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Abstract

The fluorescence spectrum of aqueous phenazine (P2y;laterocyclic compound, shows some interesting features that indicate the
formation of PZ—water complex in the excited state. Two types of complexes are postulated; Type |, formed by the association of water
molecule with one of the nitrogen of PZ and Type Il, formed by the association of water molecules with both the nitrogen of PZ. In addition,
PZ also interacts with the DNA bases, adenine and thymine and the corresponding nucleosides, adenosine and thymidine. Fluorescence &
laser flash photolysis studies indicate that the mode of interaction may be photoinduced electron transfer.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Water is so ubiquitous that we consider it as an ordinary
liquid solvent. However, due to its exceptionally high density
Phenazine (PZ) is an interesting, symmetniehetero- of hydrogen bonds, it displays unique physical, chemical and

cycle and its spectral properties have been extensivelybiological properties. The fluorescence spectrum of aqueous

studied [1-8]. It has importance both in Chemistry and PZreminds us thatthe solventis not a silent spectator and we

Biology. It undergoes efficient intersystem crossing and cannot always ignore the molecular details of solvent—solute

most of the earlier work was focused on the ftriplet state interactions. Thisis even more relevantin biochemistry where

of PZ [4-8]. This molecule has been used as a potential water plays a profound role in influencing molecular interac-

sensitizer in organic photochemistf9]. We have earlier  tions[16,17]

reported for the first time exciplex formation of PZ with Considering the use of various PZ derivatives as drugs, the

some aromatic amines in the singlet state and the differentstudy of the interaction of the bare PZ molecule with the DNA

nature of complexation of PZ witlv,N-dimethylaniline bases also presents an interesting problem. We have chosen

and 4,4-bis(dimethylamino)diphenylmetharj&é0,11] The the purine base adenine (A), the pyrimidine base thymine (T)

biological interest in phenazines results primarily from and also the corresponding nucleosides, adenosine (AD) and

their staining properties. PZ derivatives are used as drugsthymidine (TD). The nucleosides were chosen to see role of

for the treatment of tuberculosj42]. They are also active  the sugar unit if any. Our studies indicate the occurrence of

against many other mycobacterial infections, particularly photoinduced electron transfer (PET).

those caused bwWycobacterium leprae [13]. Recently,

XR11576 and XR5944, novel phenazines, were developed

as promising new anti-tumor agerjtst,15] These biolog- 2, Experimental

ical properties of phenazines instigated us to look at the

molecule from a different perspective. In this work we have PZ was purchased from Aldrich and was used after

studied the interaction of PZ with water and DNA bases. repeated re_crysta”isaﬁon from ethanol. A, T, AD, TD
(Aldrich) were used as such without further purification.

* Corresponding author. Tel.: +91 33 23375345; fax: +91 33 23374637. Deuterated water (BD) was obtained from Merck and
E-mail address: samita@nuc.saha.ernet.in (S. Basu). sodium lauryl sulphate (SDS) was obtained from Sigma. UV
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Wavelength (nm) Fig. 2. Fluorescence spectra of PZX1L0"4M) in ACN (---), EtOH
(==-), water (—), DO (—-—) and 10% SDS.( .). Peaks around 440 nm for
Fig. 1. Absorption spectra of PZ (210~4 M) in ACN (—--), EtOH (-—-), water and SDS; 450 nm for4; 470 nm for ACN, EtOH and SDS and the
water (—), O (—--) and 10% SDS.( .). hump around 550 nm for water ang© are marked by arrows. Inset shows

fluorescence spectrum of PZ (110~ M) in (1) pure EtOH, (2) water (25%
spectroscopy grade solvents (Spectrochem), ethanol (EtOH )y volume)-EtOH, (3) water (75% by volume)-EtOH and (4) pure water.
and acetonitrile (ACN) were used without further purifica-
tion. Water was triply distilled. [19]. Again, on addition of A, T, AD or TD there is no

Absorption spectra were recorded using UNICAM UV change in the absorption spectrum of PZ indicating that there
500 absorption spectrophotometer. Fluorescence spectras no interaction of PZ with the DNA bases in the ground
were recorded using a Spex Fluoromax-3 spectrofluorimeter.state.

Transient absorption spectra were measured using nanosec- Fig. 2shows the fluorescence spectraof PZin ACN, EtOH,
ond flash photolysis set-up (Applied Photophysics) contain- water, O and 10% SDS. The fluorescence spectrum in wa-
ing an Nd:YAG laser (DCR-II, Spectra Physics). The sample ter is strikingly different from that in EtOH or in the non-
was excited by 355 nm laser light (FWWH= 8 ns). Transients  protic solvent ACN. Fluorescence spectra of PZ in the latter
were monitored through absorption of light from a pulsed Xe two solvents are similar. The emission peak that is observed
lamp (250 W). The photomultiplier (IP28) outputwas fed into at around 470 nm for EtOH and ACN is blue shifted to around
a combiscope (Fluke PM3394B, 200 MHz) and the data was 440 nm in water. In addition a new hump appears at around
analysed using Fluke View Combiscope software (SW33W). 550 nm. In the presence of a strong acid, a hump appears

All solutions were de-aerated by purging pure argon for around 530 nm; therefore the 550 nm hump is not for the
20 min prior to the laser flash photolysis experiments. All protonated molecule. To understand this intriguing behaviour
aqueous and micellar solutions were prepared by sonication.of PZ in water, fluorescence spectrum of PZ was studied in
There was no degradation of the samples during experiment.D,0. We see that in PO the hump on the red side of the spec-

trum appears as usuatH50 nm) but the blue shiftis lessii.e.
around 450 nm. In 10% SDS the fluorescence spectrum of
3. Results and discussion PZ resembles those in other non-aqueous solvents since the

molecule is now incorporated inside the micelle, however a

Fig. 1shows the absorption spectra of PZ in the solvents, slight hump around 440 nm is also discernible. All the above
ACN, EtOH, water, RO and in 10% SDS. It is known that  observations can be explained if we consider that PZ in the
the peak of PZ around 365nm is dueste> =" transition excited state forms a complex only with wates Inset to
[18]. Absorption bands in water, J® and 10% SDS are  Fig. 2 shows that on gradually increasing the water: EtOH
similar. The absorption bands are broader in protic than ratio the fluorescence spectrum of PZ first undergoes a blue
in aprotic solvents. Also there is a red shift of these bands shift and only at a very high water concentration the 550 nm
with increasing solvent polarity. In general the electronic hump starts appearing. Thus two types of complex formation
spectra ofV-heterocycles are very sensitive to solvents. The are possible. Type | appears at low water concentrations and
formation of hydrogen bonds in protic media may com- is probably due to the association of one of the nitrogens of
pletely alter the photophysical propertiesiheterocycles PZ molecule with a water molecule. This would lead to a dis-
by changing the relative energies of the” andzx” states torted geometry of the molecule and rapid exchange of the
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water molecule would cause further destabilization leading to 20

a blue shift. In DO, on the other hand, the rapid exchangeis 510"

arrested. This increases the stability of the complex and con-
sequently the blue shift in D is also less. Type Il complex

oo 0001 0002 003 0004 0005
(G ()

is formed by association of watersD molecules with both
the nitrogen of PZ. This complex probably leads to the hump
at around 550 nm. In micellar medium, since PZ resides in
the hydrophobic interior, water molecules cannot freely ap-
proach PZ and hence, PZ—-water complex formation is not
facilitated. However, the presence of water molecules cannot
be totally ruled out and whatever little water is there in the
vicinity of PZ leads to the formation of only Type | complex
which gives the hump around 440 nm.

The appearance of several sub spectra due to the formation
of different hydrogen bond complexes with protic solvents
has been observed earlier fediazineg2,20,21] Marzzacco —
has observed various hydrogen-bonded species of pyrazine in 400 450 S8 0 600 650
its low temperature phosphorescence and absorption spectra wavelength (nm)

”7 EtO!—l water mIXture{QO.]' Rossettl and. Br.us have reportgd Fig. 3. Fluorescence quenching of PZ({10~* M) with increasing concen-
vibronically resolved excitation and emission spectra of iSo- 41 of A: (1) 0.0 M, (2) 0.001 M, (3) 0.002 M, (4) 0.003 M, (5) 0.004 M,
lated pyrazine, pyrazine@®) and pyrazine(HO), in solid and (6) 0.006 M in water. Excitation wavelength was 380 nm. Inset shows
neon hostat 4.2 R1]. Kallir et al. have used the technique of  the corresponding Stern—\Volmer plot.

total luminescence spectroscopy in the analysis of excitation

dependent phosphorescence of PZ in EtOH at 77 K and havequenchers compared to the pyrimidine bases (T, TD). Now,
identified three different PZ species in the protic medium: the oxidation potentials for A and T are known to be 1.6 eV
free molecules, molecules with one hydrogen bond to either and 2.26 eV, respective[23]. This is in accordance with the
EtOH or water and molecules forming two hydrogen bonds calculatedksy values of A and T i.eksy values decrease
at least one of which is to wat§2]. The complex formation  with increasing oxidation potential and this indicates that the
with EtOH, which is possible at 77 K, is not observed atroom quenching is due to electron transfer from the DNA bases to
temperature in our case. Pz[24].

To the best of our knowledge there has been no report  To further investigate the process of charge transfer we
so far for the complex formation of PZ with water at room have performed laser flash photolysis experiments. The
temperature and in the singlet state. Although our interpre- triplet—triplet absorption of PZ in water with a maximum
tation is purely qualitative we feel that it is the only logical around 440 nm is similar to that in ACN and no special fea-
explanation for the observed results. ture of PZ water interaction in the triplet state is appaf 0

Fig. 3shows the fluorescence spectrum of PZ in water with Fig. 4a and b show that on adding A, T and AD, TD, the ab-
increasing concentration of the purine base, A. We see thatsorption at 440 nm is quenched. A new hump appears around
on adding A, the fluorescence of PZ is gradually quenched. 460 nm and this is more prominent for the nucleosides AD
T, AD and TD also show similar behaviour. Quenching by and TD. This indicates that the sugar unit plays some role in
energy transfer can be ruled out because the absorption of thehe interaction with PZ. Considering PET to take place from
DNA bases are at much lower wavelength with respect to the the DNA bases to PZ, we expect to observe transient absorp-
emission band of P22]. The quenching process obeys the tion spectra corresponding to PZ radical anion*Pxand
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Stern—\Volmer relationship: base radical cation ((DNA bagé), but these could not be
I directly observed. It is known that (DNA bas&pre very un-
70 =1+ ksv[Q] = 1+ kqro[ Q] (1) stable and they readily undergo de-protonation or hydration

giving rise to neutral radicalR2]. In an aqueous medium
Here Iy and ! are the intensities of PZ in the absence and hydration would be more favourd@5]. The TOH radical
presence of quenched, respectivelyksy the Stern-Volmer  is known to absorb in the 450 nm ran{#6]. The N5 N6-
constantkq the bimolecular quenching constant ardthe dimethyladenosineOHradical also absorbs in this region
lifetime of PZ in the absence @. The calculated values of [27]. Hence, the hump around 460 nm can be assigned to the
ksyare 107.9 M1, 38.0M 1, 74.8 M tand 27.3 M forA, species formed upon hydration of (DNA base)
T, AD and TD, respectively. PZ is a very weakly fluorescent ~ Otaga et al. have observed a peak at 550 nm corresponding
compound with a very short lifetime. Therefore, we were toPZ~ inthe PET between PZ and triethylamine (0.17 M) in
unable to measurey with our available nanosecond set-up ACN medium[9]. We have seen that at lower concentrations
and could not calculate thig values. Itis seen that the purine  of triethylamine, the triplet absorption of PZ is quenched but
bases (A, AD) have highégy values and hence, are far better the 550 nm hump due to PZ is not observed. Now, the DNA
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of PZ molecule is associated with water molecule and the
other in which both the nitrogens of PZ are associated with
water molecules. Studies with the DNA bases, A, T, AD and
TD, reveal that PET may be the mechanism of interaction
with PZ.
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Fig. 4. Transient absorption spectra of PZx(10~*M) (M) and PZ
(1x1074M) with (@) A (1 x 102M) (@), T (1x 10°2M) (4); (b) AD
(1% 1072M) (@), TD (1 x 1072 M) (A) in water at 0.8us time delay after
the laser flash.

4. Conclusion
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