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Abstract

The fluorescence spectra of seven phenazines (two belonging to the C2h point group, two to the C2v point group, two to the Cs point
group and one to the C1 point group) in organic solvents of varying polarity show a bathochromic shift in all cases. Fluorescence quantum
yields increase as the polarity of the solvent increases for the C2h and the Cs compounds, however, no appreciable changes are noted in
the C2v compounds. The unexpectedly strong solvent interactions with the two centrosymmetric phenazines are explained on the basis of
a localized excited state. This explanation was supported by excited state dipole moment measurements, which indicated similar moments
for the C2h and C2v compounds. Two of the compounds undergo lasing when placed in a laser cavity and pumped with the third harmonic
of an Nd-YAG laser. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Using fluorescence spectroscopy as a probe in solution
has become a common technique in the last half century,
or so. Its utility is based on its high sensitivity to changes
in polarity, as well as high inherent detectability. The latter
allows one to use very small quantities of the fluorescent
probe, therefore guaranteeing that its presence does not ap-
preciably alter the medium that is being measured. To the
extent that the fluorescence quantum yield (φfl) of the probe
increases, this advantage over other methods becomes even
more pronounced. In addition, compounds that demonstrate
high φfl are obvious candidates for lasing media.

Based on the known [3–9] photochemical properties of
phenazine, its derivatives might seem to be dubious candi-
dates as highφfl compounds. Singlet phenazine decays pre-

q Taken, in part, from the Ph.D. thesis of C.E.M. Carvalho, Universidade
Federal do Rio de Janeiro, 2000.
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dominantly via intersystem crossing (φisc∼=0.98) whereas
φfl∼=10−5. In spite of this there have been reports [10,11]
of naturally occurring substituted phenazines, isolated from
Pseudomonasspp, as well as synthetic phenazines, such as
neutral red [12], which have appreciable fluorescence.

What follows is a description of the steady state fluo-
rescence properties of seven different highφfl phenazine
derivatives. The fluorescence maxima and quantum yields,
as a function of solvent polarity, are reported. The experi-
mental evidence for a surprisingly strong solvent effect on
the spectroscopy and photochemistry of the two centrosym-
metric, as well as three less symmetric, phenazines studied
here is discussed.

2. Methods

Three of the phenazines reported here, 3,3,12,12-tetra-
methyl-3H,12H-di-1,4-pyran[3,2-c,j]dibenzo[e,l]phenazine
(DPZ6t, Fig. 1), 2,2,14,14-tetramethyl-1H,15H-difuran[2,3-
e,j]dibenzo[c,l]phenazine (DPZ5c, Fig. 2) and 2,2,8,8-tetra-
methyl- 3H, 7H-di- 1,4-pyran[3,2-c, l]dibenzo[e,j]phenazine

1010-6030/00/$ – see front matter © 2000 Elsevier Science S.A. All rights reserved.
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Fig. 1. Molecular structures: DPZ5t (n=1) and DPZ6t (n=2).

Fig. 2. Molecular structures: DPZ5c (n=1) and DPZ6c (n=2).

(DPZ6c, Fig. 2) were prepared as previously [13] described.
The synthesis of 2,2,10,10-tetramethyl-1H,9H-difuran[3,2-
c,j]dibenzo[e,l]phenazine (DPZ5t, Fig. 1) has also been
reported [1,2]. The compounds 2,2-dimethyl-3H-furan[3,2-
c]benzo[e]phenazine (PZ5, Fig. 3), 2,2-dimethyl-3H-1,4-
pyran[3,2-c]benzo[e]phenazine (PZ6, Fig. 3) and 2,2-di-
methyl-3-Br-1,4-pyran[3,2-c]benzo[e]phenazine (PZ6Br,
Fig. 3) were prepared [14] in the usual fashion. The purity
of each compound was checked by thin layer chromatog-
raphy and the structure verified by NMR spectroscopy.
The specific data and description of the synthesis of the
previously unreported PZ6Br will be published separately.

The following spectroquality grade solvents were used
for spectroscopy: methylcyclohexane (MCH, Aldrich), ace-
tonitrile, benzene, chloroform, diethyl ether, 1,4-dioxane,
n-hexane, methanol and 2-propanol (Grupo Quı́mica/Brazil),
dimethylformamide (DMF) and tetrahydrofuran (THF,
Merck/Brazil) and cyclohexane (Vetec/Brazil). Fluores-
cence quantum yield measurements were done using a

Fig. 3. Molecular structures: PZ5 (n=0, X=H); PZ6 (n=1, X=H) and
PZ6Br (n=1, X=Br).

deaerated solution of 9,10-biphenylanthracene in MCH [15]
as the standard, with aφfl≡0.90. (The method of calculation
was taken from the same reference.)

Absorption spectra were taken on a Cary E-1 Spectropho-
tometer. Fluorescence spectra were taken on a Hitachi
F-4500 Spectrofotofluorimeter. All fluorescence spectra re-
ported here are corrected using Rhodamine B as an internal
standard to correct the lamp output, whose scattering is then
used to correct [16] the instrument response function. This
standard is considered to be valid for correcting spectra
in the region between 16,700 and 50,000 cm−1. The fluo-
rescence spectra of some of the compounds studied here
displayed a very weak tail outside of this region. The third
harmonic of a Continuum, model Surelite II Nd-YAG laser,
which puts out 180 mJ at 28,200 cm−1, was used to test for
potential laser material.

Spectra were manipulated using ORIGIN 5.0 and ground
state dipole moments were calculated with the MMX Force
Field using an IBM compatible 486 microcomputer.

Fig. 4. Absorption (dashed lines) and fluorescence (solid line)
spectra of DPZ5t: (a) [DPZ5t]=1.03×10−5 M in cyclohexane; (b)
[DPZ5t]=2.78×10−5 M in acetonitrile. For the fluorescence spectra (a)
v̄Exc=28,600 cm−1 and (b) v̄Exc=28,200 cm−1.
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3. Results and discussion

3.1. Solvent effect

Sample absorption and fluorescence spectra for DPZ5t,
DPZ5c, PZ5, PZ6 and PZ6Br in cyclohexane (a) and ace-
tonitrile (b) are shown in Figs. 4–8, respectively. Excitation
spectra were done for all of the phenazines studied here and
coincide with the absorption spectra in all cases. The mir-
ror image relationship between the fluorescence spectrum
and the first absorption band is obvious in all cases, indi-
cating that fluorescence originates from the same electronic
state which is excited via absorption into the lowest energy
band.

The large fluorescence solvent shifts can also be noted
easily in the spectra shown. Tables 1–3 show the solva-
tochromic fluorescence results for the phenazines studied
here as a function of solvent polarity. The latter was mea-
sured by the parameter1f [17]:

Fig. 5. Absorption (dashed lines) and fluorescence (solid line)
spectra of DPZ5c: (a) [DPZ5c]=9.84×10−6 M in cyclohexane; (b)
[DPZ5c]=2.31×10−5 M in acetonitrile. For both fluorescence spectra,
v̄Exc=25,300 cm−1.

Fig. 6. Absorption (dashed lines) and fluorescence (solid line) spectra of
PZ5: (a) [PZ5]=9.84×10−6 M in cyclohexane; (b) [PZ5]=2.31×10−5 M
in acetonitrile. For both fluorescence spectra,v̄Exc=25,300 cm−1.

1f ≡ ε − 1

2ε + 1
− n2 − 1

2n2 + 1
(1)

whereε is the dielectric constant andn the index of refraction
of the pure solvent, and the parameterEN

T [18,19], being
the normalized empirical polarity parameterET(30) [20].
The values of these parameters, for each solvent used, are
collected in Table 4.

Possibly the simplest way to understand the results in
these tables is to consider separately the effect of: (A) the
five-membered versus the six-membered aliphatic ring; (B)
the structural arrangement of the rings, i.e.cis, transor non-
symmetrical and (C) solvent polarity, on the physical vari-
ables: (i) absorption (̄vAb) and fluorescence (v̄fl) frequency
maxima and (ii)φfl.

(A-i) Comparing the effect of the size of the aliphatic ring
(i.e. Table 1 versus Tables 2 and 3) one notices that in a given
solvent and for each of the three geometrical arrangements
the six-membered aliphatic ring compound fluoresces to the
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Fig. 7. Absorption (dashed lines) and fluorescence (solid line) spectra of
PZ6: (a) [PZ6]=9.84×10−6 M in cyclohexane; (b) [PZ6]=2.31×10−5 M
in acetonitrile. For both fluorescence spectra,v̄Exc=25,300 cm−1.

blue of the corresponding five-membered aliphatic ring com-
pound, without exception, the difference being in the order
of 1000 cm−1. (The absorption spectra show similar results.)
This can be rationalized considering that the five-membered
ring has greater strain and this, in turn, causes a strain in the
neighboring aromatic system, therefore raising its energy.
This effect is more important in the ground state (S0) than in
the first excited singlet state (S1) because in the latter case
the bonds are, on average, a bit longer and therefore more
malleable.

(B-i) Comparing the effect of geometry (Tables 1 and 2
versus Table 3) on̄vfl in any given solvent and with a given
aliphatic ring present, one notices that the spread is not
particularly large considering the diversity of the structures
(approximately 1600 cm−1, at the greatest) and that thecis
structure exhibits the most blue shifted spectra, without ex-
ception. The nonsymmetrical structure andtrans structure
emit at about the same frequency. (The absorption spectra

Fig. 8. Absorption (dashed lines) and fluorescence (solid line)
spectra of PZ6Br: (a) [PZ6Br]=9.84×10−6 M in cyclohexane; (b)
[PZ6Br]=2.31×10−5 M in acetonitrile. For both fluorescence spectra,
v̄Exc=25,300 cm−1.

show similar results, however, the frequencies of the non-
symmetrical structures clearly approach those of thecis
structures.) The nonsymmetrical structures emit further to
the blue when a five-membered aliphatic ring is present, the

Table 1
Solvatochromic fluorescence results for DPZ5t and DPZ5c

Solvent DPZ5t DPZ5c

v̄Ab

(cm−1)a
v̄fl

(cm−1)a
φfl

b v̄Ab

(cm−1)a
v̄fl

(cm−1)a
φfl

b

Cyclohexane 20620 20440 0.42 22170 22010 0.43
n-Hexane 20700 20430 0.27 22220 22020 0.40
Benzene 20490 20160 0.52 21980 21590 0.39
1,4-Dioxane 20450 20080 0.47 22030 21640 0.53
Chloroform 20370 19530 0.53 21880 21260 0.43
2-Propanol 20580 19640 1.0 22120 21310 0.57
Acetonitrile 20450 19650 1.0 21980 21190 0.39
Methanol – 19650 1.0 – – –

a Band maxima (all wavenumbers±20 cm−1).
b Fluorescence quantum yields (±10%). Errors given as most probable

error.
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Table 2
Solvatochromic fluorescence results for DPZ6t and DPZ6c

Solvent DPZ6t DPZ6c

v̄Ab (cm−1)a v̄fl (cm−1)a φfl
b v̄Ab (cm−1)a v̄fl (cm−1)a φfl

b

Cyclohexane – 21790 0.38±0.04 23200 22990 0.33±0.03
n-Hexane 22120 21880 0.31±0.03 23260 23030 0.37±0.04
Benzene 21740 21290 0.42±0.04 22990 22640 0.29±0.03
1,4-Dioxane 21740 21260 0.26±0.03 22990 22560 0.47±0.05
Chloroform 21690 20960 0.43±0.04 22880 22400 0.42±0.04
THF 21830 21400 0.34±0.03 – – –
DMF 21790 20960 0.57±0.06 – – –
2-Propanol 21980 21050 0.53±0.05 23150 22320 0.40±0.04
Acetonitrile 21740 20960 0.61±0.06 22990 22270 0.28±0.03
Methanol 21880 20880 0.62±0.06 – – –

a Band maxima (all wavenumbers±20 cm−1).
b Fluorescence quantum yields (±10%). Errors given as most probable error.

phenomenon inverting when a six-member ring is present,
with only one exception.

It is well known that, among otherwise identical poly-
cyclic compounds, smaller aromatic systems absorb and emit
further to the blue than larger systems. Thus, one would ex-
pect the smaller systems, PZ5 and PZ6, to emit furthest to
the blue. If, in addition, one considers solvation relaxation
to differentiate between thecis and trans structures (which
are about the same size), one expects thecis structure to
emit to the red of thetrans structure. The fact that neither
is the case can be interpreted as indicating that excitation in
S1 is localized on only part of the conjugated section of the
molecule, presumably about half of the molecule, instead of
being delocalized over the entire structure. Although a rea-
sonable explanation for this would be that these phenazines
are bent in S1, another possible interpretation is that these
compounds are too large to allow complete delocalization
of the excitation. Distinguishing between these two possible
explanations will be treated below.

The conclusion that the excitation is restricted to the
aromatic system, the aliphatic system merely exercising
a secondary effect, was supported by the solvatochromic

Table 3
Solvatochromic fluorescence results for PZ5, PZ6 and PZ6Br

Solvent PZ5 PZ6 PZ6Br

v̄Ab(cm−1)a v̄fl (cm−1)a φfl
b v̄Ab (cm−1)a v̄fl (cm−1)a φfl

b v̄Ab (cm−1)a v̄fl (cm−1)a φfl
b

Cyclohexane 21930 21010 0.082 23260 21740 0.050 23640 23200 0.28
n-Hexane – – – – – – 23690 23220 0.25
Benzene 21830 20700 0.20 23200 21230 0.12 23640 22510 0.28
1,4-Dioxane – – – – – – 23530 22250 0.44
Chloroform 21740 19800 0.26 22880 20370 0.17 23420 – –
THF 21740 19800 0.13 23040 20700 0.10 23420 22280 0.39
DMF 21880 19160 0.44 22780 19960 0.13 23640 21820 0.34
2-Propanol – – – – – – 23640 21540 0.39
Acetonitrile – – – – – – 23640 21880 0.49
Methanol 21830 18900 0.37 22990 19570 0.23 23530 21010 0.57

a Band maxima (all wavenumbers±20 cm−1).
b Fluorescence quantum yields (±10%). Errors given as most probable error.

results of PZ6Br, shown in Table 3. Comparing emission
frequencies, in any given solvent, with those of Table 3, one
notes that the effect of the addition of an atom of bromine to
the aliphatic ring is to shift the emission to higher frequen-
cies. This result suggests that the effect of this substitution
is not to alter directly the system where the electronic ex-
citation is localized, because if it were the effect of the
bromine would be to decrease the emission frequencies.
The fact that the addition of the bromine atom increases the
emission frequencies indicates that the effect is skeletal, the
presence of the Br stabilizing S0 more than S1, probably
by restricting the torsional motion of the aliphatic ring and
increasing planarity in the aromatic ring.

(C-i) One notices from Tables 1 and 2 that a bathochromic
shift of approximately 950 cm−1 is observed for the non-
polar DPZ5t and DPZ6t compounds. This solvatochromic
shift is slightly greater than that shown by the twocis
structures, DPZ5c and DPZ6c, of 750 cm−1. The corre-
sponding red shifts for the three nonsymmetric structures
(Table 3) are considerably larger, in the order of 2100 cm−1.
In general, the effect of increasing solvent polarity is to
increase solvent–solute interactions, predominantly through
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a dipole–dipole mechanism. It is normally observed that
this increased solvent–solute interaction causes fluores-
cence band shifting and to a lesser extent, absorption band
shifting. Centrosymmetric solutes, in function of their zero
dipole moment, apparently are incapable of dipole–dipole
interactions; therefore, they are expected to be relatively
free of these shifts. Although the shifts for PZ5 and PZ6
are quite reasonable, the sizes of the shifts in the cases of
DPZ5t and DPZ6t are quite surprising. There have been a
few cases of solvent effects in the absorption and emission
spectra of compounds, whose ground state dipole moment
is zero because of symmetry, reported [19–25] recently,
creating controversy in the literature regarding their origin.
Because the usual argument of dipole–dipole interaction is
assumed to be inapplicable in these cases, it has been sug-
gested that these dislocations are the result of either solvent
dipole–solute quadrapole interactions [21,22] in the case of
substituted anthracenes or, alternatively, changes [23,24] in
the quadrapole moment of the solute during the electronic
transition, in the case of the fullerene C60. In both cases the
arguments presented rely on the basic idea of electron re-
distribution in the presence of solvents of different polarity
producing differences in electronic energy levels. We prefer
to interpret our results as supporting the assumption that the
excitation in S1 is localized on only part of the molecule,
as given in B-i above. Whether the same explanation is ap-
plicable to substituted naphthalenes [21,22] and fullerenes
[23,24] is not clear.

3.2. Excited state dipole moments

Excited state dipole moments (µEx) are useful as a sim-
plified measure of electron distribution in the excited state,
the latter being responsible for all chemical properties. The
most common method for determiningµEx is the solva-
tochromic method in whichµEx is calculated by comparing
the shift of the spectrum (1v̄) of the compound of interest
to a parameter related to solvent polarity. The same polar-

Fig. 9. Plots of1v̄ vs. solvent polarity parameter for DPZ5c: (a) Eq. (2) and (b) Eq. (3).

Table 4
Solvent polarity parameters

Solvent 1f EN
T

Cyclohexane 0.0005 0.006
n-Hexane 0.001 0.009
Benzene 0.0039 0.111
1,4-Dioxane 0.0202 0.164
Chloroform 0.1408 0.256
THF 0.2107 0.207
2-Propanol 0.2744 0.546
DMF 0.2755 0.386
Acetonitrile 0.3062 0.460
Methanol 0.3134 0.762

ity parameters shown in Table 4 have been used to calculate
µEx, i.e. 1f andEN

T . In the case of the former parameter,
1µ is given [26] by

1µ = µEx − µGd =
{(

cha3

2

)(
1v̄

1f

)}1/2

(2)

µGd being the ground state dipole moment,c the velocity of
light, h Planck’s constant anda being the Onsager ‘effective’
spherical radius of the solute. In the case of the latter solvent
polarity parameter,1µ is given by [27]

1µ = 5.4823× 10−3a3/2

(
1v̄

1EN
T

)1/2

(3)

wherea has the same definition as in Eq. (2). Although1v̄

can be taken from either the absorption or fluorescence spec-
trum, it is most usually set equal to the difference between
the absorption and fluorescence maxima, as has been done
here. Sample plots of(1v̄/1f ) and(1v̄/1EN

T ) for DPZ5c
are shown in Fig. 9 and the results for all seven compounds,
using Eqs. (2) and (3) are tabulated in Table 5. To calculate
1µ one needs to knowa of the solute. This part is proba-
bly the Achilles heel of the model, because most molecules
studied are far from spherical. Even so, an approximation of
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Table 5
Dipole moments

Phenazine Radius (Å)a µGd (D)b Plotted against∆f (Eq. (2)) Plotted againstEN
T (Eq. (3))

1µ (D) Multiple r µEx (D) 1µ (D) Multiple r µEx (D)

DPZ5t 5.50 0.25 5.9±0.8 0.92 6.1±0.8 2.6±0.3 0.93 2.9±0.3
DPZ5c 5.50 1.06 5.6±0.6 0.96 6.7±0.6 2.5±0.3 0.98 3.6±0.3
DPZ6t 5.62 0.63 5.5±0.8 0.87 6.1±0.8 2.4±0.3 0.95 3.0±0.3
DPZ6c 5.62 1.05 5.4±0.7 0.94 6.4±0.7 2.4±0.2 1.00 3.5±0.2
PZ5 4.92 0.96 8±1 0.92 9± 1 3.2±0.5 0.92 4.2±0.5
PZ6 4.99 0.80 7±1 0.92 8±1 3.0±0.3 0.97 3.8±0.3
PZ6Br 5.38 2.09 8±1 0.85 10±1 3.5±0.4 0.97 5.6±0.4

a Calculated assuming density of 1.00.
b Calculated theoretically using an MMX Force Field. Errors given as most probable error.

a, in Å, can be obtained from

a = 108
(

3M

4πNρ

)1/3

(4)

whereM is the molecular weight of the compound of inter-
est,N Avogadro’s number andρ the density in g/cc. One
should note that the method also requires a knowledge of
µGd in order to calculateµEx. To the best of our knowledge,
none of these values has been determined experimentally.
The values given in Table 5 forµGd are calculated theo-
retically, using the molecular mechanics MMX Force Field.
The µEx values have been assumed to be the sum ofµGd
and 1µ. This assumption is consistent with the idea that
the nitrogen atoms are electron withdrawing in S0 and even
more so in S1. However, even if the dipole vectors are not
perfectly aligned, the difference in the calculation ofµEx
will be trivial, because1µ�µGd.

Table 5 shows the calculatedµEx for the seven compounds
considered here, using Eqs. (2) and (3). The multipler values
and most probable errors (calculated from the deviation of
the slopes in Eqs. (2) and (3) and assuming an uncertainty of
20% inρ) are consistently better using theEN

T polarity scale,
as has been found previously [27] for other compounds.
The goodness of fit (as evidenced by the multipler values)
especially using theEN

T polarity scale, is taken as evidence
for the absence of specific solvent–solute interactions in the
systems studied here. For both polarity parameters used,
all seven compounds presented reasonably linear(1v̄/1f )

and(1v̄/1EN
T ) plots, indicating that S1 can be attributed to

the same excited state, independent of solvent. In general,
Eq. (2) generates values ofµEx which are approximately
twice those generated by Eq. (3). Eq. (3) normally yields
results which are closer [27] to those calculated by quantum
mechanics. If the compounds being studied have excited
state properties which are significantly different from those
of the reference compound (betaine) used to derive Eq. (3),
the empirical assumptions may not hold.

It is generally expected that small solvent shifts would
be observed in the case of a centrosymmetric compound,
where bothµEx andµGd should be close to zero. However,
in the case of centrosymmetric compounds whose excited

state wavefunction does not reflect molecular symmetry,
i.e. µGd∼=0 andµEx 6=0, one might expect surprisingly large
solvatochromic shifts, because increasing the polarity of
the solvents stabilizes the excited state considerably more
than it stabilizes the ground state. The fact that, within ex-
perimental error, theµEx, values for thetrans isomers are
approximately equal to the values for the corresponding
cis isomers, in the case of both methods used, supports the
model of localized excitation in S1, proposed here for these
compounds.

(A-(ii)) Independent of the arrangement of the aromatic
rings, the five-membered aliphatic ring systems show con-
sistently slightly greaterφfl values than the corresponding
structures with six-membered aliphatic rings. This result
is interpreted as indicating that the aliphatic ring does not
participate in the electronic redistribution upon excitation,
however, acts as a sink for the degradation of electronic
energy via internal conversion and/or intersystem crossing.
Supporting the first explanation is the fact that it is well
known [28] that S1–S0 internal conversion can be associ-
ated, to a reasonable approximation, with the high frequency
stretches present in the electronically excited molecule. If
one restricts consideration to only the methylene groups,
one notes twice the number of C–H stretching modes
in the compounds with six-membered aliphatic rings, as
compared to the compounds with five-membered aliphatic
rings. Supporting the second explanation is the fact that
the six-membered ring compounds have a greater S1–S0
energy separation, which could lead one to expect that
they might demonstrate decreased internal conversion and
greater intersystem crossing, relative to the five-membered
ring compounds. At this point we are not able to distinguish
between these two potential explanations.

(B-(ii)) One observes that independent of the size of
the aliphatic ring, thetrans structures show the highestφfl
values and the nonsymmetric compounds show the lowest
φfl values. These results do not correlate with the S1–S0
energy separations, suggesting that differences in inter-
system crossing may not be important. The above results
do correlate with symmetry allowed vibrational transitions
(the nonsymmetrical structures, being of lower molecular
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Fig. 10. Second derivative of the absorption spectrum of DPZ6c in cyclohexane. Two vibrational progressions are shown.

symmetry, have more allowed nonradiative transitions),
apparently supporting the notion that the differences are
due to differences in internal conversion rates.

With the idea of investigating to what extent the differ-
ences in vibronic coupling, as a function of the point group
of the solute, is responsible for differences inφfl, the second
derivative [29] of the absorption and fluorescence spectra of
each compound in acetonitrile and cyclohexane was taken.
In all cases one or two vibrational series, with splittings of
1450±50 cm−1 were observed. As an illustration, the second
derivative of the absorption spectrum of DPZ6c in cyclo-
hexane is shown in Fig. 10, with the splittings indicated. In
general, the vibronic coupling becomes less clear in the fluo-
rescence spectra, as compared to the absorption spectra, and
also as the polarity of the solvent increases. Vibronic split-
tings of this order have been observed [30] previously for
similar compounds and the frequency attributed to stretch-
ing of a heterocyclic ring with three, or more, condensed
rings. The fact that approximately the same frequency was
observed in all the compounds studied here leads one to sug-
gest that the first excited singlet state is delocalized over the
heterocyclic ring in all cases. Unfortunately, ring stretches,
in principle, can contribute to a vibrational mode of any rep-
resentation and no correlation with molecular symmetry can
be made at this time.

(C-(ii)) The effect of solvent polarity onφfl varies as a
function of the arrangement of the aromatic system, being
almost nil for thecis structures, whereas an increase in sol-
vent polarity increasesφfl by a factor of 2, or more, for the
transand nonsymmetrical structures. It should be noted that
this latter behavior is somewhat surprising because, in gen-
eral, increasing solvent polarity is expected to decreaseφfl.
This expected effect upon increase of the solvent polarity
can be rationalized by three factors, all of which may be
present simultaneously:

1. an increase in solvent–solute dipole–dipole interactions,
allowing greater energy transfer from electronically ex-
cited solute molecules to solvent molecules (that the more
polar solvents have stronger interactions with the com-
pounds treated here is confirmed by the bathochromic
solvent shifts of the fluorescence spectra);

2. an increase in specific solvent–solute interactions, which
should have the same effect as the above factor; and

3. a decrease in S1–S0 energy separation, which should in-
crease internal conversion. We are presently endeavoring
to determine why this effect is not observed.
The increase ofφfl with increasing solvent polarity in rigid

aromatic solutes (which cannot undergo twisting and be ex-
plained by the TICT model) has been observed previously.
One explanation which has been given [31–33] is based on
the idea that S1 is a mixture of two close-lying electronic
states, one predominantly covalent and the other consider-
ably more polar (CT). According to this model, the CT state
makes a greater contribution to S1 in polar solvents than in
nonpolar solvents and has a considerably smaller overlap
with the predominantly covalent S0, thus leading to higher
φfl in polar solvents. However, were two states of different
polarities present, a determination of the excited state dipole
moment using the solvatochromic method should produce
different slopes, in different polarity regions. This was not
encountered experimentally (Fig. 9), which argues against
invoking this explanation in the case of the phenazines stud-
ied here.

Other explanations which have also been offered for the
observation of increasedφfl with increasing solvent po-
larity are increased stability of the S1 state due to greater
solvent–solute interactions [34] and increased planarity [35]
in S1 compared to S0. It should be noted that care must
be taken in differentiating between the polarity effect of a
solvent and its proton donating ability, which could be a
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potent channel for quenching S1 [33,36,37]. Thus, in the
case of the phenazines studied here dissolved in alcohols,
one would expect that the proton donating ability of the
solvent (which parallels solvent polarity) together with the
expected increased basicity of the phenazine nitrogens upon
excitation, would be effective in decreasingφfl. The fact that
this is not observed with increasing proton donating ability
of the alcohols used indicates that this effect is secondary in
the case of these phenazines. Another possible interpretation
might have been that the expected increased basicity of the
phenazine nitrogens upon excitation does not come about
due to excitation localization, which partially excludes these
groups. However, this last explanation would appear to be
excluded by the results of second derivative spectroscopy.

3.3. Lasing

Saturated solutions of DPZ6c and DPZ5t in 1,4-dioxane,
in a 10 mm square fluorescence cell, were tested as po-
tential laser dyes, being excited with the third harmonic
of a Nd-YAG laser. In bothφfl=0.47. Both were found to
undergo lasing, producing a green emission at right angles
to the exciting light, when a cylindrical lens was used to
concentrate the exciting beam. However, in both cases the
lasing ceased within approximately 5 min, i.e. 3000 laser
pulses. Thin layer chromatography analysis of the two solu-
tions after irradiation showed a complex mixture of various
compounds.

4. Conclusions

Of the seven compounds studied here, by far the best
polarity probes were the two nonsymmetrical phenazines,
PZ5 and PZ6, which displayed solvatochromic fluorescence
shifts of more than 2000 cm−1 and variations in fluorescence
quantum yield of a factor of 5. All seven compounds have
quite high fluorescence quantum yields, especially in polar
solvents, and should be considered for use in chemical sys-
tems where a low concentration of the fluorescence probe is
essential.
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