. B. Chem. Soc., Faraday Trans
1994 90, 711.

(38) Rath, M. C.; Pal, H.; Mukherjee, 3. Chem. Soc., Faraday Trans
1996 92, 1891.

(39) Rath, M. C.; Pal, H.; Mukherjee, Radiat. Phys. Chenl996 47,
221.

(40) Singh, M. K.; Pal, H.; Sapre, A. WRhotochem. PhotobioR00Q
71, 44.

(41) Wardman, PJ. Phys. Chem. Ref. Datt989 18, 1637.

(42) Adams, G. E.; Michael, B. D.; Willson, R. lAdv. Chem. Ser.
1968 81, 289.

(43) Land, E. JProc. R. Soc. A1968 305, 457.

(44) In the present work thekaR values for the acetophenone (ACP)

and benzophenone (BP) ketyl radicals in MS have been estimated to be
12.4 and 12.2 respectively using PR studies. For these measurements, the
pH dependent changes in the transient absorption (O.D.) was monitored at

(17) Castner, E. W., Jr.; Kennedy, D.; Cave, RJJPhys. Chem. A
2000 104, 2869.

(18) Wang, C.; Akhremitchev, B.; Walker, G. @.Phys. Chem. A997,
101, 294

(19) Nagasawa, Y.; Yartsev, A. P.; Tominaga, K.; Bisht, P. B.; Johnson,

A. E.; Yoshihara, KJ. Phys. Chem1995 99, 653.

(20) Pal, H.; Nagasawa, Y.; Tominaga, K.; Yoshihara)JKPhys. Chem.
1996 100, 11964.

(21) Pal, H.; Shirota, H.; Tominaga, K.; Yoshihara, K.Chem. Phys.
1999 110, 11454.

(22) Shirota, H.; Pal, H.; Tominaga, K.; Yoshihara, X.Phys. Chem.
A. 1998 102 3089.

(23) Shirota, H.; Pal, H.; Tominaga, K.; Yoshihara, iChem. Phys.
1998 236, 355.

(24) Yoshihara, K.; Pal, H.; Shirota, H.; Nagasawa, Y.; Tominaga, K.

In Ultrafast Phenomena->Barbara, P. F., Fugimoto, J. G., Knox, W. H.,
Zinth, W., Eds.; Spinger-Verlag: Berlin, 1996; p 227.

(25) Nad, S.; Pal, HJ. Phys. ChemA. 200Q 104, 673.

(26) Nad, S.; Pal, HJ. Photochem. Photobiol. A: Che200Q 134, 9.

(27) Nad, S.; Pal, HJ. Chem. Phys2002 116, 1658.

(28) Kandori, H.; Kemnitz, K.; Yoshihara, K. Phys. Chenil992 96,
8042.

(29) Adams, G. E.; Boag, J. W.; Currant, J.; Michael, B. DPlulse
Radiolysis;Ebert, M., Keene, J. P., Swallow, A, Baxndale, J. H., Eds.;
Academic Press: New York, 1965; p 117.

(30) Skoog, D. A.; West, D. MPrinciples of Instrumental Analysis
2nd ed.; Saunders College: Philadelphia, PA, 1980.

suitable wavelengths (555 nm for ACP and 630 for BB9and the K}
values were estimated form the inflection point of the O. D. vs pH plots
using Handerson relatigh.

(45) Habersbergerova, A.; Janovsky, I.; Kourim,Radiat. Res. Re
1972 4, 123.

(46) Shida, TElectronic Absorption Spectra of Radical lgrEsevier:
Amsterdam, 1988 (in Physical Science Data).

(47) Atkins, P. W.Physical Chemistry5th ed.; Oxford University
Press: Oxford, U.K., 1994.

(48) Lide, D. R., EdA.CRC Handbook of Chemistry and Physig8th
ed.; CRC Press: Boca Raton, FL, 1998.

(49) Birks, J. B.Photophysics of Aromatic MoleculegViley-Inter-
science: New York, 1970.

(50) Spinks, J. W. T.; Woods, R. An Introduction to Radiation
Chemistry Wiley-Interscience: New York, 1976.

(51) Nad, S.; Pal, HJ. Phys. Chem. 4001, 105, 1097.

(52) Rechthaler, K.; Kohler, GChem. Phys1994 189, 99.

(53) Guttenplan, J. B.; Cohen, S. &.Am. Chem. S0d972 94, 4040.

(54) Arimitsu, S.; Masuhara, H.; Mataga, N.; Tsubomura JHPhys.
Chem.1975 79, 1255.

(55) Ghosh, H. N.; Pal, H.; Sapre, A. V.; Mittal, J. . Am. Chem.
Soc.1993 115 11722.

(56) Das, S.; Suresh, V. Iklectron Transfer in ChemistryBalzani,
V., Ed.; Wiley-VCH: Weinheim, Germany, 2001; Vol. 2, p 377.



