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Abstract

The time-resolved fluorescence spectroscopy of seven strongly fluorescent phenazine derivatives (two which can be associated approx-
imately to the Gy, point group, two to the & point group and three to thes@oint group) in organic solvents of varying polarity have
been reported for the first time. An increase in excited singlet lifetime and fluorescence quantum yield was observed as the polarity of the
solvent increases for the;gand the G compounds, however theiccompounds presented no appreciable solvent effect. In all five cases
where there is a change in lifetime, solvent polarity has almost no effect on the radiative rate constants, whereas the rate constants for
non-radiative decay can vary by an order of magnitude, or more. These results are explained on the basis of decreased intersystem crossin
as solvent polarity is increased. This model is supported by the results of transient absorption spectroscopy and semi-empirical molecular
orbital calculations on the excited states of some of the compounds studied.

The large solvent effect on the time-resolved fluorescence observed for the compounds belonging,tarti€xpoint groups, coupled
with their extremely high fluorescence quantum yields, indicate these compounds as potentially very important molecular polarity probes.
The strong correlation between the experimentally observed solvent effects and the theoretically calculated excited state energy levels for
each point group, as well as an obvious symmetry dependence of the observed behavior is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the preliminary results on three new fluorescent phenazine
derivatives prepared frofg-lapachone and ngg-lapachone
High fluorescence quantum yield compounds are of greatwere presented. (The lapachones, in turn, were both prepared
interest as probes because they require lower concentrationdrom the natural product lapachol.) More recently the spec-
to be detected, thus causing smaller perturbations in the systral characteristics, solvent effects and fluorescence quantum
tem under study. They are also obvious candidates for las-yields of seven phenazine derivatives ($ég. 1) prepared
ing media. Although phenazine itself is weakly fluorescent, from g-lapachone analogs were reporfgfl All are strongly
with a fluorescence quantum yield repor{@d3] as ¢r = fluorescent, some especially so in polar solvents, and would
3x 1075, there have been repofs 5] of reasonably strong ~ seem to be good candidates as fluorescent probes for moni-
fluorescence from naturally occurring phenazine derivatives toring, in vivo, the anti-cancer activity’] and anti-malarial
isolated fromPseudomonasp. In a previous articl¢6], [8] of drugs with structures similar to that @tlapachone.
What follows are the previously unpublished lifetimes, ra-
- diative and non-radiative rate constants as a function of sol-
* Taken, in part, from the Ph.D. Thesis of C.E.M. Carvalho, Universidade ,ant polarity, for the first excited singlet state of these seven
Federal do Rio de Janeiro, 2000. . L : .
* Corresponding author. Tek55-21-2562-7251 phenz_izme derivatives and the tran3|e_nt a_bsorptlon spectra of
fax: +55-21-2562-7550. the triplet state of three of these derivatives, one represen-
E-mail addressirabrinn@ig.ufrj.br (I.M. Brinn). tative of each symmetry group. The experimental, as well
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Fig. 1. Molecular structures: (a) DPZ5t & 1) and DPZ6t £ = 2); (b) DPZ5c ¢ = 1) and DPZ6c £ = 2); and (c) PZ54 =0, X=H), PZ6 @ = 1,
X =H) and PZ6Br ¢ = 1, X = Br).

as the calculational, evidence for a strong solvent effect onis a 500 W, pulsed, Xenon lamp. Detection was by a Hama-
the non-radiative rate constant of the two centro-symmetric matsu R955 photomultiplier tube, setup to use only 4-6
and the three less symmetric phenazines studied here is disdynode stages and the signal read into a Tektronix model
cussed and an explanation is given for the observed differ- TDS 520 A digital storage oscilloscope. The solutions used
ence in solvent effect as a function of molecular symmetry. were prepared with a high enough concentration to have an
absorbance of0.3 (concentratiorrs 10~4M) at 355nm
and were placed in a 10 mm 10mm Pyrex tubing cell.
2. Experimental The origin of the signal observed was tested by comparing
the results of an aerated system to those of a system flushed
All seven of the phenazine derivatives reported here were with oxygen-free N for 20 min and those of a system to
prepared as previousljl] described. The purity of each which B-carotene was added to the solution. Kinetic traces
compound was checked by thin layer chromatography andwere taken every 5nm, in the range starting from approxi-
the structure verified by NMR spectroscopy and mass spec-mately 400 nm through the termination of observed signal
trometry. All were recrystallized immediately beforehand. (approximately 700 nm), using fifty contiguous temporal
The following spectroquality grade solvents were used windows, of 320 ns width, from 4 to 30s (in the cases of
for spectroscopy: acetonitrile, benzene, chloroform, 1,4- DPZ5c and PZ6Br) and widths of 640 ns, from 8 top4d
dioxane, n-hexane, methanol and 2-propanol (Grupo (inthe case of DPZ5t). Each point represents the average of
Quimica/Brasil), dimethylformamide (DMF) and tetrahydro- five laser pulses. The kinetic data were used to construct the
furan (THF, Merck/Brasil) and cyclohexane (Vetec/Brasil). transient spectra, utilizing a commercial package, supplied
Fluorescence decay profiles were taken on a customby the manufacturer, which fits the data by reconvolu-
made Edinburgh Analytical Instruments CD-900 Time tion. A first order fit was found to be satisfactory in most
Resolved Spectrophotometer which already has been de-<ases.
scribed[9] in greater detail. A hydrogen excitation lamp The ORIGIN 7.5, MATLAB 5.3 and the Excel-2002 pro-
was used with 4 x 10* Pa pressure and electrodes spaced grams were used for data fitting and plotting. A locally writ-
by 0.70mm. The time profiles were analyzed using soft- ten prograni14] based on the self-modeling factor analysis
ware obtained from the manufacturer, which is based on themethod[15] was used to determine the number of compo-
Newton—-Gauss—MarquardfL0] algorithm. This program  nents contributing to transient absorption and their spectra.
minimizes the weighted differences between the raw decay Molecular orbital calculations on the excited states of
profile and the fitted exponential function which has been model systems representing the seven phenazine derivatives
convoluted by the lamp profile. The latter is determined studied here were done with the AMSOL-Version 6.7.2 pro-
separately by a non-fluorescent scattering solution. All life- gram[16]. When the calculations were done on the complete
time values reported reflect data taken with at least1®? molecular structure, the aliphatic rings were found to distort
pulses in the maximum channel. It has been suggestedthe symmetry of the system, decreasing it appreciably and
[11] that 185 total pulses are sufficient to characterize a not permitting the assignment of a representation to each
mono-exponential decay with an errefl0%. As a measure  orbital. This caused considerable mixingmfr* and n-*
of goodness of fit, it was found.® < x2 < 1.2, consid- states in some cases. The model systems chosen simply sub-
ered to be quite satisfactory. Fluorescence lifetimes were stituted the aliphatic rings with terminal hydrogen atoms.
compared to those of a deaerated solution of anthracene inWith this simplification, the calculations did not differenti-
cyclohexand12] as the standard, with &=5.24 ns. ate between derivatives of the same point group, however
Transient absorption spectra were done on an Edin-the experimentally observed similarities in photochemical
burgh Analytical Instruments model LP900 Time Resolved properties, within each of the point groups clearly justifies
Spectrophotometer, which has been descride] previ- this choice. Coordinates were optimized foF &sing the
ously. Excitation is accomplished by a Continuum Surelite AM1 method[17]. These same coordinates were then frozen
Nd-YAG laser, model 11-10, using the tripled fundamental and the excited states calculated using the ZINDO method
frequency €5 ns fwha and>50 mJ/pulse). The probe source [18] employing configuration interaction involving all 225
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singly excited configurations generated from excitations absorption spectrum:
between HOMO-14 through HOMG~ LUMO through

LUMO + 14. o =288 10702 [ (200 - o1°/0)e(0) 0 o
wheren is the mean refractive index of the solvent over

3. Results the absorption band angh the wavenumber of the mirror
symmetry point of the absorption and fluorescence spectra.

3.1. Solvent effect Thekr andk,, values are calculated from the experimentally
determined fluorescence lifetime and fluorescence quantum

Tables 1-4show the fluorescence lifetimes, natural), yields[1], i.e.:

radiative kr) and non-radiativelq,) rate constants for the oF

phenazine derivatives studied here for various solvents ofkpl = — (2)

different polarity. Theky values are calculatefd 9] by in- ’

tegrating over the lowest energy band of the experimental kn; = (7)™ — kg 3)

Table 1

Solvent dependence of the photophysics of the singlet manifalg) (C

Solvent DPZ5t DPZ6t

7 (ns) kn (10°s71) ke (107 s71) knr (107s71) 7 (ns) kn (10°s71) ke (107s71) knr (107 s71)

Cyclohexane 4.96 8.2 0.9 8.5+ 0.9 12+ 1 1.57 24+ 2 24+ 2 40+ 2
n-Hexane 4.89 8.# 0.9 55+ 0.6 15+ 1 1.58 22+ 2 20+ 2 43+ 2
Benzene 6.66 121 7.8+ 0.8 7.2+ 0.8 2.19 13+ 1 19+ 2 27+ 2
1,4-Dioxane 8.16 9.2 0.9 5.8+ 0.6 6.5+ 0.6 2.45 11+ 1 11+1 301
Chloroform 7.97 8.3+ 0.8 6.6+ 0.7 59+ 0.7 2.50 10+ 1 17+ 2 23+ 2
THF - - - - 2.22 1+1 15+ 2 30+ 2
DMF - - - - 2.76 6.9+ 0.7 21+ 2 15+ 2
2-Propanol 8.56 161 12+ 1 <1.2 2.56 7.8+ 0.8 21+ 2 18+ 2
Acetonitrile 8.47 6.8+ 0.7 12+ 1 <1.2 2.68 8.4+ 0.8 23+ 2 14+ 2
Methanol 8.50 4.6 0.5 12+ 1 <1.2 3.28 6.0+ 0.6 19+ 2 11+ 2

Lifetime errors+ 0.01. Errors given as most probable error.

Table 2
Solvent dependence of the photophysics of the singlet manifalg) (C
Solvent DPZ5c DPZ6c¢

7 (ns) kn (10"s7%) ki (10’s7Y) kar (10s71) T (ns) kn (107s7h) kel (10"s7Y) kor (10’s7Y)
Cyclohexane 3.69 46 4 12+ 1 15+ 1 2.40 50+ 5 14+1 28+ 1
n-Hexane 3.71 3% 4 11+1 16+ 1 245 33+ 3 15+ 2 26+ 2
Benzene 3.68 24 2 11+1 16+ 1 2.34 25+ 3 12+ 1 31+ 1
1,4-Dioxane 2.65 3% 3 20t 2 18+ 2 2.47 24+ 2 19+ 2 21+ 2
Chloroform 3.74 19+ 2 11+1 16+ 1 244 19+ 2 17+ 2 24+ 2
2-Propanol 3.92 16t 2 15+ 1 11+1 2.63 18+ 2 15+ 2 23+ 2
Acetonitrile 3.69 16+ 2 11+1 16+ 1 2.55 13+ 1 11+1 28+ 1

Lifetime errorst 0.01. Errors given as most probable error.

Table 3
Solvent dependence of the photophysics of the singlet manifajgd (C
Solvent Pz5 Pz6

7 (ns) kv (1075 ke (107s7Y) ke (10°s7Y) 7 (ns) kv (107 ke (107s7Y) ko (10757
Cyclohexane 0.7# 0.01 11+ 1 11+ 1 120+ 1 0.36+ 0.01 14+ 1 14+ 2 260+ 2
Benzene 2.09t 0.01 10+ 1 10+ 1 38+1 0.73+ 0.01 17+ 2 16+ 2 120+ 2
Chloroform 3.224+ 0.01 9.3+ 0.9 8.1+ 0.8 23+ 1 1.22+ 0.01 14+ 1 14+ 1 68+ 1
THF 3.25+ 0.01 8.2+ 0.8 4.0+ 04 26.8+ 0.4 0.93+ 0.01 13+ 1 11+1 97+ 1
DMF 6.95+ 0.02 7.7+ 0.8 6.3+ 0.6 8.1+ 0.6 1.89+ 0.01 12+ 1 6.9+ 0.7 46+ 7
Methanol 8.21+ 0.02 7.2+ 0.7 45+ 05 7.7+ 0.5 3.53+ 0.01 8.2+ 0.8 6.5+ 0.7 21.8+ 0.7

Errors given as most probable error.
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Table 4

Solvent dependence of the photophysics of the singlet manifold (PZ6Br)

Solvent 7 (ns) kn (107s71) ke (107 s71) knr (107 s71)
Cyclohexane 0.34 262 83+ 9 210+ 10
n-Hexane 0.34 22+ 2 73+ 7 220+ 10
Benzene 0.56 1% 2 50+ 5 130+ 10
1,4-Dioxane 0.72 17 2 61+ 6 77+ 6
THF 0.91 24+ 2 43+ 4 67+ 4
DMF 0.91 12+ 1 37+ 4 73+ 4
2-Propanol 0.95 9.3 0.9 41+ 4 64+ 4
Acetonitrile 0.79 16+ 2 62+ 6 65+ 6
Methanol 1.47 12+ 1 39+ 4 29+ 4

Lifetime errorst 0.01. Errors given as most probable error.

The ky values vary a bit from compound to compound, at- three G structures. The two £ structures showed the same
taining their highest values in the case of the twg €om- trend as the Cstructures, however on a smaller scale.
pounds. For any particular phenazine derivative, as solvent
polarity is increased, an almost generalized decreagg in  3.2. Transient absorption spectra
is observed, which varies from a factor of 2 to a factor
of 4. Basically all of thekg values fall within the range Considering that the parent compound, phenazine, is
(10+5) x 10’ s71, i.e., they are almost independent of sol- known [20] to undergo intersystem crossing with a very
vent, the size of the aliphatic ring and the arrangement of the high quantum yield ¢isc = 0.96), a single compound of
aromatic rings, for the three basic structures. (The one obvi- each point group studied here was selected in order to test
ous exception being PZ6Br, whose values are approximatelythese phenazine derivatives for intersystem crossing under
an order of magnitude greater.) This result is interpreted asthe conditions used to study fluorescence. The three com-
indicating that the aliphatic ring does not participate in the pounds chosen were DPZ5cA(, DPZ5t (G) and PZ6Br
electronic redistribution upon excitation (only having an ef- (Cs), all in n-hexane. All of the above showed a transient
fect to the extent that it distorts the aromatic rings) and sup- absorption spectrum. Some typical time-resolved spectra
ports the assumptidii] that the excitation in §is localized are shown irfFig. 2 and kinetic traces for the lowest energy
on only part of the conjugated section of the molecule. Also, band of each of the three compounds are showhign 3.
there is basically no solvent effect &g, within a factor of Factor analysis was applied to the first 20 spectra, i.e.
2, for any of the seven structures studied here. This suggest8-20.8us for DPZ5t and 4-10.4s for DPZ5c and PZ6Br,
that there is no strong specific interaction between any of after these times the normalized spectra being identical.
the solvents and the part of the conjugated system that par- It was found that the experimental spectra of all three
ticipates in the excitation to;Sin the phenazine derivatives compounds could be described quite adequately by only two
studied here. calculated spectra, each one well represented by a single
In comparisonky, for the compounds studied here var- component. The first band, at the blue edge of the region
ied from basically zero to more than €1, the variation studied, had considerable overlap with the normal absorp-
for any given phenazine derivative as a function of solvent tion band in the case of DPZ5t and some slight overlap in
generally was found to be a function of point group. Small, the cases of the other two compounds. In all three cases
trend less variations were noted for the twg, Gtructures, this first transient absorption band had considerable overlap
whereas almost monotonic decrease, of an order of magni-with the fluorescence band. The second transient absorption
tude, with increasing solvent polarity were observed for the band, with a maximum above 500 nm, overlapped with the

015 017 o1r
0.1F 0.08F 0.05F 53‘:&
2 005} 5 0.06} 5 o A,r’* :31'7&?:% R
! < 004 3 005t
0.02} o1t
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0l ool . S .
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Fig. 2. Time-resolved transient absorption spectra measured at various times after 355nm laser pulse excitation of andegassedolution. (a)
DPZ5c. Times (inus) after laser pulse: A, 4.16; B, 4.80; C, 7.36; D, 18.88. (b) PZ6Br. Times.$inafter laser pulse: A, 4.80; B, 5.76; C, 8.64; D,
15.04. (c) DPZ5t. Times (imus) after laser pulse: A, 8.32; B, 20.48; C, 30.08.
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Fig. 3. Kinetic traces obtained after excitation of a degassed hexane solution of (a) DR&5€,575 nm (B: with air; C: withg-carotene); (b) PZ6Br,
Aabs= 530 nm; and (c) DPZ5t.aps= 570 nm.

fluorescence band, but not the ground state absorption bandnot permit a reasonable calculation of the lifetime. These

in all three cases. results again support the assertion that intersystem crossing
Some time-resolved transient absorption spectra DPZ5ccontributes significantly to non-radiative deactivation of S
are shown inFig. 2a The first band, withhmax = 475 nm, The transient absorption spectruiifi. 29 and, there-
showed a bi-exponential behavior, with a rise timerof fore, the excited state kinetics of DPZ5t are even more
1.7ws and a decay of = 33us. The second band, whose complex. In addition to the two transient absorption bands,
kinetic trace at its maximum of 570 nm is shownFiy. 33 with maxima at 380 and 570 nm, there is an obvious neg-

is already present in the first time window af.g after the ative absorption region atmax = 495nm. (This value of
laser flash. It exhibited a mono-exponential decay time of the wavelength of the minimum can be associated with the
T = 2.7us. It is suggested that the species responsible for 483 nm absorption maximum report¢tl] previously, the
the band at 475 nm is derived from the species which absorbsdifference in wavelengths being rationalized by the fact that
at 570nm. The difference in the values of the decay of the LP900 spectrometer does not generate corrected spec-
the latter and the appearance of the former are interpreted asra.) The two positive absorption bands were associated with
suggestive of the errors involved in these values, i.e., in the mono-exponential decays, the 380 nm band with 17 s
order of 30%, or more. When this solution was aerated (pro- and the 570 nm band, whose kinetic trace is showkign3¢
file B of Fig. 39 both the OD and the lifetime of the second with t = 19us. Theser values are understood to be equal,
band decreased, the latter to .8 As shown in time profile  suggesting that the two transitions originate from the same
C of Fig. 33 the presence gi-carotene, an often us¢al] state, T. Because the first absorption band of the ground
triplet state quencher because of its low triplet energy, also state of DPZ5t is further red shifted than that of the other
diminished the OD and the lifetime (to 1.®) of the sec- two compounds, there is significant overlapping of this band
ond transient absorption band observed. Assuming that thewith the transient absorption spectrum. Appreciable popu-
B-carotene did not undergo appreciable degradation duringlation of the triplet manifold, coupled with non-overlapping
the experiment, the measured lifetime generates a quenching@bsorption bands between &and $, could cause the nega-
rate constant ofq = (24 1) x 101°M~1s71, considered to tive difference spectrum observedFig. 3h This bleaching
be at the diffusion controlled limit. This evidence strongly of the absorption spectrum decreased mono-exponentially,
suggests that intersystem crossing contributes significantlywith ¢ = 11us. These three values are considered equal,
to non-radiative deactivation of;S within the error of£30% already cited.

Fig. 2b shows some transient absorption spectra of The bleaching of the Sabsorption band was used to cal-
PZ6Br. The blue band, withhax = 440 nm, again showed culate the fraction of DPZ5t molecules which are not in

a bi-exponential behavior, with a rise time of= 1.1ps the $ state when the measurements were initiated, approxi-
and a decay time of = 15ps. The second band, whose mately 40%. The short lifetime of;Sthe lack of observable
kinetic trace at its maximum of 530 nm, is showrHig. 3b photo-degradation of the solution and the factor analyses in-

is already present in the first time window ap.g after dicating a single contribution to each transient absorption
the laser flash. It also exhibited a mono-exponential decay band effectively eliminates the possibility of appreciable ac-
time, of t = 5.1 ps. The significant difference in the decay cumulation of photoproduct. Thus the 40% quoted above is
time of the red band and the rise time of the blue band basically all in the T state. If one assumes appreciable can-
would seem to suggest that coupling of the two species is cellation of the effect of multiple excitations of the same
not occurring. It is best said that the kinetics of this system molecule due to the non-negligible temporal width of the
is not well understood at this point. When the solution was exciting laser (which would lead one to conclude thad <
aerated (not shown) the OD of the second band decreased.4) by the effect of extrapolating the {T'to Ows (which
appreciably, and the lifetime of the mono-exponential decay would indicategisc > 0.4), one arrives at the approximate
was calculated to be Ols. Whenp-carotene was added ¢jsc &~ 0.4. This value is quite consistent with the previ-
to the solution (not shown) once again the OD decreasedously published1] value of g5y = 0.27. Supporting this
significantly, but the poor quality of the decay profile did interpretation, when this solution was aerated, the lifetime



6 C.E.M. Carvalho et al./Journal of Photochemistry and Photobiology A: Chemistry 167 (2004) 1-9

30000

7
a
*

25000

—
N—m*
—
—
T—T0*

—
TT—T0*

T—T0*

>
T

3
*

Wave number (cm™)
g g 8
s 8 =°

- T T L e T L T !
Singlets Triplets Singlets Triplets Singlets Triplets
(: C2v (:Zh

s

Fig. 4. Theoretically calculated energies of low-lying excited singlet and triplet states of three model compounds.

of the species responsible for the second band decreased(b) In the case of the £ compounds there is an fi*

significantly, to 0.3.s. B-Carotene also caused a significant triplet state of slightly higher energy than the low-
deterioration in the strength of the signal, but it was not pos- est excited singlet state, whereas in the case of the
sible to abstract a reasonable value for the lifetime of the Coy compounds the correspondingri—triplet state is

species responsible for the second band. It is suggested that  lower in energy than the lowest excited singlet state.

all of this evidence points conclusively to intersystem cross-

ing contributing significantly to non-radiative deactivation

of S in all three systems in which the transient absorp- 4. Discussion

tion spectrum was determined and by extension, to all seven

phenazine derivatives studied here. The results presented here are intuitively surprising for
three reasons:

3.3. Molecular orbital calculations . . o .
(1) The increase in fluorescence lifetime observed with

increasing solvent polarity seems to go against the
argument that increasing solvent polarity should lead
to increasing solute—solvent interactions which, in
turn, should facilitate energy transfer from the excited
state of the solute to the solvent, and increase the
non-radiative rate constant.

The Gy derivatives are more sensitive to solvent po-
larity than the G, derivatives, in spite of the fact that
the former, because of their (quasi) center of symme-
try, should have basically a zero dipole moment and
therefore their dipole—dipole interaction with the sol-

The most important results of the molecular orbital calcu-
lations are summarized Fig. 4, which shows, the calculated
singlet and triplet energy manifolds in the lower energy re-
gion for the model compounds. For each of the three model
compounds the representations and energies of the states
calculated to be involved in intersystem crossing € T,) @
are identified explicitly inTable 5

In Fig. 4 one notes the following differences, in the theo-
retically calculated energies, between the compounds of the
different point groups:

(&) Inthe G compounds the first and second excited singlet vents should be trivial.
states are quite close in energy, the same not occurring (3) PZ6Br is the only one of the seven derivatives which
in the case of the more symmetric compounds. contains an atom “heavier” than oxygen. Due to the
Table 5
Theoretically calculated excited state properties—intersystem crossing
Point group Singlet Triplet Transition
State o (cm™1) State o (cm™1) Representation AD (cm™1)
Cs Si(A/, m—*) 25424 T(A”, n—*) 22760 A —2664
SH(A”, n—r*) 26409 B(A, m—*) 26885 A 476
Cay S1(Ba, m—*) 24013 B(B1, n—m*) 23973 A —40

Con S1(By, m—7) 23850 Ay, n-*) 24055 B 205
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“heavy atom effect”, one would expect this derivative The possibility of second order vibronic contributions to
to be much more susceptible to intersystem crossing intersystem crossing also should be considered. The pres-
than any of the other derivatives studied here. This dif- ence of vibronic coupling has been obseri@4 in both the
ference should manifest itself in a much shorter flu- phosphorescence spectrum of the parent phenazine and the
orescence lifetime and a lower fluorescence quantum second derivative of the absorption and fluorescence spec-
yield for PZ6Br, as compared to the other compounds. tra[1] of the phenazine derivatives studied here. In the case
Although the shortest fluorescence lifetimes are ob- of the parent compound, 18 vibrational progressions were
served for PZ6Br, a lower fluorescence quantum yield reported25], includingo= 1404 and 1475 cmt. In the ab-

is simply not observed. sorption and fluorescence spectra of the phenazine deriva-
tives studied here only progressionsia¥ 1450+ 50 cnt

were observefll], at a much lower spectral resolution. Fun-
damental vibrational frequencies in this region have been
attributed[28] previously to a stretching frequency of a het-
erocycle with three, or more, rings. The observation of this
vibrational fine structure suggests that vibronic coupling can
be important in intersystem crossing for these phenazine
derivatives as well, in addition to its contribution to internal
conversion. If so, the restriction thaj Be an n+* state will

be relaxed. In addition, one would expect to observe only a
slight increase in the vibronic coupling rate with increasing
solvent polarity. The tentative suggestion given here is that
intersystem crossing may occur via various channels, being
As no deterioration of the solutions was observed and the largely the determining factor in the non-radiative decay ob-
fluorescence signal was stable for long periods of tikae, served in non-polar solvents.

can be assumed to be negligible. On the other hand, the de- This suggestion is consistent with the general decrease
tection of a transient absorption spectrum, which is almost of k,, and increase g in the Gy derivatives, as sol-
totally quenched when oxygen is not previously removed vent polarity is increased, if one assumes that in these cases
from the system and is partially quenched by the presencespin—orbit coupling is heavily involved in intersystem cross-
of B-carotene, is interpreted as very strong evidence for theing in non-polar solvents and that there is an increasing en-
presence of triplet—triplet absorption, which implies that in- ergy barrier as the solvent polarity increases. On the other
tersystem crossing is important. It can be assumed initially, hand, in the case of the two,{ derivatives, the relative

The solvent effect observed here has been rep¢22p
for otherN-heterocycles and explain¢23] considering the
following model. The generally small variationskp from
one compound to another, as well as with variation of solvent
for any given compound, suggest that the striking differences
observed are due to the differences in e values. The
latter can be expressed as the sum of the contributions of
internal conversion (ic), intersystem crossing (isc) and irre-
versible reactions (rx), i.e.:

knr = kic + kisc + krx (4)

without loss of generality, thd is also non-negligible. solvent independence of the obsenigd values suggests
The two remaining terms on the right sideij. (4)can be the absence of any such barrier. Both of these observa-
broken down even further. Thitg can be separatdd4,25] tions are consistent with the molecular orbital calculation

as the sum of a “first order” ternkdy), due to spin—orbit results which indicate that in intersystem crossing from the
coupling and a “second order” terrk ), due to vibronic Sy (w—m*) state to the 3(n—*) state, in the case of the)g
coupling. It has been showf6,27]that spin—orbit coupling  derivatives, there will be a small energy barrier (205¢in

is heavily favored between states with different configura- whereas in the case of thexCderivatives, T is actually
tions. S is aw—mr* state for all seven phenazine derivatives slightly lower in energy (40cmt) than S. The molecu-
studied here, as shown by the significant bathochromic fluo- lar orbital calculation results for thesGlerivatives lead to
rescence shifts, as well as the theoretical calculations on thea more complicated rationalization of the experimentally
excited states. Thus, it is reasonable to assume that, in genebserved behavior. The;Gr—n*) — Ta(n—*) transition
eral, the fraction of intersystem crossing Wig will be pref- is calculated to be so exoergic (2664 chthat consider-
erentially to T,’s which are n+=* states. Because the dipole able vibrational coupling would be expected to be necessary
moment of n«* states is normally considerably smaller for this to be the major intersystem crossing pathway. The
than that ofr—™* states, to a reasonable approximation the close proximity of $(n—-w*) to S;(w—n*) suggests that the
energy variation with increasing solvent polarity of ¢an above transition may well mix with, or be dominated by, the
be ignored compared to the variation in the energy of the S Sy(n—n*) — T7(w—*) transition (both transitions belong
state, which decreases. If thg $tate involved in intersys-  tothe A’ representation). If so, an energy barret76 cnt1

tem crossing has a slightly higher energy than thestate, is to be expected, according to the calculations. One notes
there will exist an energy barrier tQ, which will increase from Fig. 4 that this proximity of singlet excited states is
with increasing solvent polarity, thus rapidly decreasigg not encountered in the calculations for the compounds of
andkpn, and increasingg. If, on the other hand, ;Thas a the other two point groups.

lower energy than § this barrier will tend to disappear and The contribution of intersystem crossing to non-radiative
a much smaller dependencelg§ on solvent polarity would  deactivation of the Sstate is consistent with both the general
be expected. solvent effect observed and also the difference between the
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behavior of the @, and Gy, derivatives. The contribution of  compounds belongs to the,Aepresentation whereas the
internal conversion, in which dipole—dipole solvent-solute S;(w—n*) state belongs to the Bepresentation, generating
interactions would be expected to have a strong influence,the symmetry permitted gtransition.
to this deactivation is not capable of explaining either of
these observed trends. This strongly suggests that inter-
system crossing, which was shown by transient absorption5. Conclusions
spectroscopy to be present in these systems, totally dom-
inates internal conversion as the principal contributor to  Of the seven phenazine derivatives studied here, all
non-radiative deactivation. showed mono-exponential fluorescence decay. Five of them
The very surprising apparent lack of a heavy atom effect show appreciable variations in fluorescence lifetime with
on the fluorescence quantum yield of PZ6Br, as comparedvariations in solvent polarity, attaining an order of mag-
to the results for PZ6 and PZ5, is consistent with the ob- nitude difference in the derivatives of lower symmetry.
served change in the NMR band, due to the six hydrogen This difference, combined with the extremely high fluo-
atoms of the two methyl groups, of PZ6Br as compared to rescence quantum yields, is sufficient to recommend using
PZ6. The substitution of a single bromine atom for a hy- these compounds as polarity probes. The lifetimes of the
drogen atom in the aliphatic ring, causes the singlet bandtwo derivatives that belong to thexpoint group are not
at§ = 1.58 to become a doublet 4t= 1.83. This differ- particularly sensitive to solvent polarity.
ence is attributed to a more rigid structure in the aliphatic ~ The transient absorption results are interpreted as indicat-
ring of PZ6Br, which allows a separation of the two methyl ing that intersystem crossing is predominant in the quench-
group peaks. The fact that in PZ6 a coalescence of the bandsng of the phenazine derivatives studied here, in non-polar
is observed, demonstrates that they are exchanging posisolvents. The differences in behavior between the various
tions too rapidly to be followed by the NMR instrument derivatives can be rationalized on the basis of the theo-
used (200 MHz) on a time scale which is comparable to the retically calculated energy separations of the states, which
nanosecond lifetime of ;S Although these results apply to  presumably would have a strong influence on intersystem
the electronic ground state, it is not unreasonable to assumecrossing.
that the aliphatic ring of PZ6Br is also more rigid in the S
state, as compared to PZ6. The former would then be ex-
pected to have higher ring stretching frequencies (exactly Acknowledgements
those which were observed in the absorption and fluores-
cence spectra), which would make it more efficient in vi-  The authors gratefully acknowledge Prof. David E.
bronic coupling. This increased vibronic coupling would be Nicodem for various helpful discussions, the Brazilian Na-
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