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Photoinduced electron transfer in azatriangulenium salts�
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Abstract

Fluorescence quenching and laser flash photolysis studies of stable azatriangulenium ions2⊕–4⊕ are reported. The fluorescence
quenching rate constants were correlated to�G0 values. The results suggest that2⊕ is an excited state electron acceptor and4⊕ is
an excited state electron donor.3⊕, on the other hand, can act as an acceptor or donor in photoinduced electron transfer (PET) reac-
tions. Laser flash photolysis studies also supported these observations. These cations thus present an interesting case, where replacement
of oxygen atoms byN-alkyl groups leads to a gradual shift of photoinduced electron transfer property from an acceptor to that of a
donor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The operation of artificial photosynthetic devices relies
mainly on photoinduced electron transfer (PET) processes
and hence PET reactions have been the subject of exten-
sive experimental and theoretical research for several years
[1–3]. Two general mechanisms can be involved in the elec-
tron transfer reaction of an excited molecule: (1) reductive
electron transfer quenching of the excited moleculeS∗ by
an electron donorD, leading to the formation of products
S•− and D•+ and (2) oxidative quenching of the excited
molecule by an electron acceptorA, resulting in the forma-
tion of productsS•+ and A•−. For the past few years we
have been involved in the study of electron transfer reactions
of cationic organic molecules[4–7]. Cationic molecules,
which are electron deficient to begin with, are expected to
be particularly good excited state electron acceptors and one
normally expects reductive quenching of the carbocationic
excited state in their PET reactions[8–10]. Several exam-
ples of this behavior are reported in the literature[4–12].
Since they are very good electron acceptors in the excited
state, they can be employed as sensitizers in PET reactions
[13]. Besides being good electron acceptors, some of the
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cationic molecules have potential uses as sensitizers in elec-
trophotography[14] and also as phototherapeutic agents
[15,16].

Recently we have reported the photophysical and electron
transfer studies of a stable cation, namely, trioxatriangule-
nium perchlorate1⊕ClO4

� (Scheme 1) [7]. We have ob-
served that the fluorescence of1⊕ was quenched efficiently
by several electron donors and also by DNA nucleosides.
Laser flash photolysis studies of1⊕ in the presence of the
donors confirmed that fluorescence quenching occurred by
an electron transfer mechanism[7]. The stability of1⊕ and
its efficiency as an electron acceptor suggested that it should
serve as an excellent probe for charge transfer in DNA. Its
planar aromatic structure is ideally suited for intercalation
into duplex DNA and equilibrium dialysis studies have re-
vealed that1⊕ binds readily to duplex DNA, with some pref-
erence for GC base pairs[17]. These studies have prompted
us to investigate the electron transfer properties of struc-
turally similar azatriangulenium ions2⊕–4⊕ (Scheme 1).
Azatriangulenium salts2⊕–4⊕ were obtained by replacing
one or more of the oxygen bridges in1⊕ by N-alkyl groups
[18,19]. Our studies have revealed that, replacing the oxy-
gen atoms byN-alkyl groups has the effect of decreasing
the electron accepting power and increasing the electron do-
nating ability of the cationic ring system. Thus, upon going
from the azadioxa derivative2⊕ to the triaza derivative4⊕,
we see a gradual shift of the PET property from an excited
state electron acceptor to an excited state electron donor.
Details of these studies are presented here.

1010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Scheme 1.

2. Experimental

The azatriangulenium salts were synthesized by a reported
procedure [19]. N-Methylphenothiazine andN-phenyl-
phenothiazine were synthesized by literature procedures
[20]. Other quenchers were commercial samples and were
purified by recrystallization or distillation. Unless stated
otherwise, all studies were carried out in spectroscopic
grade acetonitrile.

Absorption spectra were recorded on a Shimadzu 2100
UV-Vis spectrometer. Fluorescence spectra were recorded
on a SPEX fluorolog F-112 X spectrofluorometer. Flu-
orescence quantum yields were measured using the rel-
ative method employing optically matched solution of
rhodamine-6G in ethanol (ΦF = 0.9) [21] as standard.
Fluorescence lifetimes were measured using a Edinburgh
FL900CD single photon counting system. Redox potentials
were measured using a BAS CV50W voltammetric analyzer.
Laser flash photolysis experiments were carried out using
a Applied Photophysics LKS 20 laser kinetic spectrometer
using a GCR 12 Series Quanta Ray Nd:YAG laser. The
excitation wavelength was 532 nm. Solutions for all experi-
ments were deaerated using argon before the experiments.
All the measurements were carried out at 298 K.

3. Results and discussion

Absorption spectra of the azatriangulenium salts2⊕–4⊕
were reported by Laursen and Krebs[19]. Fig. 1 shows the
fluorescence spectra of these salts in acetonitrile solution.
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Fig. 1. Normalized fluorescence spectra of (a)2⊕BF4
�; (b) 3⊕BF4

�; and
(c) 4⊕BF4

� in acetonitrile solution. Excitation wavelengths were 480,
500 and 520 nm, respectively.

Table 1
Photophysical and electrochemical properties of azatriangulenium salts in
acetonitrile solution

Property 2⊕BF4
� 3⊕BF4

� 4⊕BF4
�

Absorption maxima (nm) 540 557 525
Fluorescence maxima (nm) 555, 600 590 557
Singlet energy (Es) (eV) 2.27 2.16 2.29
Fluorescence quantum yield (ΦF) 0.42 0.46 0.21
Fluorescence lifetime (τ) (ns) 26.8 24.8 9.4
Reduction potential (Ered) (V) vs. SCE −0.50 −0.85 −1.40
Oxidation potential (Eox) (V) vs. SCE – +1.40 +1.20

Relevant photophysical and electrochemical properties
of 2⊕–4⊕ are summarized inTable 1. Singlet energies in
Table 1were calculated from the average value of absorp-
tion and fluorescence maxima.

3.1. Fluorescence quenching studies of2⊕BF4
�

The fluorescence of2⊕BF4
� was quenched efficiently by

several electron donors (Table 2). These quencher molecules

Table 2
List of electron donors, their oxidation potentials (Eox vs. SCE),�G0

and kq values for the fluorescence quenching of2⊕BF4
�

Quencher Eox (V) �G0 (eV) kq (109 M−1 s−1)

Anisole 1.76 −0.01 0.078
3-Methylanisole 1.60 −0.17 0.88
4-Methylanisole 1.52 −0.25 2.57
1,3-Dimethoxybenzene 1.49 −0.28 4.95
1,3,5-Trimethoxybenzene 1.46 −0.31 6.52
Anthracene 1.02 −0.75 13.06
Triphenylamine 0.87 −0.90 13.34
N-Methylaniline 0.81 −0.96 17.00
N,N-Diethylaniline 0.76 −1.01 14.21
N-Methylphenothiazine 0.69 −1.08 16.05
N-Phenylphenothiazine 0.67 −1.10 14.25
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absorb at shorter wavelengths compared to2⊕BF4
�, and

hence we can rule out energy transfer quenching taking place
in these systems. In the case of the trioxatriangulene salt
1⊕ClO4

�, we have shown earlier that the quenching reac-
tions occurred by an electron transfer mechanism[7]. Hence
in the case of2⊕BF4

� also, one can invoke an electron trans-
fer mechanism for the observed fluorescence quenching, as
shown inEq. (1), whereS⊕ stands for2⊕.
∗S⊕ + D → S• + D•+ (1)

The free energy change (�G0) associated with the electron
transfer process can be calculated using the Weller equation
[22]:

�G0 = Eox − Ered − Es + C (2)

whereC is a coulombic term.C = −zD
+zA

−e2/εsdcc, where
zD

+ and zA
− are the charges on the product ions,εs is

the static dielectric constant of the solvent anddcc is the
center-to-center separation distance of the donor and accep-
tor. Since only charge exchange takes place in the PET re-
action inEq. (1), the coulombic term was neglected in the
calculation of�G0. For the fluorescence quenching reac-
tion, the quenching rate constantskq were obtained using
the Stern–Volmer relationship:

I0

I
= 1 + kqτ[Q] (3)

where I0 and I are the fluorescence intensities in the ab-
sence and presence of quencher, respectively, and [Q] is the
quencher concentration. In all cases, plots ofI0/I were linear
andkq values were calculated from the slopes of these plots.
The list of donors, their oxidation potentials, calculated�G0
values and observedkq values for the fluorescence quench-
ing of 2⊕BF4

� are presented inTable 2(the redox poten-
tials reported in this paper were either taken from literature
[1,2,23]or measured in house).

In order to confirm the electron transfer pathway for flu-
orescence quenching, we have correlated the observedkq
values to the�G0 values using the Rehm–Weller expression
[22]:

kq = kdiff

1 + 0.25[exp(�G#/RT) + exp(�G0/RT)]
(4)

wherekdiff is the diffusion rate constant and�G# is the free
energy of activation and is given byEq. (5).

�G# = 1
2�G0 + [(1

2�G0)
2 + (�G#

0)
2]1/2 (5)

�G#
0 in Eq. (5) is the free energy of activation when there

is no driving force for the reaction. InFig. 2, we have pre-
sented the experimentally obtainedkq values (�) along with
a theoretical fit (solid line) obtained usingEqs. (4) and (5).
Values ofkdiff = 2 × 1010 M−1 s−1 and �G#

0 = 0.15 eV
were used in the calculation of the theoretical fit. It can be
seen that the fit is very good which suggests that fluores-
cence quenching of2⊕BF4

� by the electron donors occur
by an electron transfer mechanism.
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Fig. 2. Plot of kq vs. �G0 for the fluorescence quenching of2⊕BF4
�.

The solid line is a theoretical fit to the Weller equation.

3.2. Fluorescence quenching studies of3⊕BF4
�

Fluorescence of the diazaoxatriangulene3⊕BF4
� was

also quenched by a few strong electron donors. In this
case also one can expect reductive quenching of the singlet
excited state of the cation by electron donors as shown
in Eq. (1), where S⊕ now stands for3⊕. The kq values
obtained along with the calculated�G0 values are pre-
sented inTable 3. Notice that the driving forces for these
PET reactions (−�G0) are considerably lower compared
to those for2⊕BF4

� and this explains the lowkq values.
Thus, compared to2⊕BF4

�, 3⊕BF4
� is a weak electron

acceptor.
It was noted that the fluorescence of3⊕BF4

� was
quenched efficiently by a few strong electron accep-
tors (Table 3). For these cases also, the fluorescence
quenching reactions obeyed the Stern–Volmer relation-
ship described inEq. (3) and we obtained quenching rate
constantskq from plots of I0/I versus [Q]. Molecules such
as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and
tetrachloro-1,4-benzoquinone (chloranil) are very good
electron acceptors. These molecules absorb at shorter wave-
lengths compared to3⊕BF4

�, which suggest that fluores-
cence quenching is not due to an energy transfer mechanism.
The fluorescence spectrum of3⊕BF4

� in the presence of
the quenchers did not exhibit any long wavelength bands
that can be attributed to exciplexes and hence we can rule
out exciplex formation as a possible reason for fluorescence
quenching. Thus, in all probability, quenching of the fluo-
rescence of3⊕BF4

� by the acceptor molecules occur by an
electron transfer mechanism as shown inEq. (6):

∗S⊕ + A → S•⊕⊕ + A•− (6)

where the cation3⊕ (S⊕ in Eq. (6)) now plays the role of
an excited state electron donor. In these cases also, the free
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Table 3
List of quenchers, their redox potentials (vs. SCE),�G0 and kq values for the fluorescence quenching of3⊕BF4

�

Quencher Eox (V) Ered (V) �G0 (eV) kq (109 M−1 s−1)

Donors
3-Methylanisole 1.60 +0.29 0.0013
4,4′,4′′-(Trisbromophenylamine) 1.05 −0.26 2.50
Triphenylamine 0.87 −0.44 5.40
Diphenylamine 0.78 −0.53 6.70
N-Methylphenothiazine 0.69 −0.62 7.80
N-Phenylphenothiazine 0.67 −0.64 9.22

Acceptors
1,3-Dinitrobenzene −0.90 +0.03 0.16
1,4-Benzoquinone −0.54 −0.33 4.28
Methyl viologen −0.47 −0.40 3.90
Chloranil +0.02 −0.89 12.42
DDQ +0.51 −1.38 10.31

energy changes for the PET processes were calculated using
Eq. (2). Since there is a net change in charge in the PET
reaction described inEq. (6), the coulombic term could
not be neglected. We have calculated the coulombic term
assumingdcc = 7 Å and using this value the�G0 values
were calculated.�G0 and kq values along with the list of
acceptors for the fluorescence quenching of3⊕BF4

� are
presented inTable 3.

For both the reductive and oxidative quenching reactions
of 3⊕BF4

�, thekq values were correlated with�G0 values
using Eqs. (4) and (5). Fig. 3 shows the experimentalkq
values ((�) for reductive quenching and (�) for oxidative
quenching) and a theoretical fit (solid line). For the theo-
retical fit, values ofkdiff = 2 × 1010 M−1 s−1 and�G#

0 =
0.15 eV were used in the calculation. It can be seen that
the fit is good suggesting that the fluorescence quenching of
3⊕BF4

� by donors and acceptors occur by electron transfer
mechanisms.
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Fig. 3. Plot of kq vs. �G0 for the fluorescence quenching of3⊕BF4
�.

The solid line is a theoretical fit to the Weller equation.

3.3. Fluorescence quenching studies of4⊕BF4
�

Fluorescence of 4⊕BF4
� is quenched by strong

electron donors such asN-methylphenothiazine and
N-phenylphenothiazine. For the quenching of4⊕BF4

� flu-
orescence byN-phenylphenothiazine, we obtainedkq =
6.2 × 109 M−1 s−1. This value is much lower than the cor-
responding values for2⊕BF4

� and3⊕BF4
�. This showed

that ∗4⊕BF4
� is a weak electron acceptor compared to

∗2⊕BF4
� and∗3⊕BF4

�. Several acceptor molecules, on the
other hand, readily quenched the fluorescence of4⊕BF4

�.
Thus4⊕BF4

� could participate in PET reactions as an ex-
cited state electron donor as shown inEq. (6), whereS⊕
now stands for4⊕. The quenching rate constantskq were
obtained by the Stern–Volmer method, and these along with
the reduction potentials of these quenchers and calculated
�G0 values, are presented inTable 4.

The experimentalkq values were correlated to�G0 values
using Eqs. (4) and (5). In Fig. 4 we have presented the
kq values (�) along with a theoretical fit (solid line). For
the fit, values ofkdiff = 2 × 1010 M−1 s−1 and �G#

0 =
0.15 eV were used. It can be seen fromFig. 4 that the fit is
very good, which indicates that the fluorescence quenching
of 4⊕BF4

� by electron acceptors proceed by an electron
transfer mechanism.

It is interesting to note that for all the three azatriangu-
lenium salts the quenching data could be fitted adequately

Table 4
List of electron acceptors, their reduction potentials (vs. SCE),�G0 and
kq values for the fluorescence quenching of4⊕BF4

�

Quencher Ered (V) �G0 (eV) kq (109 M−1 s−1)

2-Nitrotoluene −1.26 +0.06 0.06
Nitrobenzene −1.15 −0.05 0.75
1,3-Dinitrobenzene −0.90 −0.30 7.14
1,4-Benzoquinone −0.54 −0.66 12.11
Methyl viologen −0.47 −0.73 12.30
Chloranil +0.02 −1.22 15.55
DDQ +0.51 −1.71 21.19
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Fig. 4. Plot of kq vs. �G0 for the fluorescence quenching of4⊕BF4
�.

The solid line is a theoretical fit to the Weller equation.

using�G#
0 = 0.15 eV.�G#

0 is generally taken as equal to
λ/4, whereλ is the reorganization energy. In this way one
obtainsλ = 0.6 eV for the electron transfer reactions dis-
cussed above. The reorganization energyλ is the sum of an
inner sphere termλin, involving vibrational energy changes
between reactant and product states, and an outer sphere
termλout involving the solvent orientation and polarization.

λ = λin + λout (7)

λout is given by[1,2]

λout = e2

4πε0

(
1

2rT
+ 1

2rQ
− 1

dcc

) (
1

εop
− 1

εs

)
(8)

whererT andrQ are the radii of the triangulenium salts and
quenchers, respectively, andεop andεs are the optical and
static dielectric constants of the solvent. For calculatingλout
we have usedrT = 7 Å andrQ = 4 Å. Since the azatriangu-
lenium salts are highly planar,dcc was taken as 7 Å. Substi-
tuting in Eq. (8)we obtainedλout = 0.43 eV. FromEq. (7)
it follows thatλin = 0.17 eV. The azatriangulenium ions are
very rigid, planar structures and electron transfer, whether
oxidative or reductive, in such systems is not expected to al-
ter the bond angles or bond lengths significantly. The small
value ofλin supports this conclusion.

3.4. Laser flash photolysis studies

Fluorescence quenching studies described above sug-
gested that2⊕BF4

� acts as an excited state electron acceptor
and4⊕BF4

� mainly acts as an excited state electron donor.
3⊕BF4

� can, on the other hand, act as an excited state
electron acceptor as well as excited state electron donor.
Laser flash photolysis of these cations in the presence of
various quenchers corroborated this argument. Thus, laser
flash photolysis of2⊕BF4

� or 3⊕BF4
� in the presence of
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Fig. 5. Transient absorption spectrum obtained at 1.5�s in the laser flash
photolysis of3⊕BF4

� (1×10−5 M) in the presence of MV2+ (1×10−3 M)
in acetonitrile solution.

4,4′,4′′-(trisbromophenylamine) resulted in the formation
of the radical cation of the amine (λmax = 710 nm,[24])
suggesting that excited states of2⊕BF4

� and3⊕BF4
� were

capable of accepting an electron from this amine. Flash
photolysis of3⊕BF4

� or 4⊕BF4
� in the presence of methyl

viologen (MV2+), on the other hand, led to the formation
of MV•+. Fig. 5 gives the transient absorption spectrum of
the 3⊕BF4

�/MV2+ system. The absorption maxima at 390
and 610 nm can be attributed to the well-known MV•+ [25],
and these experiments confirm that3⊕BF4

� and 4⊕BF4
�

indeed act as excited state electron donors. Carbocations
2⊕–4⊕ thus present an interesting case, where successive
replacement of oxygen atoms byN-alkyl groups lead to
a gradual shift of the PET property from an excited state
acceptor to that of an excited state donor.

4. Conclusions

In this paper we have investigated the electron transfer
properties of azatriangulenium salts2⊕–4⊕. The azadioxa
derivative2⊕ is a good electron acceptor in its singlet ex-
cited state. This molecule can accept an electron even from
a relatively weak electron donor such as anisole. The diaza-
oxa derivative3⊕ is a poor electron acceptor in its singlet
excited state. This molecule also exhibited properties of a
poor electron donor. The triaza derivative4⊕ is a very weak
electron acceptor as it could accept electrons only from the
strongest of electron donors. This molecule, on the other
hand, exhibited moderate electron donating abilities. Thus
upon going from the azadioxa to the triaza derivative, we
see a gradual shift of PET property, from an excited state
acceptor to an excited state donor. In general, carbocations
are good electron acceptors in PET reactions. To the best
of our knowledge, the possibility of carbocations acting as
donors in PET reactions has not been explored previously.
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Carbocations exhibiting electron-donating abilities could be
very rare and the diazaoxa- and triazatriangulenium cations
belong to this small group of electron-donating carbocations.

Acknowledgements

The authors wish to thank the Council of Scientific and
Industrial Research (CSIR), Government of India, and the
Department of Science and Technology (DST), Government
of India, for financial support.

References

[1] M.A. Fox, M. Chanon (Eds.), Photoinduced Electron Transfer,
Elsevier, Amsterdam, 1988.

[2] G.J. Kavarnos, Fundamentals of Photoinduced Electron Transfer,
VCH, New York, 1993.

[3] R.A. Marcus, N. Sutin, Biochim. Biophys. Acta 811 (1985) 265.
[4] A. Samanta, K.R. Gopidas, P.K. Das, J. Phys. Chem. 97 (1993) 1583.
[5] N. Manoj, R. Ajith Kumar, K.R. Gopidas, J. Photochem. Photobiol.

A: Chem. 109 (1997) 109.
[6] N. Manoj, K.R. Gopidas, J. Photochem. Photobiol. A: Chem. 127

(1999) 31.

[7] S. Dileesh, K.R. Gopidas, Chem. Phys. Lett. 330 (2000) 397.
[8] M.K. Boyd, in: V. Ramamurthy, K. Schanz (Eds.), Molecular and

Supramolecular Photochemistry, Marcel Dekker, New York, 1997,
p. 147.

[9] P.K. Das, Chem. Rev. 93 (1993) 119.
[10] P. Wan, in: J. Mattay (Ed.), Topics in Current Chemistry, vol. 156,

Springer-Verlag, Berlin, 1990, p. 93.
[11] L.J. Johnston, D.F. Wong, Can. J. Chem. 70 (1992) 280.
[12] L.J. Johnston, D.F. Wong, J. Phys. Chem. 97 (1993) 1589.
[13] M.A. Miranda, H. Garcia, Chem. Rev. 94 (1994) 1063.
[14] J.A. Van Allan, C.C. Natale, F.J. Rauner, Belgium Patent 623972

(1963); Chem. Abstr. 63 (1965) 10102.
[15] M.R. Detty, P.B. Merkel, J. Am. Chem. Soc. 112 (1990) 3485.
[16] M.R. Detty, P.B. Merkel, R. Hilf, S.L. Gibson, S.K. Powers, J. Med.

Chem. 33 (1990) 1108.
[17] J. Reynisson, Ph.D. thesis, University of Copenhagen, 2000.
[18] B.W. Laursen, F.C. Krebs, Angew. Chem. Int. Ed. 39 (2000) 3432.
[19] B.W. Laursen, F.C. Krebs, Chem. Eur. J. 7 (2001) 1773.
[20] E.R. Biehl, H. Chiou, J. Keepers, S. Kenuard, P.C. Reeves, J.

Heterocycl. Chem. 12 (1975) 397.
[21] F. Bos, Appl. Opt. 20 (1981) 3553.
[22] D. Rehm, A. Weller, Isr. J. Chem. 8 (1970) 259.
[23] H. Siegerman, in: N.L. Weinberg (Ed.), Techniques of Chemistry,

vol. 5, Wiley, New York, 1975, p. 667.
[24] T.J. Kemp, L.J.A. Martins, J. Chem. Soc., Faraday Trans. 1 (77)

(1981) 1425.
[25] P.M.S. Monk, The Viologens, Wiley, New York, 1998.


	Photoinduced electron transfer in azatriangulenium salts
	Introduction
	Experimental
	Results and discussion
	Fluorescence quenching studies of 2BF4
	Fluorescence quenching studies of 3BF4
	Fluorescence quenching studies of 4BF4
	Laser flash photolysis studies

	Conclusions
	Acknowledgements
	References


