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Abstract

Triplet excited state crystal violet (CV*) was produced in acetonitrile via triplet sensitization by anthracene (An) which was excited by
Nd: YAG laser at 355 nm. The kinetics of the formation and decay of >CV ™ were mostly studied by monitoring the bleach and recovery of
CV™ at 590 nm (the absorbance maximum). This allows the determination of the percentage of quenching of triplet anthracene by crystal
violet by electron transfer to yield radicals (reaction 3b, 13%) as opposed to energy transfer to yield 3CV* (reaction 3a, 87%). The *CV+
so formed returns to the ground state by a first-order process (4) and also by reaction with ground state CV™ (6). There are two channels
for the latter reaction. One is direct reversion to the ground state (6a), the other is electron transfer resulting in radical formation (6b).

The crystal violet radicals formed in both electron-transfer processes ultimately revert to CVT resulting in a very low yield for
triplet-sensitized consumption of CV*. The rate constants and branching parameters for the elementary processes in the reaction scheme
were determined. The absorbance changes during the bleach and recovery were also monitored at 520, 540, 560, and 605 nm. The ab-
sorbance ratios for these wavelengths relative to 590 nm, during the bleach and recovery were the same as for CV' absorption, suggesting
that depopulation of 3CV™ results in rapid reversion to normal CV* ground state conformation. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The photophysics and photochemistry of triarylmethane
dyes (DT) have received much attention in recent years with
respect to the nature of the excited states and the mechanism
of their light stability in liquid and solid media, and have
been reviewed [1].

Triarylmethane dyes such as crystal violet (CV ) exhibit
intense visible absorption bands, yet in solvents of normal
viscosity, they show very little fluorescence due to rapid
non-radiative decay from the first excited singlet to the
ground state in a few picoseconds bypassing the triplet man-
ifold [2-6]. The quantum yields of fluorescence and singlet
excited lifetime are strongly solvent dependent [1]. Forster
and Hoffman [7] proposed that excitation of D results
in a conformational change to a new equilibrium position,
brought about by a synchronous rotation of aryl groups,
characterized by a high rate of radiationless relaxation. The
viscous drag of the solvent hinders this rotation, and the
increasing solvent viscosity results in high fluorescence
yield. Using ground state absorption recovery technique
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Sundstrom and coworkers [5] obtained a double exponential
decay for the lifetime of 'D*. They attributed their results
to a twisted excited state conformation characterized by
solvent dependent recovery rates. Vogel and Rettig [6] who
also measured fluorescence yields as a function of solvent
viscosity and temperature offered a similar proposal.

In accordance with these photo-physical studies, we
previously reported [8] that the quantum yields for
photo-bleaching of CV* in solvents of low viscosity such
as 2-propanol and acetonitrile by direct excitation in the
visible are indeed very low, <1077,

The photo-physical studies indicate that the fluorescence
and intersystem crossing yields could be enhanced when
rotation of aryl groups is impeded, and the molecular mo-
bility is restricted. Indeed, several studies [1] have shown
that excitation of DT in the visible resulted in phospho-
rescence emissions in the red and infrared when DT was
either incorporated into a glass matrix or bound to a high
molecular weight polymer. The red phosphorescence and a
metastable state, presumed to be the triplet, absorbing at
480nm for CV' and obtained by flash photolysis of CV*
bound to a polymer, were correlated with the ability of bound
CVT to undergo photoreduction [9]. Nouchi and Silvie [10]
have measured the triplet—triplet absorption of CV™, which
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displayed a band near 625 nm and a weaker band in the IR
at 1250 nm, and related dyes in Plexiglass at 77 K.

Leaver [11] observed the triplet ESR signal of CV™ in
aqueous ethylene glycol at 90K, and reported the phos-
phorescence of 3CV* occurred at Apax = 730nm with
lifetime of 0.29s. Jones and Goswami [12], employ-
ing flash photolysis technique on CV* bound to poly-
methacrylic acid, observed a transient absorbing at 460 nm
(¢ = 1.1 x 10*M~'em™!) and 640nm (weak) which
was assigned to 3CV™*. They were also able to detect the
formation of CV® and CV*>* which absorb at 410 and
600 nm, respectively, produced on electron transfer be-
tween the bound dye and co-bound electron donor and
acceptors.

We wished to ascertain the behavior of 3CV* in a con-
ventional solvent (acetonitrile). Since 'CV™T does not un-
dergo significant intersystem crossing, the most convenient
method for producing 3CV T is triplet sensitization, a method
we had previously employed [13]. We decided to use an-
thracene (An) as the sensitizer and to follow the bleach and
recovery of ground state CV* at 590 nm. (a) The triplet en-
ergy (Er) of anthracene is greater than that of CV*. (b)
Neither anthracene nor its triplet absorb at 590 nm, where
the sensitized bleach and recovery of CV* can be readily
followed. (c) Although there is considerable uncertainty as
to the exact regions for absorption of intermediates such as
3cvt, CV® and CV*2t, we observed no significant interfer-
ence of intermediate species at 590 nm, where CV' absorbs
strongly (g500 = 0.97 x 100 M~ em™1).

2. Experimental

Crystal violet chloride (Aldrich) was recrystallized from
water and anthracene (Pilot scintillation grade) was used as
received. All samples (3 ml) were prepared using acetoni-
trile as solvent and were degassed by freeze-thaw cycles
at 107> Torr. For kinetic bleach and recovery experiments,
the anthracene sensitizer concentration (1.01 x 107> M) was
chosen to give an absorbance of 0.078 in a 1 cm path-length
quartz cell. The degassed samples were excited with a sin-
gle unfocused 355 nm, &6 mJ pulse from a frequency-tripled
Molectron YAG laser. At 355 nm the extinction coefficient
of anthracene is 7770 M~! cm™"!. The resulting transient ab-
sorption was detected and processed as previously described
[13]. Measurement of the transient bleach and recovery at
590nm was started 0.25 s after the flash, by which time
transient scatter from the flash was over.

The absorption spectrum of triplet anthracene (*An) in
the 380-460 nm range was obtained using an EG&G PAR
OMA?2 multi-channel detection system with a 1 s delay bet-
ween laser excitation and detection. The known extinction
coefficient at 418 nm allowed the initial >An concentration
both in the absence and presence of CV* to be determined.
In the latter case, since CVT absorbs weakly at 355nm —
£355 = 3020M~Lcem™!, a small inner filter correction was

applied. The 3An decay in the absence of CV* (Section 3.1)
was followed at 418 nm.

3. Results and discussion

3.1. Triplet anthracene decay

The decay of triplet anthracene (*An) can be accounted
for by the following two equations:

3An Y An (1)
23An %3 2An )

The second reaction is triplet—triplet annihilation, while the
first represents all pseudo-first-order decays. In previous
work we showed that for rigorously purified solvents and
after extensive out-gassing k1 could be <150s~! for 3An in
pyridine and in hexane [14]. Generally this value is larger
because of trace residual O; and trace impurities in the sol-
vent. So, it is best to simply measure this parameter in any
experimental system, and accept it as an empirical value. In
this study by following the decay of >An, obtained by laser
excitation at 355 nm of 1.01 x 10™> M anthracene in acetoni-
trile, we found k; = (5200 £ 1500) s~! (80% confidence)
and k» = (5.24£0.5) x 10° M~ s~! (80% confidence). The
latter is a value close to that given in the literature (ko =
8 x 10° M1 s~! in hexane [15]). The extinction coefficient
of 3S at 418 nm was taken to be 64,700 M~! cm™!, which
is the literature value obtained in cyclohexane [16].

3.2. Quenching of triplet anthracene by crystal violet

3.2.1. Crystal violet quenching constant (k3)

Sensitizers whose triplet energies (ET) are greater than
the Et of the triaryl methane (TAM) dye are quenched
efficiently by that TAM dye. This includes *An (Ep =
43 kcal/mol) [17] and the TAM dye crystal violet (CV™,
ET = 39kcal/mol) [18]. The quenching is most readily
followed by monitoring the bleaching of the CV* absorp-
tion at its absorption maximum (590 nm, £(CV™) = 0.97 x
10°M~Lem™h).

We have previously interpreted this quenching as arising
from triplet transfer to CV™

3An+ CVt S An 4 3cvt 3)

Bhasikuttan et al. [19] have studied the same reaction using
benzene as solvent. They also interpreted their results in
terms of 100% triplet transfer. Fig. 1 shows the bleaching of
CV™ over the first 9 us at four different concentrations of
CV™, whilst Figs. 2 and 3 show data over 100 ws. We shall
concentrate first on Fig. 1.

Experimental absorbance changes at 590nm (AAexp ),
defined by

AAexp,t - At - AO
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Fig. 1. First 9ps of the anthracene-sensitized bleach and recovery of
crystal violet monitored at 590nm in acetonitrile. The anthracene con-
centration was 1.01 x 107> M; the crystal violet concentrations are shown
in the inset. The points are the experimental values. The full line curves
are the preliminary model values using known constants k; = 5200s~!,
ky = 52 x 10°M~'s7! k3 = 1.84 x 101°M~1s~!. Assumed con-
stant ks = 1 x 101°M~!s~!. Variable parameters k4 = 1.8 x 10°s71,
ke = —1.7x 10°M~1s~!,
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Fig. 2. Anthracene-sensitized bleach and recovery of crystal violet mon-
itored at 590nm in acetonitrile over 100 ws. Same conditions as for
Fig. 1, but now the best variable parameters are k4 = 9.8 x 104s71,
ke = —4.6 x 10°M~!s~!,
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Fig. 3. Anthracene-sensitized bleach and recovery of crystal violet
monitored at 590nm in acetonitrile. The model now includes elec-
tron transfer ki, k2, k3, ks as in Figs. 1 and 2. Assumed constants
k7 =ks =1 x 101°M~1s~!, @ = 8 = 0.5. Best-fit variable parameters
0 =088, ks =23x10°s7!, k¢ =2.0 x 10°M~ s~

where A; and Ag are the CV1 absorbances at times ¢ and
0, were recorded every 0.25 ws. The digital slope between
adjacent points is

AAexp(i + 1) - AAexp(i)
2.5 x 1077

Initial slopes, (dAAexp/df)o, at each concentration were then
determined by carrying out regression analysis on the digital
slopes obtained over the first 3 us.

The rate constant k3 is found from

dAA
(—") = k[*An]oAo
dr 0

Initial triplet anthracene concentrations, [3An]y were de-
termined by measuring the peak transient absorbances at
418 nm, where £(*An) = 64,700M cm~!.

In this way, we found k3 = 1.84 £ 0.15 x 101°M~!s~!
(80% confidence level). This result agrees nicely with a pre-
vious determination [13]. For convenience, the measured
parameters are gathered together in Table 1.

Table 1

Experimentally measured rate constants

Rate constant Value

ki 57 (52 £ 1.5) x 10°

ky M~1s™1
ks M~ 1s™h

(5.2 £ 0.5) x 10°
(1.84 £ 0.15) x 100
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3.3. Mechanism of bleaching and recovery of crystal violet

Kinetics of formation and decay of 3CV* were studied
by monitoring the bleaching and ground state recovery of
CV™ at 590 nm. The technique of ground state recovery has
been employed extensively to study the dynamics of the
short lived singlet excited states of DT [1]. The wavelength
590 nm was chosen to monitor the bleach and recovery of
CV™. (a) CV™T has its highest extinction coefficient (0.97 x
10°M~'em™!) at 590nm in acetonitrile. (b) Anthracene
and its triplet excited state show no absorption at 590 nm.
(c) Various other species An®* [20], 3CV*, CV and CV**+
do not absorb appreciably at 590 nm, see Section 1. (d) The
ratio of absorbances at 520, 540, 560, and 605-590 nm for
the bleached transient at different times between 4 and 90 s
closely resembles the corresponding ratios for ground state
CVT, indicating that no other species absorb appreciably in
this region.

3.3.1. 0-9 us data

Triplet anthracene sensitized quantum yield of consump-
tion of CV* is very low, A"®@(—CV™) = 1.1 x 107 [13].
This means that the 3CV™T formed in reaction (3) must fi-
nally return to ground-state CV*. The simplest way to ac-
commodate this fact is to assume that 3CV* undergoes re-
actions analogous to (1) and (2).

sevt & oyt 4)
Bevt Kooyt (5)

We also include possible quenching of 3CVT by CV+
k
‘cvt +covt2acvt (6)

The differential rate equations representing reactions
(1)-(6) may be numerically integrated to determine calcu-
lated values for the crystal violet concentration as a function
of time, [CV“‘]CalC,,, and hence AAcgc,; for those times at
which there is experimental data (AAexp,,). To begin with,
it is reasonable to assume that the triplet—triplet annihilation
reaction (5) is close to diffusion controlled [15], see also
reaction (2). Thus, only k4 and kg are unknowns.

For any given set of values (kq, ... , k¢), the standard de-
viation in AAexp about the regression (sa4) may be obtained

\/ Y (AAcate (i) — AAep(i))?
SAA =
N —m

where the summation is over all N data points for the four
concentrations and m is the number of unknown parame-
ters. Using a simplex procedure [21,22], our data-fitting pro-
gram varied the unknown parameters (in this case k4 and
ke), and numerically integrated the differential equations to
determine a new set of AAc,c(i) for each iteration until a
minimum for sa 4 was reached. This gives “best” k4 and kg.
Although a fair fit to the data over the first 9 ps could be

obtained with reasonable positive values for k4 and kg, the
best-fit (shown in Fig. 1 was actually obtained with a nega-
tive value (—1.7 x 10° M~ s~1) for k.

3.3.2. 0-100 us data

The situation becomes even worse when we try to fit the
full 0-100 s data (Fig. 2). Not only do reasonable param-
eters give a poor fit. Even the best-fit parameters for k4 and
ke give a poor fit, and the best-fit kg is once again negative.

The picture becomes dramatically better when the quench-
ing process is expanded to include electron transfer, Fig. 3.
Reaction (3) now becomes

3An 4+ CVt 8 An 430Vt (3a)
o

3An 4+ CV* lﬁ An*t 4 CV* (3b)
—0

where o is the fraction going by energy transfer and (1 — o)
the fraction proceeding by electron transfer. Reactions (5)
and (6) have also been expanded to include the possibility
that fractions « and § proceed by electron transfer

Bcevt li_ia 20V (52)
Bevt %% CV* 4+ CVe2+ (5b)
3evt 4oVt 15_%3 2cvH (6a)
3cvt 4 ovt i,:’ CV* 4+ CVe2+ (6b)

To accommodate the fact that the overall yield of triplet
sensitized decomposition is very low, the CV-derived radi-
cals formed in (5b) and (6b) have to revert to CV™T, so we
also add the radical-radical reactions

cve + cvet Bocyt 7
CV* + An*t 8 vVt 4+ An (8)

Let us start by assuming that the last two reactions oc-
cur at close to their diffusion-controlled values (k7 = kg =
1 x 101°M~1s1), and arbitrarily set « = g = 0.5. The
unknown and variable parameters are then k4, k¢ and o.
The best-fit curves are shown in Fig. 3. Not only is the ini-
tial bleach and recovery quantitatively replicated, but the
long-time slow recovery is also well modeled. Moreover,
the best-fit values for ks (=2.3 x 10°s7!) and ke (=2.0 x
10° M~ s~1) are reasonable. Efficient quenching of a triplet
dye by its ground state has previously been reported [23].
The best-fit value of o is 0.88, indicating that although en-
ergy transfer is indeed the major quenching reaction, elec-
tron transfer cannot be neglected. We now enquire if the
arbitrary assumptions in this preliminary modeling can be
removed.
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Table 2
Values for best-fit parameters

Best-fit parameter Value

ks 571

(2.5 +0.3) x 10°

ke M~ 1s™1) (2.1 £ 0.8) x 10°
ky =kg M~ 1s7h) (1.2 £ 0.7) x 1010
o 0.87 + 0.02
B 0.55 + 0.15

3.3.3. Best-fit parameters

Further analysis revealed that when considering the con-
sumption of 3CV*, reaction (6) predominates over (5). This
arises because the formation of *CV™ in (3a) does not result
in a high enough concentration of 3CV* to make reaction
(5) significant in comparison to reaction (6). Thus, the cal-
culated curves were the same whether ks was set equal to
the initially assumed 1 x 1019 or OM~ ! s~!. We, therefore,
omitted reactions (5a) and (5b) in further calculations. Since
k1, ky and k3 are known this leaves only k4, kg, k7 (=k3), o
and B as possible best-fit parameters. Allowing these to be
freely adjustable gave the final values shown in Table 2.

The calculated curves in this case were very similar to
those shown in Fig. 3, but the s 4 is slightly lower (=2.4 x
10~ compared to 3.0 x 1073 for the data shown in Fig. 3),
so the fit is slightly better. The errors shown for the best-fit
parameters reflect the amount by which the parameter must
be increased/decreased to double the value of sa4 from its
best-fit value.

3.3.4. Thermochemical consideartions in the choice of
reactions

The oxidation potentials of An and CV' versus the
SCE are +1.16 and +0.80V, respectively [17,24]. The
corresponding reduction potentials are —1.93 and —0.79V
[17,25]. The triplet energies of An and CV* are 1.85 and
1.69 V. Using a Rehm-Weller type equation [26,27]

AGe = [E™ (D*F/D) — E™(A/A*T)] — Eo,
This allows us to determine the following DG’s:

SAn+CVT — An*t 4 CV*, AG=+0.1V (3b)

3An+CVT = An*~ +CV**t, AG =+0.88V  (9)

3cvt + vt > Ccve +CV**t, AG=-0.1V (6b)

3cvt + An—> CV* + An*T, AG =+026V  (10a)

3Vt +An— CV*2T + An*~, AG =+1.04V (10b)

The more favorable thermochemistry of the first reaction
compared to the second is the reason that we chose the first
for the electron transfer reaction (3b). Its slightly endoergic
nature is consistent with the fact that electron transfer ac-
counts for only 13% of the overall reaction. Comparison of
the thermochemistry of the last three reactions governed our

choice of reaction (6b) as the most favorable second-order
electron transfer reaction for 3CV*.

3.3.5. General mechanistic comments

We can now make some general comments on the mech-
anism. As discussed above, rate constant k3 controls the
slope of the initial bleach. For [CV*1]y = 16.81 x 107°M,
at maximum bleaching AAeyp ~ —0.12 (Fig. 3). Since
£500(CVT) = 9.7 x 10*M~'cem™!, the concentration of
bleached CV™ in the 1cm cell is ~7% of the initial con-
centration. The bleached material is in the form of 3CV*
and CV., predominantly the former at the early stages. At
the maximum bleach (curve minimum in Fig. 3), the rates
of formation and consumption of 3CV™* should be about
equal. This can be confirmed as follows. Rate of formation
of 3CV™T at time t = k33An,[CVT], < k3[?An]o[CVT ]y =
1.84E10 x 2.4E — 6 x 16.81E — 6 = 0.74Ms~!. Rate of
consumption of *CV* & k4[PCVT], ~ kgAEexp.: /€590 =
2.5E5 x 0.11/9.7E4 = 0.28 M s~ !

The initial recovery of *CV™ back to CV* is controlled
mainly by reaction (4) rather than by (6), because k4 =
2.5x10° s~! while — even at the highest CV* concentration
— ks [CVT]=21x10°M1s71) x 16.8 x 1070 (M) =
0.35 x 10°s~!. However, reactions (6b) and (3b) are im-
portant as the source of radicals. These radicals act as a
reservoir of CV material, which is the source for the slow
recovery of CV™T. Because of the relatively low radical con-
centrations this recovery is relatively slow even although the
radical-radical reactions ((7) and (8)) proceed at close to
diffusion controlled rate.

The value of the decay constant k4 indicates that the life-
time of 3CV™ in acetonitrile is short. Comparison of this
lifetime with the previously determined phosphorescence
lifetime, 0.29 s in solid matrix [11], suggests that on passing
from a solid matrix to a solution of low viscosity a compet-
itive rapid non-radiative decay brought about by conforma-
tional changes and rotational modes becomes possible.

The above parameters also resulted in good fitting
of the model and experimental data obtained by vary-
ing the laser energy from 2 to 6mJ for [CVT] =
16.81 x 107°M, (0-100 ms). Bleach recovery curves,
[CVT] = 1.68 x 1075 M, similar to that shown in Fig. 3
were also obtained at the monitoring wavelengths 520, 540,
560, 590 and 605nm. These results suggest that triplet
sensitization of CV™ results in population of a triplet state,
which decays to a normal ground-state conformation.

In an earlier report on the quenching of 3An in acetonitrile
by CV™T, we interpreted our results in terms of energy trans-
fer [13]. The present study provides a convenient method for
determining both energy transfer and electron transfer and
show that, although energy transfer is the dominant channel,
there is a substantial amount of electron transfer (13%). In
this respect, it is interesting to note that Bhasikuttan et al.
[19] have also interpreted their results for the 3An/CV™ sys-
tem in benzene only in terms of energy transfer. If this is
correct then the percentage of energy transfer relative to
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electron transfer is solvent dependent. Moreover, in study-
ing the interaction of dyes (crystal violet, phenosafranine,
methylene blue) in acetonitrile with triplet benzophenone
(3Bp), Jockusch et al. [28] reported that for 3Bp/CVJr elec-
tron transfer occurred while triplet transfer was dominant
in the other two cases. It would seem possible that in tri-
arylmethane dye systems both energy transfer and electron
transfer are occurring and that fitting the bleach/recovery
data allows a rather sensitive determination of the percent-
age of each channel.
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