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Phenothiazine and 10-methylphenothiazine have been found to form weak complexes with the chloroalkanes,
such as CGland CHC}4, both in the ground and excited singlet states as investigated by spectrophotometric
and fluorimetric techniques. Steady-state and time-resolved fluorescence quenching experiments indicate
that the strength of interaction of the excited single) &ate of the phenothiazines with the chloroalkanes
increases as the reduction potentials of the latter become less negative or the oxidation potentials of the
phenothiazines become less positive. These results indicate that the electron-transfer or charge-transfer type
of interaction is operative in these systems. In less polar solvents, such as cyclohexane and ethyl acetate,
weak exciplex formation between the Sate of the phenothiazines and the chloroalkanes has been observed,
whereas in a more polar solvent, such as acetonitrile, direct electron transfer takes place frostate &

the phenothiazines to the chloroalkanes, leading to dissociation oftXeGnd of chloroalkanes. Picosecond

flash photolysis studies carried out on these systems showed the presence of the cation radical of the
phenothiazines and support the photoinduced charge separation and other processes proposed.

1. Introduction study we have investigated in detail the interactions of both
o ) o ) the ground and excited singlet;jStates of PTH and MPTH

Phenothiazine (PTH) and its derivatives are an important classyith chioroalkanes using spectrophotometric and steady-state

of molecules having a variety of applicatiohs. Use of and time-resolved fluorimetric techniques. Since both PTH and

phenothiazines and related compounds as dyes, antioxidantSypTH are strong electron donors due to their low oxidation

and pharmaceuticals is well-known. The physiological activity potentials E;/, = +0.59 V for PTH and+0.73 V for MPTH in

of the phenothiazines and related compounds is mainly relatedacetonitrile vs SCE) and since the chloroalkanes are known

to their neuroleptic properti¢s.Phenothiazine derivatives are g pe good electron acceptors, a charge-transfer (CT) and/or

often used as tranquilizers. Drugs containing the phenothiazineelectron-transfer (ET) type of interaction between the phenothi-

moiety, however, frequently give severe side effects, which are azines and the chloroalkanes seems to be operative in the present

often attributed to their redox reactions. Studies on the chemical Systemsl Picosecond transient absorption studies have also been

oxidation of phenothiaZineS have |Ong attracted much attehtion. carried out to confirm the poss|b|||ty of photoinduced Charge

Formation and reactions of the different oxidative intermediates, separation (CS) and electron-transfer (ET) reaction.

namely, the cation radical (PTH and the neutral (PYradicals

of the phenoth[azines, have been. invgstigated for the pfast.threez_ Experimental Section

decade$. Studies on the photooxidation of the phenothiazines

are being pursued since the late 19903he possibility of PTH (Fluka) and MPTH (Acros Organics) were purified by

photoionization of phenothiazines with light of moderate repeated crystallization from methanol. All the solvents used

energies{ = 347, 351, and 355 nmjas made this molecule  were of spectroscopic grade from Spectrochem India and were

an excellent probe to study the photoionization behavior and used without further purification.

related phenomena, such as electron solvation in organic, Ground-state absorption measurements were carried out using

aqueous, and micellar media. The photochemical and photo-a Shimadzu model 160A UVVvis spectrophotometer. Steady-

physical behavior of the phenothiazines has been a subject ofstate fluorescence measurements were carried out using a Hitachi

some recent studiés1O including the picosecond laser flash model 4010F spectrofluorimeter.

photolysis work on PTH in different organic and micellar media  Time-resolved fluorescence measurements were carried out

from our laboratory! Since the hydrogen atom attached to using a nanosecond time-correlated single-photon-counting

the nitrogen heteroatom in PTH is labile and often participates spectrometer (Edinburgh Instruments, U.K., model 199), which

in the deprotonation reaction following the oxidation of PTH, has been described in detail elsewHér@bserved fluorescence

a comparison between the photochemistry of PTH and 10- decay curves were analyzed using a reconvolution program

methyl phenothiazine, MPTH, and its implication are worth which uses an iterative nonlinear least-squares fitting method.

investigatingt! The instrument response function used in the reconvolution
During our investigations on the photophysical properties of procedure was obtained by substituting the sample cell with a

phenothiazines in different solvents we observed that their scatterer. All the observed decay curves were fitted to a

behavior in chloroalkane solvents is quite different from that monoexponential function as

in other solvents. It appeared that the phenothiazines undergo

some specific interactions with chloroalkanes. In the present [(t) = B exp(-t/7) Q)
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TABLE 1: Ground-State Absorption and Fluorescence Characteristics of PTH and MPTH in Different Solvents

Aot fwhm? et (dm? A
solute solventdy) (nm) (cm™) mol~t cm™?) (nm) Dy 74 (nS)
PTH CH (2.02) 316 4500 4% 10 433 0.006 0.82
EA (6.03) 317 4844 4% 10° 444 0.009 1.19
AN (37.5) 316 4900 4.4 10° 447 0.010 1.15
CCl, (2.30) 320 5860 5.% 10°
CHCl; (4.81) 318 5080 45 10°
MPTH CH 310 4210 5.6< 10° 441 0.014 1.61
EA 309 4350 5.4< 10° 447 0.016 1.91
AN 308 4440 5.2 10 449 0.018 2.0
CCly 315 5240 6.6< 10°
CHCl; 312 4650 5.6¢< 10°

a Full width half-maximum for the longest wavelength absorption band.

wherer is the fluorescence lifetime of the sample @ the 2.5
preexponential factor. a 04
Picosecond laser flash photolysis experiments were carried ]
out using a pump probe spectrometer, described elsewhéte.
Briefly, the third-harmonic output (355 nm, 5 mJ, 35 ps) of an
active—passive mode-locked Nd:YAG laser (Continuum, USA,
model 501-C-10) was used for the excitation of the samples.
The transients produced in the irradiated samples were detected
by their optical absorption. A white light continuuny400 to
950 nm) produced by focusing the residual fundamental (1064
nm) of the Nd:YAG laser onto a 10 cm length quartz cell
containing a 50:50 (v/v) bD—D,O mixture was used as the 0075300 335 350 375 400
monitoring light source. The probe light was passed through a
variable optical delay line (1 m long) and then split into two
parts using a 50:50 beam splitter. One part of the monitoring
light was used as the reference beam, and the other was used
as the analyzing beam (passing through the irradiated sample).
Both the reference and the analyzing beams were dispersed
through a spectrograph and monitored using a dual diode array
based optical multichannel analyzer, which is interfaced to a
personal computer to process the data. For all the measurements
the sample solutions were deoxygenated by continuously
bubbling high-purity nitrogen (lolar grade from Industrial
Oxygen Co. Ltd., India) through the solutions. The solutions

s Ty

were flowed throug a 2 mmx 10 mm quartz cell during all 0.0 - oF ~—
N . 280 320 360

the measurements. The excitation and the analyzing beams (2

mm diameter at the overlapping region) were close to a collinear A, NM

geometry within the sample cell, and thus the effective sample gigyre 1. Ground-state absorption spectra of (a) PTH and (b) MPTH

thickness was about 2 mm. in CH (-++), EA (-*--), AN (- - -), and CC} (—). Inset: Absorption
spectra of the ground-state (PTHCCl;) complex as obtained by

3. Results and Discussion subtracting the normalized absorption spectra of PTH in CH from that
in CCI4

3.1. Ground-State Interactions of PTH and MPTH with
Chloroalkanes. Ground-stqte ppt?c_al absorption spectra of PTH monitoring wavelength.
and MPTH are found to shift significantly to longer wavelengths
and become broader (see Table 1 for fwhm values) insCCl 1 1 1 1
and CHC} as compared to those solvents of varying polarity AOD(. = 0 (C_) 0,
such as cyclohexane (CH), ethyl acetate (EA), and acetonitrile @ KeCpe'(4) \~a]  Cpe'(4)
(AN) (see Figure 1). The molar extinction coefficients of PTH
and MPTH in the above chloroalkanes also increase substantiallywhere AOD(1) = {OD(4) — ODo(4)}, OD(1) and ODy/) are
(see Table 1). These observations clearly indicate the formationthe observed absorbances at wavelerigin the presence and
of ground-state complexes between phenothiozines and chlo-absence of chloroalkanes, respectivély,is the concentration
roalkanes. In dichloromethane (@El,) the absorption spectral ~ of CCly, Cg is the total concentration of the dondfg is the
studies do not indicate any complex formation. On the addition equilibrium constant for the ground-state complex formation,
of chloroalkanes to the solution of phenothiazines in solvents €'(1) = {epa(d) - en(4)}, andepa(4) andep(4)} are the molar
such as CH, EA, and AN the absorption spectra of phenothi- extinction coefficients of the complex and the free donor at
azines become broader, absorption maxima get red shifted, andvavelengthl. From the slopes and intercepts coADOD(1) vs
optical density (OD) increases. Assuming the formation of a 1/Ca plotsKg andepa(4) were extracted and are listed in Table
1:1 complex, the OD changes #i% were fitted to Benesi 2. Tables 1 and 2 show that the extinction coefficients for the
Hildebrand relatiot® (eq 2) modified for the overlapping complexes are only slightly higher than those of the donor. Thus,
absorption of free donor (PTH/MPTH) and complex at the the absorbance changes at g of the phenothiazines are

)
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TABLE 2: Equilibrium Constant and the Absorption
Characteristics of the Ground-State Complexes between : : . .
Phenothiazines and CCJ 10} ]

Kg (mol* Aot max

donor solvent dm3) (nm) (dm? mch(I)Tlcmfl)

PTH CH 1.430 318 5000
EA 0.320 320 5695
AN 0.122 320 5212
MPTH CH 0.252 315 6243
EA 0.043 318 8972
AN 0.045 318 10456

small in the presence of the chloroalkanes, but are distinctly
evident. Since with CHGIthe absorbance changes at the
Lo are not substantial for both PTH and MPTH in any of the
above three solvents, eq 2 could not be used to oltaiand
epa(4) for these complexes. From th&; values it is evident
that as the oxidation potential of the phenothiazines decreases,
i.e., as the donor ability increases, the extent of complex
formation increases, which indicates that the interactions
between phenothiazines and chloroalkanes are of charge-transfer
(CT) type.

The K¢ value is the highest in nonpolar CH and decreases
with the solvent polarity (see Table 1). This is contrary to the
usual concept that a CT complex gets stabilized as the solvent 0.0 =2 : L
polarity increases. The reason for this unusual trenddrin 400 450 500 550 600
the systems studied is not very clear. It could be related to A, NM
some structural changes associated with the phenothiazines
undergoing complex formation. The phenothiazines are usually Eci%l::fntzrétigar:s':cl:fj(gaslc(elr)]cg ?Zu)ei‘%fg“glg‘;fg)' ;”72"' fg’rfi?‘gem

y 39x% s M4 x s
_nonpla_mar moleculésand are ex_pected toforma S.table complex 4.04x 107, and (5) 6.50< 10~* mol dn3. (b) Fluorescence quenching
in which the molecular species need to attain near planar ¢ prin AN by different concentrations of C£I(1) 0, (2) 1.39x
geometry!® In nonpolar solvents these structural changes could 104 (3) 2.74x 1074, and (4) 5.29x 10 mol dn 2.
be easier than in polar solvents, because the functional groups

Intensity (arb. unit)

of the phenothiazines strongly interact with polar solvents, which T " ' '
I o 60| a E
will hinder any structural rearrangement of the phenothiazines.
3.2. Interaction of the Excited State ($) of PTH and 50t ° .
MPTH with Chloroalkanes. It was seen that both C£and
CHCIl; quench the fluorescence of PTH and MPTH by using — 401 e 1
both steady-state and time-resolved techniques in solvents CH, = 30} " ]
EA, and AN. In neat CGlor CHCk no fluorescence from either .
PTH or MPTH was seen. Typical steady-state fluorescence 201 = )
qguenching results are shown for the PTH/¢&}stem in CH 10t ]
and AN (Figure 2). In CH concomitant with reduction of
fluorescence intensity a new broad emission appears at the 00 04 08 12 18
longer wavelength side of the spectrum (Figure 2a). This red- 120 . . . .
shifted emission is also seen in EA. This red-shifted emission
in CH and EA is assigned to the exciplex between phenothi- 100+ .
azines and chloroalkanes. In polar solvent AN no exciplex
emission was seen even at the highest concentration of chlo- = 80 |
roalkane used. ~ 60l ]
The fluorescence quenching behavior is usually described by
two Stern-Volmer (S-V) relations. 40+ -
lo ss, S 20 ]
T =1+ KSIQl = 1+ kG[Q] (3) -
00 04 08 12 16 20
To_ TRr7 TR [CCl, ]
? =1 KalQI =1+ kq %lQl “) Figure 3. Stern-Volmer plot for the steady-state fluorescence

quenching of (a) PTH and (b) MPTH by CQh different solvents:

where, lo and| are the fluorescence intensities in the absence CH @), EA (@), and AN (). The emission was monitored at=

and presence of the quenchers (Q, chloroalkarnés),is the m.

Stern—Volmer constant related to the bimolecular quenching  Typical S-V plots for steady-state fluorescence quenching
constant,k;, by Ksyv = kqto, and 7o and v are fluorescence  of both PTH and MPTH by CGlare shown in Figure 3. At
lifetimes of the fluorophore, PTH or MPTH, in the absence and lower concentrations of the quencher; & plots of Iy/l vs [Q]
presence of the quencher. are linear within experimental error, and at higher quencher
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. SCHEME 1
4L k;
Ip* 4 Q _\ P .. QS ——> Product
o 3 [ ¢ (exciplex)
~ I L4 1
i > / \
2t (] " - - 1
P+hv P+ Q+hv,
.00 0.05 040 015 020 025 (K, = Ky and k= ks + kg +; )
8rb 1 TABLE 4: Formation ( Kg) and Decay k) Constants of the
. Phenothiazine-Chloroalkane Exciplex
\‘; i ¢ ] system solvent Kg (mol~tdm™) ko(s7Y)
ol g . PTH/CCl CH 4.5+ 0.05 (4.9+ 0.1) x 100
g EA 0.3+ 0.05 (5.84 0.1) x 10t
2l PTH/CHC} CH 1.44 0.05 (1.6£0.1) x 1
- EA 0.1£0.05 (2.9£0.1)x 10°
00 01 02 03 04 MPTH/CCl, CH 0.8+ 0.05 (6.9+0.1) x 10°
[CCL, ], mol dm” EA 0.3+ 0.05 (5.3+0.1) x 1¢°
4v MPTH/CHCk CH 0.1+ 0.05 (1.6+0.1) x 10°
Figure 4. Stern—Volmer plot for the time-resolved fluorescence EA 0.1+ 0.05 (1.5£0.1) x 1
guenching of (a) PTH and (b) MPTH by CQOh different solvents: ] ] ] ]
CH (m), EA (@), and AN (a). The emission was monitored at= nonlinearly with quencher concentration ([Q]) following €§ 5
445 nm. whereKg andk; are exciplex formation and decay constants,
TABLE 3: Bimolecular Steady-State (SS) and respectively.
Time-Resolved (TR) Quenching Constants for 1 -1 1 L1 1 1
Phenothiazine-Chloroalkane Systems in Different Solvents (T =1 ) ={Kg (kp —7 ) QI "+ (kp — T )
ki (SS) (dnt  kq(TR) (dn? (5)
donor acceptor  solvents molts™) molts™)
PTH ccl CH 1.11x 101 Thus, from the slope and intercept af { — 7~1)~* vs [Q]*
EA 1.91x 10w plot, Ke andk, have been evaluated as
AN 2.57 x 10 2.10x 10%
PTH CHCE CH 5.60x 10° Kg = (Intercept)/(Slope 6
En o 06w 108 e=( pt)/(Slope) (6)
AN 6.90 x 1C8 6.13x 10° 1 _1
MPTH  CCl CH 1.03x 101 k, = {(Intercept) ~ — 7, °} (7
EA 1.65x 10%
AN 219x 10  1.90x 10% The values ofKe andk, thus obtained are listed in Table 4.
MPTH  CHCh E: S'%X 182 ComparingKe for both PTH and MPTH, it is evident that the
. X H H H
AN 116 % 10° 3.80x 10° stronger the donor, the higher the exciplex formation.

3.3. Photoinduced ET from Phenothiazines to Chloroal-
kanes in Polar Solvent, AN. As we have discussed in section
3.2, there is no indication of exciplex formation between the
phenothiazines and the chloroalkanes in polar AN; the fluores-
cence quenching of phenothiazines by the chloroalkanes in AN
is attributed to the direct ET from the excited singlet statg (S
of the fluorophores to the chloroalkanes. It is further seen that
in AN the ky values obtained from the steady-state (eq 3) and
the time-resolved fluorescence quenching experiments (eq 4)
agree well with each other within experimental error (Table 3).

The transfer of an electron from an outer sphere homogeneous
electron donor (D) to a halogenated acceptor molecule (RX)
results in a irreversible dissociative electron transfer (DET)
process and is represented by the following reaction:

concentrations positive deviation from linearity was seen.
Deviation from linearity is maximum in nonpolar CH but
decreases with increase in solvent polarity. In polar AN solvent
the S-V plots are linear within experimental error. Tlkg
values obtained from the initial slope are listed in Table 3. Since
positive deviation is associated with ground-state complex
formation, the extent of deviation follows the equilibrium
constant valueXs, and hence is higher in CH and minimum
in AN.

The 7o/t vs [Q] SV plots are shown in Figure 4. These
S—V plots for CH and EA solvents show a negative deviation
from linearity and tend toward a limiting value at higher
qguencher concentrations. In polar solvent AN, however, the

7o/7 vs [Q] plots are seen to be linear within experimental error RX+D—D"+R 4+ X"~
for the entire range of quencher concentrations used. The
negative deviation from the linearity in the/z vs [Q] plots for Several groupd 24 have studied both homogeneous and

less polar solvents such as CH and EA, as expected, is due ttheterogeneous reduction of halo-organic compounds leading to
exciplex formation between the State of phenothiazines and DET. Among the different haloalkanes the dissociative electron
chloroalkaned?? The lack of negative deviation for AN  capture of CCJhas been extensively studied. Optical and EPR
solvent indicates that there is no exciplex formation and the techniques indicated the formation of the primary £Ctadical
quenching might be due to direct ET from phenothiazines to anion under radiolysis of neat C£f At room temperature,
chloroalkanes. CCly~ dissociates on the subnanosecond time scale to give the
Scheme 1 shows the processes taking place during theCCly* radical and the chloride ion CP®
formation and decay of the exciplex. Because of the exciplex It has been shown by Ebersdhthat the reduction of alkyl
formation, the lifetime of the fluorophorer) should vary halides by various electron donors could not be accommodated
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TABLE 5: Redox Potentials of Donors and Acceptors and
Free Energy Values for ET in AN

Eoo, eV EOXllZ E(RX/RO
donor  (loo, NM) (V)2 acceptor + X7)(V)a AGP(eV)
PTH 3.15 0.59 Cdal —0.66 —1.995
(390) CHC} -1.15 —1.505
MPTH 3.25 0.73 cd —1.925
(382) CHC} —1.435

aThe redox potentials are in AN vs SCE.

properly by the Marcus theofywhen the standard free energy
changes were estimated on the basis of Hush’s origfhahlues

for reduction of RX2®8 Marcus theory does not consider any
dependence of driving forcG°, on the strength of the €X
bond, which breaks during the DET process. Hence, the
calculation ofAG? needs to be modified by incorporation of a
bond strength factor. Thus, for the DET mechanism it is more
realistic to consider the following half-reaction for the acceptor.

RX+e — R+ X"

Nath et al.

and are also given in Table 5. The electron-transfer distance,
r is the sum of the radii of donor and acceptor. The radii were
calculated from the molecular volumes of the donor and the
acceptor using Edward’s atomic volume addition metHothe
average radii of donors (PTH and MPTH) and acceptors {CClI
and CHC}) are 3.3 and 2.6 A, respectively. Using these values,
the Coulombic attraction energyeeq) for the ion pair is
estimated to be about 0.065 eV. TAE° values thus calculated
for the ET processes in the systems studied in AN are all
negative (Table 5). Hence, the ET processes studied are
thermodynamically favorable.

The observed bimolecular quenching rate constkgtis
related to the free energy of activation for the ENG,, by
the Eyring equation, (eq 10).

Ky
K
1+V_Kdex

(10)

kq:

]
RT

whereKy = kg/k—q is the diffusional equilibrium constant,is

The standard potential for the above half-reaction is calculated the frequency factorR is the universal gas constant, ahds

from eq 8%°

E(RX/R" + X7) = E(X/X") — BDFE(R—X) (8)
where BDFE is the bond dissociation free energy for thexC
bond in the haloalkanes. The value§CI/CI~) in AN is +1.89
V vs SCE3% The bond dissociation energies after the correction
for entropy in the gas phase for the-CI bond are 2.55 and
3.04 eV for CC} and CHC}, respectively?®3! Using these
values, theE(RX/R* + X7) in AN calculated for CCJ and
CHCI; are—0.66 and—1.15 V vs SCE, respectively.

The reactions studied in the present work can be represente

by Scheme 2, which incorporates the DET mechanism and the

formation of the products via a transition stéte.

SCHEME 2
k k
RX + D* <=[(R = X+-D)* = (R=-X""D")] =

(R+X +D 5 product

where the excited donor ([Pand the acceptor (RX) molecules
diffuse toward each other to form the encounter complex; (R
X-+-D)". The latter subsequently undergoes reorganization to
form a TS in which the €X bond is loose. Depending on the
solvent, the TS undergoes either complete ET to give the ion

pair state or charge recombination (CR) to give the reactants

back. ky andk_q4 are the rate constants for diffusing together
and apart, respectively, of the reactamts; is the activation-
controlled ET rate constant, arlg, is the sum of the rate

the absolute temperature. The equilibrium congtans usually
close to unity for neutral doneracceptor pairg®—38 The value
of the bimolecular diffusion-controlled rate constaky) {n AN
is on the order of (24) x 109 dm® mol~1 s71.39 According
to Sutin®’ the frequency factor, which represents the dynamic
properties of the solvent rearrangement, can range frdftd 0
10*s™ 1. A value ofv of 101 s1 has been proposed by Rehm
and Welle?® and that of 18 s 1 has been proposed by
Marcus?°
Saveant has shown that even in DET reactions, as proposed

y Marcug’ for homogeneous outer sphere ET reaction, the
ree energy of activationAG%;) and the driving force AG°)
for ET are related through a quadratic relatféheq 11

4AGE

AGE, = AGg(l - (11)

whereAG¢ is the intrinsic free energy barrier, i.e., the activa-
tion energy for the ET reaction &tG° = 0. AG} is related to
the total reorganization energy, by eq 12.

A

AGE =7

(12)

The total reorganization energy is composed of two contribu-
tions, i.e.,
A=A+ A (13)

wherel; and/s are the intramolecular and solvent reorganization

constants for all the processes by which the ion pair state decaysenergies, respectively. Solvent reorganization refers to the

The free energy changeAG® for the reactions under
consideration is given By

AG’ =E(D/D"") — E(RX/R" + X7) — Eyy — €9les (9)

whereE(D/D") is the oxidation potential of the dondEpg is

the excited-state ¢$ energy of the donor, ané/es is the
Coulombic energy experienced by the radical ion pair at a
transfer distancein a solvent with the static dielectric constant,
€s. The oxidation potential values for the donors determined
by cyclic voltametry are listed in Table8. Eqg values for the

effects of orientational changes of the solvent molecules
surrounding the reactants during the ET and are calculated from
1

eq 14.
_A 11 1
/ls_e{ZrDjLZrA d}{ GJ

whererp andra are the radii of the donor and the acceptor,
respectively, andl is the internuclear separation between the
two in the encounter complex. In practiatjs taken as the
sum of their radii. qp andes are the optical and static dielectric

1_

" (14)

phenothiazines have been obtained from the crossing points ofconstants of the solvent, respectively. With= 3.3 A andra
the normalized fluorescence excitation and the emission spectra= 2.6 A the value ofls was estimated to be 1.32 eV in AN.
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SCHEME 3

PHRX = (P .RX
(ground state complex)

241

—_
- 221 ISC, ,
- r vfcs ISC, , + - CR
\E, (triplet) HB(P RX )-% 3p 4+ RX
= 20 —— p (triplet ion pair)
hv RX 1 s 1oy |ID D
, . . L
p— Ipf =28 (P.....RX)_> (P .RX )-—9 P+ R+ X
18 . . . . , < (exciplex) (singlet ion pair]
-225 -2.00 -1.75 -1.50 -1.25 RX CR
T —> P + RX

AG eV

Figure 5. Variation of In kg with AG® in acetonitrile (AN). The ; : P
experimental points are PTFCCls (a), MPTH—CCl: (W), PTH- by an instantaneous charge separation (CS) on photoexcitation

CHC; (@), and MPTH-CHCl (v). The solid curve is calculated of the phenothiazinechloroalkane ground-state complex,

according to eq 10. (TOP--RX™9). The SIPS thus produced can undergo a number
of possible reactions. An intersystem crossing process (ISC)
In the systems studied, the variationskgfwith AG° were leads to the triplet ion pair stat§P*+--RX*~), which eventually
correlated according to eq 10 and shown in Figure 5. A fairly can undergo charge recombination (CR) to produce the triplet
good correlation gives the valueslaf v, andA as 3.5x 10° state of the phenothiazines. Depending on the solvent polarity,
dm® mol™® s, 1.6 x 10 dm® mol™! s, and 3.38 eV, the SIPS can undergo CR to give the reactants (RX) back
respectively. or ion dissociation (ID), in which the breaking of the-& bond

Knowing the total reorganization enerdyjs calculated from occurs, to produce the solvent-separated iofis §Rd X°) and
eq 13 and equals 2.06 eV. Such a high valueifdndicates haloalkyl radical (R. The ID process can also take place from
that the reactants (donor and acceptor) undergo a large structuraihe triplet ion pair state. In high-polarity solvents such as AN
change during the ET process. This very high valud;dé the SIPS can be very short-lived due to the instantaneous
quite expected for the systems studied. There is a largedissociation of the €X bond (DET, section 3.3), and in that
structural change in the acceptor moiety (gGlue to the case ISC and CR from the SIPS would be very unlikely and
breaking of the &X bond during the ET process. Thus the the most dominating channel would be the ID from SIPS.
major contribution toward; is due to the €& X bond breaking. Picosecond laser flash photolysis experiments were carried
However, it has been experimentally observed that the phe-out using 355 nm pulses to confirm various possible steps
nothiazines are nonplanar molecules with a dihedral angle involved in Scheme 3. In one set of experiments the concentra-
between the benzene rings of the phenothiazines of aboft 145 tion of the chloroalkanes was kept reasonably high.4 mol
for PTH and 158 for MPTH.1” On radical cation formation  dm~3) to assure an appreciable amoun#0%) of ground-state
the molecule adopts almost a planar configuratforThus the complexation. In the second set of experiments the concentra-
donor phenothiazines should also have some contribution towardtion of the chloroalkanes was kept reasonably 16¥0.025 mol
Ai. Kowert'! has shown that the self-exchange reaction of dm=3) to assure minimum contribution from the ground-state
phenothiazine is associated with an intramolecular reorganizationcomplexation £3%). The results of these experiments are
energy of 0.32 eV. discussed below. In these experiments the laser intensity was

Saveant has considered the intramolecular reorganizationdeliberately kept low enough &3 mJ) to avoid direct
energy in haloalkaned[) in terms of the G-X bond dissocia- photoionization of the phenothiazines by bi- or multiphotonic

tion energy Drx) as in eq 15 processes in typical polar solvents like AN.
3.4.1. Picosecond Laser Flash Photolysis with Higher
Aa=0- y)ZDRX (15) Concentration of the ChloroalkanesPhotoexcitation of the

phenothiazine solutions in all the solvents used (CH, EA, and
wherey is a factor introduced to consider the attraction between AN) with 35 ps, 355 nm laser pulses gives a broad transient
R*and X". The average value of bond dissociation energy for absorption band at640 nm due to the S— S, transition of
the acceptors after the correction for the entropy in the gas phasephenothiaziné! As the time delay between the pump and
is around 2.8 eV. Thely obtained from the totak after analyzing beams increases, the absorbance at 640 nm decreases
subtracting the solvent and phenothiazine contribution is 1.74 and concomitantly an absorption peak at 460 nm increases. The
eV. This gives an estimate for of 0.203. They values absorption peak at 460 nm is attributed to the + T,
reported for the CGland CHC} in the gas phase are 0.31 and absorption and is produced via the ISC process from the S
0.23, respectively'® Our correlated value of is lower than state!! Lifetimes measured from the decay of the transient
the reported gas-phase value. This is quite expected becausabsorption at 640 nm agree well with those obtained from
in liquid phase the attraction between the products decreasedluorescence lifetime measurements. In the presence of a high
due to the presence of the surrounding polar medium. concentration{0.4 mol dn13) of CCl, or CHCk the picosecond

3.4. Picosecond Laser Flash Photolysis StudiesThe laser flash photolysis of PTH or MPTH in the above three
rationale behind these experiments can be understood followingsolvents, besides the absorption peak due to thstee at 640
the mechanistic Scheme 3, proposed for the systems investi-nm, gives one more transient absorption peak at about 525 nm
gated. due to the phenothiazine cation radicals (PTkr MPTH)

On photoexcitation the free phenothiazine molecules produceeven at the zero delay between the pump and the analyzing
the § state {P"), which can effectively produce the singletion beam. It is seen that as the concentration of the chloroalkane
pair state (SIPS)(P*---RX*7), during the interaction with the  is increased, the 525 nm absorption at zero delay gradually
chloroalkanes (RX) depending on the solvent polarity either via increases (Figure 6a). Because of the overlap of the absorption
the formation of the intermediate exciplégP---RX)" or by bands for cation radical and; S~ S, transition, the actual
direct ET during the encounter. The SIPS can also be producedabsorbance due to cation radical at zero delay was obtained by
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Figure 7. Picosecond transient absorption spectra obtained for the
PTH—-CCI, ([CCl4] = 0.026 mol dm?) system in AN at different time
0.0 \ \ . \ delay between the pump and the analyzing beams: (1) 0, (2) 158, (3)
400 500 600 700 800 900 620, and (4) 858 ps. Spectrum 5 is the transient absorption spectrum
obtained at O ps for only PTH in AN. Inset: Plot of the corrected

i . . . . ) absorption signal of PTH cation vs delay between the pump and the
Figure 6. (a) Transient absorption spectra as obtained in the picosecond analyzing beam.

laser flash photolysis of the MPTHCCI, system in AN at zero delay
between the pump and the analyzing beams at different concentrations__. . .
of CCls: (1) 0?(2)%_047’ 3) 0.11yg, (2) 0.203, and (5) 0.398 mofédm  @zines in neat CGl In this solvent the § state of the
(b) Transient absorption spectra in part a normalized for the 640 nm Phenothiazines is almost instantaneously quenched, as indicated
band. The concentrations of G@br spectra 1, 2, 3, 4, and 5 are similar by the transient absorption spectra at zero delay showing no
to those in part a. Inset: Plot of corrected absorption signal of MPTH absorption at 640 nm. Thus, if the triplet state of the
cation vs the concentration of CCI phenothiazines was being produced only from the ISC process
subtracting the normalized (at 640 nm) zero delay transient in the free $ state, no triplet absorption in neat G& expected.
absorption spectra obtained with the phenothiazines in the However, formation of the triplet state, although with low yield,
respective solvents in the absence of any quencher. Figure 6ldue to laser flash photolysis of the phenothiazines in neaj CCl
shows the transient absorption spectra normalized at 640 nmconfirms that the triplet has been produced from the SIPS via
for the MPTH-CCIl, system in AN for different concentrations the ISC and CR processes. GQeing a nonpolar solveng{
of CCl;. The inset of Figure 6b shows the plot of the corrected = 2.24), favors the CR process as compared to the ID process.
absorbances due to the cation radical obtained by the aboveThe low triplet yield in neat CGlindicates that the SIPS mostly
method vs the concentration of the GQised, which shows  undergoes direct CR to give the reactants back. It was also
that within experimental error the cation radical signal at zero qualitatively seen that the cation radical yield derived from the
delay varies linearly with the concentration of the ¢Gsed optical absorbance at 525 nm increases from nonpolar CH to
and passes through the origin at zero concentration of thepolar AN through EA. This shows that the SIPS does not
chloroalkane. Thus, it is evident that the cation radicals have undergo the ID process in low-polarity solvents, increasing the
been produced due to the instantaneous charge separation (C3jossibility of exciplex formation as compared to polar AN
in the photoexcited phenothiazinehloroalkane ground-state  solvent.
complexes to produce the SIPS. 3.4.2. Picosecond Laser Flash Photolysis with Lower
The addition of chloroalkanes also reduced the triplet yield Concentration of the Chloroalkanedn laser flash photolysis
of phenothiazines. The decrease in yield of the triplet may be of the phenothiazines with lower concentrations of the quenchers
due to various reasons. Firstly concentration of thestate (<0.05 M), where the effect of the ground-state complex
produced on flash photolysis decreases due to removal of aformation can be neglected, it is observed that, besides the strong
fraction of the ground-state free phenothiazines by complex 640 nm band due to the S S, absorption, a small absorption
formation. Also, apart from the ISC process, which produces signal corresponding to the cation radicals of the phenothiazines
the triplet state directly, the;State finds another competitive  was also seen at 525 nm at zero delay. As the delay between
decay route via quenching by the chloroalkanes. However, CR the pump and the analyzing beams is increased, the absorption
(see Scheme 3) in the triplet ion pair state is a new route in the peak due to the States of the phenothiazines (640 nm) reduces
presence of the chloroalkanes to generate the triplet. So thegradually. At the same time two absorption bands, one at 460
total yield of the triplet is governed by all these processes. It is nm corresponding to the triplet state of the phenothiazines and
also seen that in the presence of the chloroalkanes the phethe other at 525 nm corresponding to the cation radical of the
nothiazine triplet yield is more in less polar solvent (like CH) phenothiazine, are seen to increase gradually, although the
than in a more polar solvent, like AN. Since in a polar solvent increase in the latter is not appreciable, as shown in Figure 7
the SIPS can undergo preferentially the ID process, the lower for the PTH-CCI, system in AN. However, due to strong
triplet yield in such a solvent in comparison to that in a nonpolar overlap between the absorption bands of the singlet, triplet, and
solvent indicates that depending on the solvent polarity a portion cation radical of the phenothiazines, neither meaningful kinetic
of the phenothiazine triplet may also be generated from the SIPSdata nor quantitative information about the different reaction
via the ISC process followed by CR in the latter state. pathways could be extracted. To nullify the overlapping effect
To understand the above processes we also carried out aof the S — S, absorption band, we subtracted the normalized
picosecond laser flash photolysis experiment on the phenothi- (at 640 nm) transient absorption spectra at zero delay as obtained

A nm
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from the excitation of the phenothiazine solutions alone in
respective solvents from the transient absorption spectra obtaine

in the presence of the chloroalkanes. The resultant transient

absorption spectra thus obtained at different delays clearly
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