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Interactions of water soluble cationic oxovanadyl (IV)meso-tetrakis(1-methylpyridium-4-yl)porphyrin (OVIV (TMPyP)4+) with double
tranded poly[d(A-T)2], poly[d(G-C)2] nucleotides and calf thymus DNA were studied by the Raman spectroscopic techniques as
he polarization spectroscopic measurements. The ground state Raman bands of OVIV (TMPyP)4+ observed in the presence of poly[d(A-T2]
ere almost the same as those observed in a pure water solution except the slightly up-shifted Raman band (963 cm−1) which is ascribe

o the V O stretching mode of six-coordinated complex, OVIV (H2O)(TMPyP)4+. On the other hand, in the presence of poly[d(G-C)2], a
arkedly up-shifted Raman band was observed at 992 cm−1, indicating that OVIV (TMPyP)4+ interacts with poly[d(G-C)2] by losing the sixth
xial ligand. In the presence of calf thymus DNA, the VO stretching band was observed to be resulted by combination of those obse
oly[d(A-T)2] and poly[d(G-C)2]. The polarization spectroscopic studies with these results imply that OVIV (TMPyP)4+ interacts with DNA in
ifferent groove binding patterns originated from the formation of five-coordinated adducts in the G-C pair-rich regions and six-co
dducts in the A-T pair-rich regions. The down-shifts of core-size sensitive transient Raman bands (�2 and�4 modes) in the presence of nucl
cids illustrate an increase of the core-size of porphyrin macrocycle in the excited triplet state. The transient Raman bands related
roup were observed, and they are interpreted to be due to the excited-state charge transfer from porphyrin ring to peripheral sub
2005 Elsevier B.V. All rights reserved.
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. Introduction

Interaction of porphyrins derivatives with DNA has been
n interesting subject since the pioneer work of Fiel[1]
nd Pasternack and Gibbs[2]. Porphyrins have served as
xcellent probe molecules to monitor the structure and
ynamics of nucleic acids as well as proteins. Particularly,
ater-soluble metalloporphyrins have drawn much attention
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in the field of photodynamic therapy. It is also known t
a direct interaction and strong binding of metallomeso-
tetrakis(1-methylpyridium-4-yl)porphyrin ((M-TMPyP)4+)
with DNA is involved in the biochemical mechanism
its selective uptake[3,4]. Furthermore, interactions of som
water-soluble metalloporphyrins such as Au(III), Pt(
Pd(II), and other heavy metal derivatives of H2(TMPyP)4+

with nucleic acids have also been extensively investig
by using NMR, steady-state and time-resolved fluoresce
and resonance Raman techniques, even though a num
questions for the excited-state interactions of the metallo
phyrins as well as in the ground-state remain to be addre
Particularly, the interaction of oxometallo-porphyrins w

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.02.011
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DNA has not been systematically studied as compared to
the interactions with the active sites of heme protein such as
peroxidases, catalases, and cytochrome P450’s[5–8].

The oxovanadyl porphyrins contain a stable OV bond,
serve as convenient model systems for more active ferryl-
oxo porphyrins[9] and are widely distributed as naturally
occurring components in petroleum deposits and source
rocks[10]. Such geoporphyrins are of biological origin, and
their diagnosis provides a useful molecular fossils record
of past environmental conditions in these geological for-
mations. It is also known that their coordination chemistry
plays an important role in catalytic deactivation in hydrotreat-
ing processes[11]. Oxovanadyl porphyrins also act as the
photoactive components in electrophotography applications
[12].

Oxovanadyl (IV) porphyrins are paramagnetic d1 com-
plexes and consequently can be expected to exhibit peculiar
photophysical behaviors[13]. An unpaired electron in the
dxy orbital for oxovanadyl porphyrins results in a splitting
of the porphyrin ring triplet state arising from a strong in-
teraction between the� electronic system of the porphyrin
ring and the unpaired electron in the metal dxy orbital. The
resultant (2T/4T(�, �* )) states probably play significant roles
in the relaxation dynamics of photoexcited oxovanadyl por-
phyrins, since the spin states of the lowest excited and
ground porphyrin ring states are doublet (2S versus2S )
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Scheme 1.

cleotides and calf thymus DNA solutions. The binding
patterns of the metalloporphyrins with DNA in the excited
state as well as in the ground state are discussed based on
the relative Raman frequency changes of OVIV (TMPyP)4+

as the porphyrin interacts with different base pairs of DNA.

2. Experimental

2.1. Chemicals and preparation

OVIV (TMPyP)4+ was purchased from the Porphyrin Prod-
ucts (Logan, Utah). Distilled water was further purified using
on a deionizer (ELGA, PL5241). Poly[d(A-T)2], poly[d(G-
C)2] and calf thymus DNA were obtained from Sigma
Aldrich Co. Each DNA was used without further purifica-
tion. All experiments were carried out at room temperature
in a phosphate buffer at pH 7 (ionic strength = 0.1 M).
The DNA concentration was determined by measuring the
absorbance at 260 nm. The base pairs/porphyrin ratio was
ca. 40. The final porphyrin concentration was ca. 3�M. The
porphyrin stock solution was added to DNA solution and
kept standing for 30 min before spectral measurements.

2.2. Transient Raman spectroscopy

ly de-
s red
b the
h nm)
f ple
s rate
s unters
a col-
l 500i)
e 2E).
1 0
14]. Furthermore, the unpaired electron can also invoke
ral charge transfer transitions such as ring-to-metal (�–d),
etal-to-ring (d–�), metal-to-metal (d–d), and their mixtur

13]. However, the detailed electronic nature of the que
ng state of oxovanadyl porphyrins is still controver
15].

The resonance Raman (RR) studies of oxovanadyl
hyrins have been carried out in a great detail[16–20]. Par-

icularly, Spiro and coworkers[20] exploited the H-bondin
nd the axial ligand interactions in the ground state of
vanadyl porphyrins using the RR spectroscopy. The VO
aman band of oxovanadyl porphyrins has been know
ave a strong correlation with the axial ligation and als
lectronic configuration. The frequency of the�(V O) mode
epends on the nature of the electronic structure, and th
ent also plays important roles. The presence and natur
sixth) trans-axial ligand can have a substantial effect on
requency of the�(V O) mode. However, the photophysi
ehaviors of photoexcited oxovanadyl porphyrins have
een fully understood in the previous studies performe

he RR spectroscopy[18]. Thus, there are necessities for f
her investigations with the transient RR spectroscopy, w
an provide direct information on the strength of the o
etal bond and the electronic nature of porphyrin macr

les in the excited state.
In this work, we have examined the transient RR

he ground-state RR spectral properties of tetracat
xovanadyl(IV) meso-tetrakis(1-methylpyridium-4-y
orphyrin (OVIV (TMPyP)4+) (seeScheme 1) in the presenc
f double stranded poly[d(A-T)2], poly[d(G-C)2] polynu-
The transient RR measurement set-up was previous
cribed in detail[21,22]. The Raman spectra were measu
y photoexcitation with 416 nm pulses generated by
ydrogen Raman shifting of the third harmonics (355

rom a nanosecond Q-switched Nd:YAG laser. The sam
olution was flowed through a glass capillary tube at a
ufficient enough to ensure that each laser pulse enco
fresh volume of the sample. The Raman signals were

ected with a single pass spectrograph (Acton Research
quipped with a charge coupled device (PI LN/CCD 115
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One-color transient Raman spectra were obtained by the
difference spectrum between intense (ca. 0.2 mJ/pulse) and
weak (ca. 0.01 mJ/pulse) laser pulse excitations. The spectral
features for the ground state porphyrins were subtracted to
yield the excited state Raman spectra, using a subtraction
factor sufficient enough to avoid any negative features.

2.3. Polarized spectroscopy

Although porphyrins do not possess any chiral center, CD
spectrum can be induced by interaction between the por-
phyrin’s electric transition moments and chirally arranged
DNA base. CD spectra of the porphyrin-polynucleotide com-
plexes were recorded on a Jasco 815 spectropolarimeter. The
signal was averaged over an appropriate number of scans.

Linear dichroism (LD) is defined by difference in ab-
sorbance by an oriented sample between the parallel (A||)
and perpendicular (A⊥) polarized light[23–25]. The mea-
sured LD is divided by isotropic absorption to give reduced
LD (LDr), which is related to the angle,α, that specifies the
orientation of the transition moment of drug relative to the
local DNA helix, as shown in the following equation:

LDr = LD

A
= A‖ − A⊥

A
= 3

2
S(3 cos2 α − 1)

whereSis the orientation factor such thatS= 1 for perfect ori-
e ted
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Fig. 1. Absorption spectra of OVIV (TMPyP)4+ in poly[d(A-T)2], poly[d(G-
C)2] and calf thymus solution.

poly[d(A-T)2] solution which is similar to that observed in
pure water, reflecting that the interaction of the metallo-
(TMPyP)4+ with poly[d(G-C)2] is different from that with
poly[d(A-T)2] in pH 7 aqueous solution. The absorption
changes of Soret and Q bands in calf thymus solution in-
termediate between in poly[d(G-C)2] and in poly[d(A-T)2].
However, the absorption maxima are more similar to that
in poly[d(A-T)2] than that in poly[d(G-C)2]. This result indi-
cates that OVIV (TMPyP)4+ interact with d(A-T)2 rich regions
much more strongly than with d(G-C)2 rich regions.

In order to explore the interaction patterns, the CD and
LD spectra of the aqueous solution of OVIV (TMPyP)4+

measured in the presence of DNA, poly[d(A-T)2] and
poly[d(G-C)2] were depicted inFigs. 2 and 3, respectively.
When OVIV (TMPyP)4+ is associated with DNA and
poly[d(A-T)2], a positive CD signal in the Soret absorption

F -
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p
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ntation andS= 0 for random orientation. It can be calcula
y assuming the angle of 86◦ between the� → �* transition
f the DNA base and the DNA helix axis[26]. The LD spec

ra were recorded on a Jasco J 715 spectropolarimete
D measurement, a flow-orienting Cuvette cell device w

nner-rotating cylinder was used as described by Nordén and
eth[27]. The polarized light spectra were averaged o
everal scans when necessary.

. Results and discussion

Fig. 1 shows the absorption spectra of OVIV (TMPyP)4+

n the presence of polynucleotides, exhibiting a Soret b
ocated at 435 and 443 nm and visible Q-bands loc
n the range of 550–620 nm. The absorption band
VIV (TMPyP)4+ in the presence of various polynucleotid
nd DNA are summarized inTable 1. The Soret ban
435 nm) of OVIV (TMPyP)4+ in poly[d(G-C)2] solution is
lue-shifted as compared to the one (443 nm) observ

able 1
V-visible spectral data for the OVIV (TMPyP)4+ in pH 7 aqueous and DN
olutions

omplex λ (nm)

pH 7 Poly[d(G-C)2] Poly[d(A-T)2] Calf
thymus

VIV (TMpy-P)4+ 442 435 443 441
564 557 566 564
602 590 603 600
ig. 2. CD spectrum of OVIV (TMPyP)4+ complexed with various polynu
leotides in the Soret absorption band. (a) DNA, (b) poly[d(A-T)2], (c)
oly[d(G-C)2]. That of the OVIV (TMPyP)4+-poly[d(G-C)2] complex is ten

imes enlarged for easy of comparison. [polynucleotide] = 120�M base pai
nd [porphyrin] = 3�M.
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Fig. 3. LDr spectrum of the OVIV (TMPyP)4+ complexed with various
polynucleotides. (a) DNA, (b) poly[d(A-T)2], (c) poly[d(G-C)2]. That of
the OVIV (TMPyP)4+-poly[d(A-T)2] and -poly[d(G-C)2] complex is en-
larged by 6 and 15 times, respectively, for easy of comparison. [polynu-
cleotide] = 120�M base pair and [porphyrin] = 3�M.

region was observed. CD spectral features for both com-
plexes are similar, indicating that the interaction patterns of
OVIV (TMPyP)4+ with DNA and poly[d(A-T)2] are similar. A
positive CD signal in the Soret region upon binding to DNA
is usually attributed to the groove binding mode without any
stacking. Similar CD spectra of OVIV (TMPyP)4+ have been
reported[28]. Being consistent with that in[28], the LD
spectra of the OVIV (TMPyP)4+-DNA and OVIV (TMPyP)4+-
poly[d(A-T)2 exhibit the strong wavelength-dependent LDr

in the Soret region, indicating that interactions of Bx and By
transition of the porphyrin molecule with DNA are different.
The degeneracy in the absorption band has been removed
upon binding to DNA. The shape of the LDr spectrum of
the OVIV (TMPyP)4+-DNA and OVIV (TMPyP)4+-poly[d(A-
T)2] is similar. This means that the binding geometry of
OVIV (TMPyP)4+ to DNA and poly[d(A-T)2] is almost
identical. Together with CD result, it is conceivable that
OVIV (TMPyP)4+ bind at the groove of DNA and poly-
[d(A-T)2] and the binding geometry of porphyrin relative to
both polynucleotide is almost identical. It has recently been
known that groove binding of TMPyP occurs at the minor
groove[29,30].

On the other hand, the OVIV (TMPyP)4+ in poly[d(G-C)2]
solution exhibited a weak negative CD signal in the same
region. The negative CD signal seems to imply that the
porphyrin could be intercalated into the base pair of poly-
[ the
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m orp-
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c
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i neg-
a d

Fig. 4. Resonance Raman spectra of OVIV (TMPyP)4+ with the low-power
(ca. 0.01 mJ/pulse) probe pulses at 416 nm: (a) in phosphate buffer solution
(pH 7); (b) in poly[d(A-T)2]; (c) in poly[d(G-C)2]; and (d) in calf thymus.

at the groove site of poly[d(G-C)2]. However, the angle be-
tween the porphyrin’s molecular plane relative to the DNA
helix in OVIV (TMPyP)4+-poly[d(G-C)2] complex is consid-
erably different from those in OVIV (TMPyP)4+-DNA and
-poly[d(A-T)2] complex.

Fig. 4a shows the ground state RR spectra of
OVIV (TMPyP)4+ in pH 7 aqueous solution recorded by a
very low-power nanosecond pulse excitation at 416 nm. The
Raman bands are readily assigned with reference to the nor-
mal mode analysis of similar metallo-(TMPyP)4+s [31–33].
The porphyrin macrocyclic bands are assigned as follows:
the�2, �4, and�(C� Cm) modes are assigned to the bands at
1555, 1363, and 1013 cm−1, respectively (seeTable 2). The
pyridine bands are also observed:δ(Cm Pyr) at 1253 cm−1,
δ(Pyr) at 1219 cm−1, δ(Pyr) +�(N+ CH3) at 1189 cm−1

and�(C C)Pyr + ν(N+ CH3) at 792 cm−1, respectively. On
the other hand, the strong 955 cm−1 band in pH 7 aqueous
solution is assigned to the VO stretching mode of the
six-coordinate aqua adduct, OVIV (H2O)(TMPyP)4+ [20].
The V O bond is considered to be resulted from�-donor
d(G-C)2]. If the porphyrin is really intercalated between
ase pair, the reduced LD (LDr) spectrum in the porphyr
bsorption region should be wavelength-independent wi
agnitude comparable or larger than that in the DNA abs

ion region. However, the OVIV (TMPyP)4+-poly[d(G-C)2]
omplex also exhibited the wavelength-dependent LDr spec-
rum in the Soret band with its magnitude smaller than
n the DNA absorption region. Therefore, despite the
tive CD signal, OVIV (TMPyP)4+ is ascribed to be boun
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Table 2
Raman frequencies (cm−1) and band assignments of OVIV (TMPyP)4+a,b,c

OVIV (TMPyP)4+

Assignment pH 7 Poly[d(G-C)2] Poly[d(A-T)2] Calf thymus

�4, δ(pyr) 1646 (−4) 1644 (−10) 1642 (0) 1645 (−6)
�2, �(C�C�) 1555 (−5) 1561 (−8) 1555 (−2) 1562 (−13)
�3, �(C�C�) 1462 1452 1458 1456
�4, �(C�N) 1363 (−13) 1364 (−8) 1364 (−7) 1363 (−7)
�1, δ(Cm-pyr)a 1253 (−4) 1253 (−8) 1257 (−2) 1254 (−3)
δ(pyr)a 1219 (0) 1219 (0) 1221 (+5) 1220 (−3)
δ(pyr) +�(N+ CH3)a 1189 (0) 1188 (−5) 1191 (0) 1190 (−5)
�9, δ(C� H) 1103 (−7) 1103 (5) 1103 (0) 1104(−13)
�6, �(C� Cm) 1013 1009 1013 1009
�(OV) 992 ∼992
�(OV)· · ·(H2O)d 955
�(OV)· · ·(H2O)e 963 966
�7, δ(CC)ph 905 (−3) 905 (0) 905 (0) 907 (−4)
�(CC)pyr + �(N+ CH3)a 792 (0) 795 (−5) 793 (−2) 793

a From Ref.[31].
b From Ref.[32].
c From Ref.[33].
d From Ref.[20].
e In DNA values in parentheses are shifted values in the excited state.

interaction between the filled O2− pz orbital and the empty
V4+ d2

z orbital, and�-donor interactions between the filled px

and py orbitals and the empty dxzand dyzorbitals. This builds
up a formal V O triple bond, reflected in the high frequency
stretching mode at∼1000 cm−1. The V O bond strength is
affected by axial ligation of the coordinating solvents. The
V O bond becomes weak by electron donation from the
sixth ligand (L), which reduces the O→ V donation: L and O
compete for the same V acceptor orbital (trans-effect[34]).

In the poly[d(A-T)2] solution (Fig. 4b), most of the Ra-
man bands are similar to those in pure water solution with
a slightly up-shift of the V O stretching band appearing
963 cm−1, as expected from the absorption spectra. This
indicates that the 963 cm−1 band in poly[d(A-T)2] is at-
tributed to the V O stretching mode of six-coordinate adduct,
OVIV (H2O)(TMPyP)4+. This observation implies that the
microenvironment in poly[d(A-T)2] is slightly nonpolar as
compared with aqueous solution according to the outside
groove binding. On the other hand, the VO stretching band
in poly[d(G-C)2] solution (Fig. 4c) is markedly up-shifted
to 992 cm−1 as compared with that observed in pure wa-
ter. Previous studies for many other metallo-(TMPyP)4+ sug-
gest that the intercalation of tetracationic porphyrin inside the
poly[d(G-C)2] strand occurs. In general, free base porphyrin
and square planar metalloporphyrins such as Ni2+- and Cu2+-
p hile
m
h nts
o ter-
c ving
t in
p e-
c -
i y

approximately 37 cm−1 from that in pure water. The large
up-shifted V O stretching band and the loss of Raman inten-
sity in poly[d(G-C)2] correspond to the loss of the sixth axial
ligand through the interaction between the OVIV (TMPyP)4+

and poly[d(G-C)2], forming a stronger VO bond. Simi-
lar phenomena of five-coordinate OVIV (TMPyP)4+ complex
has been reported[35]. The ground state Raman spectrum
of OVIV TMPyP in calf thymus DNA solution is shown
in Fig. 4d. Two characteristic Raman bands at 966 and
1009 cm−1 are observed. The former could be easily assigned
to the V O stretching mode of the six-coordinate adduct,
OVIV (H2O)(TMPyP)4+ in A-T pair rich region. The latter
band is attributed to the�(C� Cm) stretch. On the other hand,
The broadening of band (fwhm = 18 cm−1) at 1009 cm−1 in
calf thymus or poly[d(G-C)2] solution can be observed, com-
paring with that (fwhm = 10 cm−1) in pH 7 or poly[d(A-T)2]
solution. Therefore, in OVIV (TMPyP)4+ containing calf thy-
mus or poly[d(G-C)2], we suggest that the VO stretching
at∼992 cm−1 of the five-coordinate adduct overlap with the
�(C� Cm) stretching band.

Fig. 5a presents the transient Raman spectrum of
OVIV (TMPyP)4+ in pH 7 aqueous solution obtained by
the high-power 416 nm single pulse excitation. The Raman
spectral features for the ground state OVIV (TMPyP)4+ were
subtracted to yield the excited state Raman spectrum using a
s fea-
t acter-
i ands
a e
g ement
o 219,
1
a e
o The
orphyrins intercalate between the base pairs of DNA, w
etalloporphyrins such as Mn3+-, Fe3+- and Co3+-porphyrins
aving axial ligation site or those with bulky substitue
n the periphery of the structure are prohibited to be in
alated. Therefore, in case of oxovanadyl porphryin ha
he axial ligation site OV, intercalation is not probable
oly[d(G-C)2]. Nevertheless, it is likely to form the fiv
oordinate complex, OVIV (TMPyP)4+ since the V O stretch
ng band in poly[d(G-C)2] solution shows large up-shift b
ubtraction factor sufficient enough to avoid any negative
ure. The excited-state transient Raman spectrum is char
zed by the down-shift of the core-size sensitive Raman b
ppearing at 1350, 1437, and 1550 cm−1 compared with th
round state Raman bands and the prominent enhanc
f the pyridine-related bands appearing at 1642, 1249, 1
189, and 792 cm−1. It is well known that the�1 and�4 mode
ppearing at 1249 and 1642 cm−1, respectively are indicativ
f the extent of the porphyrin ring-to-aryl charge transfer.
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Fig. 5. Nanosecond transient resonance Raman spectra of OVIV (TMPyP)4+

with the high power (ca. 0.2 mJ/pulse) both pump and probe pulses at 416 nm:
(a) in phosphate buffer solution (pH 7); (b) in poly[d(A-T)2]; (c) in poly[d(G-
C)2]; and (d) in calf thymus.

�1 mode assigned to Cm-aryl stretching is intense in the triplet
state Raman spectrum in parallel with the enhancement of the
�4 mode. The�1 mode is expected to be rather insensitive to
the geometry of aryl group because the center of mass of the
aryl group plays a major role in determining the frequency
of this mode. But the�1 mode has a contribution from the in-
ternal aryl mode that is suggested to arise from the porphyrin
ring-to-aryl charge transfer. Thus, the enhancement of the
internal aryl mode (�4 mode) and the�1 mode indicates the
porphyrins ring-to-aryl charge transfer in the triplet state.
Furthermore, the transient Raman bands at 792, 902 and
1012 cm−1 are predominantly enhanced in the transient RR
spectrum of OVIV (TMPyP)4+ in pH 7 aqueous solution. The
792 cm−1 band is assigned to the�(CC)Pyr and�(N+ CH3)
mode. The 902 cm−1 band is assigned to theν7 mode, and
the band at 1012 cm−1 to the�6 mode. TheC� N stretching
is mainly responsible for the�6 mode, but the CC stretching
in peripheral group contributes considerably to this mode
[20]. The�7 mode is characterized by the CC deformation in

peripheral group. Therefore, the enhancement of these modes
also reflects an increased�-electron conjugation between
porphyrin plane and peripheral groups probably induced by
the rotation of peripheral groups toward porphyrin plane.

On the other hand, in the transient Raman spectrum
OVIV (TMPyP)4+ in poly[d(G-C)2] (Fig. 5c), the characteris-
tic triplet state bands related to aryl stretching at 1634, 1245,
1219, 1183 and 790 cm−1 are very slightly enhanced com-
pared with those in poly[d(A-T)2] and calf thymus (Fig. 5b
and d). It has been well established that the enhancement
of mesosubstituted phenyl group is characteristic of the
triplet state RR spectra of normal- and/or free-basemeso-
tetraphenylporphyrins. The smaller enhancement of Raman
bands related tomeso-aryl of OVIV (TMPyP)4+ in poly[d(A-
T)2] indicates that the CT state is located at lower energy
compared with the triplet state. Therefore, the triplet life-
time of five-coordinated OVIV (TMPyP)4+ in poly[d(G-C)2]
is shorter than those in other DNA solutions. The lifetime
of the triplet state in pH 7 buffer solution was determined
to be ca. 66 ns. However, the lifetime of the triplet state in
poly[d(G-C)2] as is too fast to be measured by using the laser
flash photolysis with ca. 5 ns pulse. The existence of the fast
decaying process implies that a certain quenching (Q) state
is located lower than the triplet state, and this state acts as
deactivation state. The electronic nature of the Q state has
not been exactly assigned as to whether it is�–d, d–� or d–d
C es on
t e
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s cies.
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t
t
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l t the
t CT
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w
C less
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s of
O the
g
p com-
p por-
p rnal
T states, since there is a lack of experimental evidenc
he CT states. However, if the Q state is the�–d CT state, th
lectronic structure of porphyrin macrocycle in this exc
tate becomes similar to that of the cationic radical spe
n the previously reported Raman spectra of cationic
al of OVIV TPP[15], the�2 and�4 bands shifted to lowe
requencies. Because similar changes were also obser
ransient Raman spectra of OVIV (TMPyP)4+ in DNA solu-
ions, we suggest that the Q state is the�–d CT state.

The enhancement ofmeso-aryl related Raman bands
VIV (H2O)(TMPyP)4+ in poly[d(A-T)2] or calf thymus so

utions corresponding to the triplet state indicates tha
riplet state is located at lower energy rather than the
tate (Fig. 5b and d). Although the transient Raman sp
ra of its six-coordinated adducts by H2O ligand can be ob
erved, the difficulty in recording those of its five-coordina
dducts in poly[d(G-C)2] solution gives a clue to addre

he electronic nature of the main quenching state. The
oordinated adduct is richer in electron density as comp
ith the five-coordinated one. Then, the formation of the�–d
T state in the six-coordinated adduct is expected to be
fficient than the five-coordinated one. This explains why
eactivation of six-coordinated adduct is slower than th

he five-coordinated one (Fig. 6).
In conclusion, the polarized spectroscopic studie

VIV (TMPyP)4+ with the polynucleotides demonstrated
roove binding mode of OVIV (TMPyP)4+ with DNA and
olynucleotides. The Raman features obtained for these
lexes are in agreement with the dominant types of the
hyrin interaction with the nucleic acid, i.e., weak exte
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Fig. 6. A proposed energy diagram of OVIV (TMPyP)4+ representing the
excited-state decay processes and their dynamics. The lifetimes on the ex-
cited singlet and triplet state are measured of six-coordinated adduct in pH
7 aqueous solution.

binding in the case of poly[d(A-T)2] and strong external bind-
ing in the case of poly[d(G-C)2] expected by the polarized
spectroscopy. We conclude that the transient Raman spec-
troscopy is also useful to probe the differences even in various
external binding patterns on the porphyrin-DNA complex. It
also releases the detailed information on the photophysical
properties of the excited porphyrin-DNA complex.
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