
J. Phys. Chem. 1995,99, 4397-4405 4397 

Intramolecular Interactions in the Ground and Excited State of 
Tetrakis(N-methylpyridy1)porphyrins 

Frank J. Vergeldt," Rob 3. M. Koehorst, Arie van Hoek, and Tjeerd J. Schaafsma 
Department of Molecular Physics, Agricultural University, Dreijenlaan 3, 
6703 HA Wageningen, The Netherlands 

Received: May 18, 1994; In Final Form: December 13, 1994@ 

The fluorescent properties of the cationic free base tetrakis(4-N-methylpyridy1)porphyrin (H2TMPyP(4)) in 
aqueous solution have been the subject of considerable discussion. Conclusions by various authors on the 
presence of homo-aggregation of H2TMPyP in these solutions are contradictory. The present work reports 
spectroscopic data for three isomers of H2TMPyP(n) (n = 2,3,  or 4) at varying concentrations, solvent polarity, 
and temperature. 'H NMR spectra of H2TMPyP(4) show no ground-state monomers below M in water. 
Fluorescence spectra of the three isomers in aqueous solutions indicate the absence of aggregates both in the 
ground and excited state. Fluorescence lifetimes of the three isomers both in solution as well as adsorbed on 
solid surfaces can be explained by taking into account their dependence on the steric hindrance for rotation 
of the pyridinium groups of the three isomers with respect to the porphyrin macrocycle. Molecular mechanics 
confirms a higher degree of steric hindrance of H2TMPyP(2) as compared to the two other isomers. From 
the experimental results it is concluded that the first excited singlet state SI of the porphyrin mixes with a 
nearby CT state slightly above this SI state. In this CT state an electron is transferred from the porphyrin 
macrocycle to the pyridinium group. The amount of SI-CT mixing, responsible for the spectroscopic 
differences, is determined by the degree of coplanarity and resonance interaction of the porphyrin and the 
pyridinium n-systems, and by the solvent polarity which determines the energy difference between the two 
states. 

Introduction 

Anionic tetrakis(4-carboxypheny1)porphyrins (TCPP(4)) and 
cationic tetrakis(4-N-methylpyridy1)porphyMs (TMPyP(4)) form 
1: 1 heterodimers in watedmethanol(4: 1 v/v) in high yield. Upon 
optical excitation, these dimers exhibit ultrafast charge separation 
and fast charge recombinati~n.I-~ In view of their geometry 
and spectroscopic properties, the dimers can be viewed as 
models for the dimeric primary donor of bacterial photosynthetic 
reaction  center^.^,^ 

Being noncovalently bound, precise knowledge of the extent 
of homo-aggregation in aqueous solutions of both dimer 
constituents is crucial for a correct interpretation of the results 
from transient absorption experiments for heterodimer solutions. 
Homo-aggregates of TCPP, anionic tetrakis(4-sulfonatopheny1)- 
porphyrins (TSPP), and cationic tetrakis(4-(trimethyla"ono)- 
pheny1)porphyrins (TMAPP) are easily formed in aqueous 

Conclusions about the aggregation of the three 
isomers of free base tetrakis(N-methylpyridy1)porphyrins 
(H2TMPyP) (Figure 1) by various a ~ t h o r s ~ . ~ - ~ - ' ~  are contradic- 
tory which prompted us to further investigations, reported in 
this paper. 

Pastemack et al.6.7 and othersI7 concluded that the free base 
Ni(II), Cu(II), and Zn(I1) complexes of H2TMPyP(4) do not 
form concentration dimers nor do they aggregate in the presence 
of inorganic salts. This conclusion was based on the absence 
of any detectable deviation from Lambert-Beer's law upon 
dilution and on temperature-jump relaxation experiments. Later 
Kano et al. concluded from steady-state fluorescence spectra, 
that ground-state dimers of HzTMPyP(4) are present in water 
even at concentrations as low as M. Upon addition of 
methanol, surfactants, or charged or uncharged aromatic com- 
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Figure 1. Molecular structure of the three isomers of the free base 
tetrakis(N-methylpyridy1)porphyrins HzTMPyP: (a) tetrakis(2-N-me- 
thylpyridy1)porphyrin (HzTMPyP(2)); (b) tetrakis(3-N-methylpyridy1)- 
porphyrin (HzTMPyP(3)); (c) tetrakis(4-Nmethylpyridy1)porphyrin 
(&TMmP(4)); (d) tetrakis(4-(trimethylammono)phenyl)porphyrin (H2- 
TMAPP); (e) tetrakis(4-carboxypheny1)porphyrin (H2TPPC). For met- 
alloporphyrins, both protons are replaced by metal ions. 

pounds, and upon increase of temperature or dilution of aqueous 
solutions below M, the single, almost structureless 
fluorescence band resolves into the usual porphyrin fluorescence 
spectrum with two well-resolved vibrational bands. Brookfield 
et aZ.I3 confirmed these results demonstrating a deviation from 
Lambert-Beer's law and a small red shift of the Soret band 
upon decreasing the concentration of H2TMPyP(4) from 
to lo-' M. Pastemack et a1.I2 criticized these results in view 
of their 'H NMR results for HzTMPyP(4) and its complexation 
with nucleosides and nucleotides. This criticism was replied 
with new 'H NMR results and other spectroscopic data which 
were claimed to support the existence of ground-state dimers 
of HzTMPyP(4). Kadish et concluded from 'H NMR and 
EPR data that there is no evidence for a ground-state monomer- 
aggregate equilibrium of H2TMPyP(4) in the 10-3-10-4 M 
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concentration range. From fluorescence kinetics Kemnitz et all6 
calculated a homodimerization constant of 8.8 x lo5 M-' in 
disagreement with the values predicted by the models of 
Pastemack and Kano, respectively. 

This paper presents detailed results on the above mentioned 
issues for the three isomers H2TMPyP at various porphyrin 
concentrations, solvent polarity, and temperature, using optical 
spectroscopy and 'H NMR. It is shown that the coiitroversial 
results, reported by a number of authors, can be explained by 
taking the adsorption of H2TMPyP onto solid surfaces or solid 
impurities into account. Under carefully controlled conditions, 
no evidence is found that the observed anomalous fluorescence 
spectra and fluorescence lifetimes of the three isomers H2TMPyP 
are due to ground- or excited-state dimerization. All of the 
observed H2TMPyP spectroscopic features can be explained by 
a model, invoking the formation of an intramolecular exciplex 
state with a charge-transfer admixture depending on the solvent 
polarity as well as on the rotational freedom of the pyridinium 
side groups in the various H2TMPyP isomers. 

TMPyP(4) has been widely used as an antitumour reagent in 
photodynamic therapy, involving complexation of porphyrin and 

The results of this work may also shed some new 
light on the nature and role of the TMPyP excited state in 
forming the porphyrin-DNA exciplex, thought to be the active 
component in the photodynamic p r o c e ~ s . ~ ~ - ~ ~  

Vergeldt et al. 

TABLE 1: Positions (nm) and Relative Intensities (between 
Parentheses) of the Q Absorption Maxima in Water and 
Methanol 

Experimental Section 

Cationic H2TMPyP(3) and HzTMPyP(4) (Figure 1) were 
synthesized as their iodide salts from the precursors free base 
tetrakis(3-N-pyridy1)porphyrin and free base tetrakis(4-N- 
pyridy1)porphyrin by reaction with methyl iodide. The three 
isomers of H2TMPyP including HzTMPyP(2) (Figure 1) were 
obtained as their chloride salts from Midcentury Chemicals 
(Posen, IL) and used as received. Chloride salts of 
HzTMPyP(3) and H2TMPyP(4) were also made by passing the 
aqueous solution of H2TMPyP(3)4 and H2TMPyP(4)14 over an 
anion exchange column (Amberlite IRA-400, E. Merck, Darm- 
stadt, Germany) in the chloride form. The iodide salts of 
ZnTMPyP(4), HzTCPP, and ZnTCPP (Figure 1) were prepared 
as previously described.' The tosylate salt of H2TMAP (Figure 
1) was purchased from Aldrich Chem. Co. (Milwaukee, WI) 
and used as received. Optical spectra of all porphyrins were in 
good agreement with published data.25 

UV/vis absorption spectra were measured using a Kontron 
Uvikon 8 10 spectrophotometer. Steady-state fluorescence 
spectra were recorded with a Perkin-Elmer LS-5 spectrometer 
and corrected for the characteristics of the detection monochro- 
mator and photomultiplier by a spectral irradiation standard 
(1000 W Fel type lamp, Eppley Lab. Inc., Newport, KY). For 
all fluorescence spectra the excitation wavelength was chosen 
at the maximum of the QJ0,l) absorption band (see Table 1). 
Fluorescence spectra were fitted to Gaussian functions using a 
graphics and data analysis package (Igor, WaveMetrics, Lake 
Oswego, OR). 

Since we found that material adsorbing at the cuvette walls 
may complicate spectroscopic experiments, all steady-state 
experiments were performed immediately after dilution, in 
plastic cuvettes with a 1 cm optical path length (Sarstedt, 
Germany) using freshly prepared stock solutions. 

Fluorescence lifetimes were determined using the time- 
correlated single photon counting technique.26 For excitation 
of the sample the output of a mode-locked CW Nd:YLF laser 
was frequency doubled, resulting in light pulses at 527 nm and 
35 ps fwhm. Using an electrooptic modulator setup in a dual 
pass arrangement27 the repetition rate of the excitation pulses 

porphyrin solvent Qr(O, 1) Q,(O,O) Qx(O,l) Qd0,O) 
HzTMPyP(4) H20 512 (1.00) 545 (0.20) 580 (0.40) 632 (0.08) 

CH3OH 510 (1.00) 543 (0.20) 584 (0.37) 640 (0.08) 
H2TMPyP(3) H20 514 (1.00) 547 (0.17) 581 (0.37) 633 (0.04) 

CH3OH 511 (1.00) 544 (0.18) 586 (0.33) 641 (0.04) 
HzTMPyP(2) H20 518 (1.00) 554 (0.35) 585 (0.41) 638 (0.10) 

CH,OH 515 (1.00) 549 (0.37) 589 (0.33) 646 (0.09) 

was decreased to 600 kHz at an energy of about 10 pJ. 
Fluorescence light was detected at several wavelengths between 
550 and 744 nm using Baltzers interference filters with a band- 
pass of about 10 nm fwhm together with a Schott KV550 cutoff 
filter. A Hamamatsu 1645 UO1 microchannel plate photomul- 
tiplier was used for detection. For deconvolution of the data 
the reference methodz6 was used with rose bengal (z,f = 0.55 
ns) and oxazine (qef = 0.78 ns), both in methanol, as reference 
compounds for the regions 635-647 nm and 657-144 nm, 
respectively. Each fluorescence decay was analyzed using the 
FAME program (Maximum Entropy Data Consultants Ltd., 
Cambridge, England) to find the most probable distribution of 
lifetimes using the maximum entropy algorithm.** In addition 
global analysis (Globals Unlimited, Urbana, IL) was applied to 
a series of fluorescence decays to determine the wavelength- 
dependent distributions of species with different  lifetime^.^^,^^ 
To exclude spurious effects of oxygen all samples were purged 
for 10 min with deoxygenated argon. Fluorescence lifetime 
measurements of porphyrin solutions were performed in 1 cm 
quartz cuvettes (Helma Benelux, The Hague, The Netherlands) 
instead of plastic cuvettes to prevent spurious background 
fluorescence. 
FT 'H NMR spectra were measured at 200 MHz on a Bruker 

AC300 spectrometer. 
Molecular mechanics calculations were carried out using the 

CHARMm energy function (version 21.2) implemented in the 
QUANTNCHARMm package (version 3.0, Polygen Co., 
Waltham, MA). Constrained minimalization was performed 
with 2000 steps of the Powell conjugate gradient method 
followed by 200 steps of the more rigorous ABNR (adopted 
basis-set Newton-Raphson) method, using the standard 
CHARMm force field. Partial charges were assigned by means 
of a charge template in QUANTNCHARMm. There are no 
solvent molecules included in the calculation. In QUANTA/ 
CHARMm the screening effect of water was simulated using a 
distant-dependent dielectric constant. This is achieved describ- 
ing the electrostatic interaction by 

implying that the electrostatic interaction is weighted by the 
distance rij between the partial charges qi and qj. 

Results 

Absorption Spectra. Absorption spectra of the three isomers 
of H2MPyP in aqueous solution agree with published data,25 
except for the Q(0,O) band of HzTMPyP(3) (Table 1). The 
published value of 640 nm for the position of the Q(0,O) 
transition for HzTMPyP(3) in water is most likely due to a 
chlorin formed during preparation. Changing from water to 
methanol results in similar shifts of the Qx(O,O) transition for 
HzTMPyP(2) as for the other two isomers. A small blue shift 
of the QJ bands, a small red shift of the Qx bands, and changes 
in the intensity ratio of the Q(0,O) and Q(0,l) bands are observed 
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TABLE 2: Chemical Shift Differences Ad between 1 x 
M Water-Soluble Porphyrins Dissolved in D20 with 1 M 
KCl and in D,O/CD2OD (4:l) 
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, H2TPPC -1.21 

H2TMPyP 0.00 
ZnTMPyP 0.00 

ZnTPPC -0.73 
-0.20 
-0.20 

0.00 
0.00 

for all isomers in methanol as compared to water. There is 
hardly any effect of temperature on the absorption spectra for 
the three isomers. 
'H NMR Spectra. Protons in the proximity of a porphyrin 

macrocycle exhibit large aromatic ring current shifts. From 
these shifts the positions of protons with respect to the porphyrin 
plane and thus the presence and conformations of porphyrin 
aggregates can be ~ a l c u l a t e d . 4 - ~ ' ~ ~ ~  Table 2 summarizes 
the chemical shift differences between the protons of 
&TMPyP(4), HzTPPC, and ZnTPPC dissolved in D20 contain- 
ing 1 M KCl, and in D20/CD30D (4:l). Ortho protons and to 
a lesser extent the meta protons of the phenyl groups of H2- 
TPPC and ZnTPPC exhibit an upfield shift in D20/1 M KCl 
with respect to their resonance position in D20/CD3OD (4:l) 
as a result of aggregation due to the shielding effect of the K+ 
ions.32 For H2TMPyP(4), however, no such shift is observed. 

We investigated the temperature effect on the 'H NMR 
spectra of H2TMPyP(4) in view of the results of Kano et al.,9 
who found a downfield shift of 0.6 ppm for all resonances of 
HzTMPyP(4) and H2TMAPP in the temperature range 294- 
358 K. Although for H2TMAPP these 'H NMR experiments 
were carried out at 5 x M, where mainly monomers are 
present according to fluorescence data, the observed shift was 
explained as a JC-n interaction between the two porphyrin 
moieties. Because the same effect was found for H2TMPyP(4) 
a similar monomer-dimer equilibrium was suggested for this 
compound. Using the resonance signal of naturally abundant 
protons in D20 as an internal reference, it was found that all 
resonance positions must be corrected to compensate for the 
downfield shift of the reference signal (0.6 ppm) at 350 K. After 
this correction was applied to the spectra no downfield shift 
for H2TMPyP(4) remained. 

Fluorescence Spectra. The fluorescence spectra of the three 
isomers of H2TMPyP in water are strikingly different (Figure 
2) .  The resolution of the Q(0,O) and Q(0,l) fluorescence bands 
decreases in the series H2TMPyP(2) > HzTMPyP(3) > 
H*TMPyP(4), as previously observed by Kalyana~undaram.~~ 

Kano et al. l o  presented fluorescence spectra of H2TMPyP(2) 
in the 1 x to 1 x lo-* M concentration range, exhibiting 
an increase of resolution of the Q(0,O) and Q(0,l) bands below 
1 x lo-' M. At these concentrations the fluorescence spectrum 
of H2TMPyP(4) in water resembles that in methanol. The 
authors concluded that this porphyrin is monomeric in water at 
concentrations below 1 x M. In contrast with these results 
we did not observe changes in fluorescence spectra of 
HzTMPyP(4) upon dilution down to 1 x loT9 M in ultrapure 
water purified by the Milli-Q water system (Millipore Co., 
Molsheim, France). In water of less purity, however, the effect 
of dilution on the resolution of fluorescence spectra as published 
by Kano et aLiO could be reproduced. We found that the 
concentration at which onset of resolution enhancement of the 
fluorescence spectrum is observed rises with various treatments 
of the water by which the particulate concentration is increased, 
e.g., passing over cotton-wool, paper filter, or ion exchanger. 
We note that H2TMPyP(4) has a high affinity to solid surfaces 
(e.g., glass), and that the fluorescence spectrum of adsorbed 
HzTMPyP(4) resembles that of the porphyrin at low concentra- 

a 
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Figure 2. Fluorescence spectra of 1 x M solutions of the three 
isomers of HzTMPyP in different solvents: (-) H20; (- - -) H20/ 
MeOH 1:l; (- - -) MeOH. 

tions in water containing trace amounts of particles. The 
concentration dependence of the fluorescence spectra can be 
fitted very well using a model which takes into account a varying 
porphyrin concentration and a constant concentration of an 
unknown impurity at which the porphyrin adsorbs. Moreover, 
the concentration dependence did not fit to a model describing 
a porphyrin monomer-dimer equilibrium. 

The effect of an apolar solvent (methanol) on the fluorescence 
spectra as compared to those in Millipore-purified water 
increases in the series HzTMPyP(2) < H2TMPyP(3) < 
H2TMPyP(4) (Figure 2). For H2=P(4) a significant increase 
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Figure 3. Ratio of = 665 nm (IF(665)) and = 728 nm (k(728)) 
fluorescense intensity for H~wPyP(4)(1-)4 in (1) propanol; ( 2 )  ethanol 
(3); methanol (4); 1:9 H20/MeOH; ( 5 )  1:4 H20MeOH; ( 6 )  3:7 H20/ 
MeOH; (7)  2:3 H*O/MeOH; (8) 1:l  H20/MeOH; (9) 3:2 H20hleOH; 
(10) 7 : 3  H20/MeOH; (11) 4:l  H20/MeOH. Solvent composition is 
expressed as v/v ratio. 
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Figure 4. Relative fluorescence yield vs solvent polarity43 for 1 x 
M solutions of the iodide salts of HzTMPyP(4) and H2wPyP(3)  

and the chloride salts of the three isomers: (+) H2TMPyP(2)(Cl-)4; 
(W H ~ T M P Y P ( ~ ) ( I - ) ~ ;  (0) H2TMPyP(3)(C1-)4; (0) H2wPyP(4)(1-)4; 
(0) H2TMPyP(4)(C1-)4. 

of resolution of the Q(0,O) and Q(0,l) bands is found in 
methanol. For H2TMPyP(3) and in particular for 
H2TMPyP(2) the spectral differences between solutions in water 
and methanol, respectively, are less than for H2TMPyP(4). For 
H2TMPyP(4) we also studied the fluorescence spectra in ethanol 
and propanol. For both extremes, Le., water and propanol, the 
spectra have very different shapes, as is particularly reflected 
by the ratio of the two peaks at e665 and 728 nm. In Figure 
3 we present the changes for intermediate cases as a function 
of the dielectric constant. 

The effect of polarity on the fluorescence yield is shown in 
Figure 4. In methanol the fluorescence of porphyrins with 
iodide as the counterion was more strongly quenched as 
compared to the chloride. In water no difference in fluorescence 
yield was found for the two counterions. 

The effect of temperature on the fluorescence spectra is shown 
in Figure 5. An increase of temperature increased the resolution 
of the fluorescence bands of HzTMPyP(3) and H2TMPyP(4) in 
water. The temperature dependence of the spectra of 
H2TMPyP(2) is much smaller than that of the H2TMPyP(4) and 
H2TMPyP(3) spectra. Note that the effect of increasing 
temperature on the resolution of the fluorescence spectra is 
similar to the effect of adding methanol to the aqueous solution. 

Fluorescence Lifetime Measurements. Fluorescence decays 
of the three isomers of H2TMPyP detected at different wave- 
lengths between 635 and 752 nm and excited at 527 nm were 
recorded in HrO, H20/CH3OH 4: 1, and CH3OH (Table 3). These 
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Figure 5. Effect of temperature on the fluorescence spectra of 1 x 
IO-’ M solutions of the chloride salts of the three isomers of H2TMF‘yP 
in water: (-) 278 K; (- - -) 298 K; (- -) 318 K; (- - -) 338 K. 

fluorescence decays cannot be fitted to monoexponential func- 
tions. The lifetimes of the two components are independent of 
the detection wavelength and the counterion for HzTMPyP(4) 
in HzO/CHsOH 4:1 (I- or C1-). A third shorter component 
(10-40 ps) is present, but its contribution to the total fluores- 
cence spectrum is less then 5% and therefore neglected. This 
component is most probably due to the use of a different solvent 
for the reference compound (methanol) and the porphyrin 
solutions.33 In agreement with this, the amplitude of the 
picosecond component is smaller for solutions of the porphyrin 
in pure methanol. 

From the fluorescence decays at different wavelengths the 
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TABLE 3: Lifetimes of the Fluorescence Decay of the Three 
Isomers of H2TMPyP in Different Solvents 

isomer solvent ZI (ns) t 2  (ns) 
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the wall or at particles in solution is determined by the constant 
surface area whereas the amount of porphyrins in solution varies 
with the concentration. This results in an increasing contribution 
to the fluorescence of the absorbed porphyrins at decreasing 
concentration. 

The differences in spectroscopic properties between the three 
isomers should be accounted for by the position of the methyl 
group at the pyridyl group. To determine the effect of steric 
hindrance of the different isomers for rotation of the pyridinium 
group we performed molecular mechanics calculations. The 
dihedral angles which determine the orientation of the four 
pyridinium groups with respect to the porphyrin macrocycle 
were constrained by a harmonic potential with a force constant 
of 1000 kcal/mol and varied in several conformations between 
coplanar and perpendicular with steps of 5". Every conforma- 
tion was allowed to relax to a local minimum (Figure 7). The 
results show minimal differences in steric hindrance between 
HzTMPyP(3) and HzTMPyP(4). Their potential energy as a 
function of the dihedral angle between the planes shows a very 
shallow double minimum at an angle of ~ 2 5 "  from the 
perpendicular orientation. For H2TMPyP(2) the potential energy 
is much steeper and shows a single minimum at O", due to 
increased steric hindrance. The latter conclusion agrees with 
that of Monaco and Z h a ~ , ~ ~  who applied semiempirical 
molecular orbital calculations (MNDO and AM-I) for 
H2TMPyP(2) and H2TMPyP(4), taking into account (which we 
did not) the changes in the electronic distribution as a result of 
twisting one or more pyridinium rings. Their calculations do 
not give rise to ground-state potentials with shallow double 
minima, as shown in Figure 7, however. Whereas our calcula- 
tions admittedly may underestimate the electronic effects, taken 
into account in Monaco and Zhao's treatment, our molecular 
mechanics model for the ground state includes dispersive forces, 
which are absent in the MO calculations. To be sure, the 
difference in the shape of the potential for both treatments does 
not affect the essence of the excited-state model, which we 
propose to explain the different fluorescence properties of the 
various isomers, since we also approximate the excited-state 
potential as harmonic (see Discussion). 

Discussion 
The 'H NMR results clearly indicate that the ground-state of 

H2TMPyP(4) is monomeric in water, but the formation of 
excimers following excitation cannot be excluded. In aqueous 
solutions of porphyrins 5 1 x M, the fraction of excimers 
formed can be calculated to be negligibly small if we assume 
a monomeric fluorescence lifetime of 10 ns and a diffusion 
constant of 1.1 x m2s-I. Our data show that the use of 
the concentration dependence of the fluorescence spectra by 
Kano et ul.9-11314 as the main argument for the presence of 
"loose dimers" which form excimers following excitation cannot 
be maintained. It is rather the presence of traces of solid 
material present even in purified water which determines the 
porphyrin upper limit concentration, at which the fluorescence 
spectra show increased resolution. Also, the fluorescence 
kinetics of H2TMPyP(4), explained by a monomer-dimer 
equilibrium by Brookfield et a1.I3 and Kemnitz et a1.,16 can 
altematively be attributed to the affinity of HzTMPyP(4) to the 
inner surface of the quartz cuvettes. Furthermore, the presence 
of adsorbed and dissolved porphyrins offers an explanation for 
the fluorescence kinetics of both H2TMPyP(2) and 
HzTMPyP(3) in water and all isomers in apolar solution. The 
changes observed in the fluorescence spectrum of 
HzTMPyP(3) and H2TMPyP(4) and to a lesser extent of 
H2TMPyP(4), upon a change of temperature or solvent polarity, 
must therefore be explained by an intramolecular mechanism. 

HzTMPyP(2)(C1-)4 H2O 6.0 13.8 
H2O/MeOH 4: 1 5.8 14.6 
MeOH 5.0 15.2 

H20MeOH 4: 1 4.1 9.0 
MeOH 4.4 10.6 

H2TMPyP(4)(1-)4 H20/MeOH 4: 1 2.7 6.6 
HzTMPyP(4)(C1-)4 H20 2.1 5.1 

H20NeOH 4: 1 2.6 6.7 
MeOH 3.3 10.8 

H2TMPyP(3)(C1-)4 H20 4.3 7.9 

fluorescence spectra of the two main components of the decay 
were calculated, using 

Ii(n) = IJL) A,(n) t i  (2) 

with Zi(A) the spectrum of component i, ZSt(A) the steady-state 
spectrum, Ai@) the relative amplitude of component i, and zi 
its fluorescence lifetime. The lifetime-selected spectra corre- 
sponding to the longest component show the same trends as 
the steady-state spectra (Figure 6). Note that the spectra of the 
second (shorter) component show little variation but are different 
from the steady-state spectra. 

Kemnitz and Sakaguchii6 studied the fluorescence kinetics 
of H2TMPyP(4) in various solutions. For HzTMPyP(4) in borate 
buffer and water these authors found a concentration-dependent, 
two-exponential fluorescence decay which was attributed to a 
monomer-dimer equilibrium. Because the fastest component 
of 1.3 ns increased relative to the slower component of 5.2 ns 
in buffer (4.9 ns in water) at lower concentrations, they ascribed 
it to the monomer of HzTMPyP(4). The same interpretation 
was published by Brookfield et al.,I3 reporting components of 
3.7 and 6.1 ns in water for monomer and dimer, respectively. 
These observations deviate from those of Kano et al.'O who 
reported a single component of 4.1 ns in water which was 
ascribed to the dimer of H2TMPyP(4). Kalyana~undaram~~ 
reported monoexponential decays in water with lifetimes of 13.8, 
7.9, and 6.0 for the tosylate salts of H2TMPyP(2), 
H2TMPyP(3), and H2TMPyP(4), respectively. 

As shown before, we found no evidence for dimerization of 
HzTMPyP(4) in water. The two-exponential fluorescence decay 
can be accounted by the presence of two types of porphyrins: 
(i) in solution and (ii) adsorbed at the surface of the quartz 
cuvette. This may explain why some authors observe a single 
component whereas others observe two components: due to 
differences in the geometry of the single photon counting setup, 
fluorescence light originating from porphyrins adsorbed at the 
sidewalls may or may not reach the detector in experiments of 
different authors. This explanation is supported by the observa- 
tion that HzTMPyP(2) and H 2 W P ( 3 )  in water and all isomers 
of H2TMPyP in methanol give rise to two components for the 
fluorescence decay (Table 3). 

Note also that the long-lived fluorescence component exhibits 
a marked solvent dependence for H2TMPyP(4), whereas the 
shorter lifetime component hardly changes. This difference 
decreases in the order HrTMPyP(4) > H2TMPyP(3) > 
H2TMPyP(2). The lifetime-selected spectrum (Figure 6) of the 
long component resembles the steady-state fluorescence spec- 
trum of H2TMPyP in solution whereas we attribute the spectrum 
of the second component to the adsorbed fraction. The 
concentration dependence of the relative amplitudes of the two 
components in the fluorescence decay observed by Kemnitz et 
~ 1 . ' ~  can be explained by the high affinity of H2TMPyP(4) for 
surfaces. The amount of fluorescent porphyrins adsorbed at 
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Figure 6. Comparison between the steady-state fluorescence spectra of the three isomers of HzTMPyP in water (a-c) and the lifetime-selected 
spectra of the two main components in the fluorescence lifetime decays (d-i): (a, d, and g) H2TMPyP(2); (b, e, and h) HzTMPyP(3); (c, f, and i) 
HzTMbP(4).  
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effect, taking into account differences in steric hindrance 
between H2TMPyP(2) and H2TMPyP(4), is expected to increase 
in the series H2TMPyP(3) < HzTMPyP(2) < HzTMPyP(4). The 
reasoning to predict the order of influence for the three isomers 
of the inductive and mesomeric effect includes the assumption 
of total localization of the positive charge of the pyridinium 
group on the quatemized nitrogen. 

For aqueous solutions the longest fluorescence lifetime 
component decreases in the series H*TMPyP(2) > 
H2TMPyP(3) > HzTMPyP(4) with a lifetime for the ortho 
isomer close to that for unsubstituted tetraphenylporphyrin. The 
same order is found for the effect of decreasing polarity or 
increasing temperature on the resolution of the fluorescence 
spectrum. This order in substituent effect (H2TMPyP(4) > 
H2TMPyP(3) > H2TMPyP(2)) is not in accordance with any 
of the above-mentioned predictions. 

A model is presented which can explain the salient experi- 
mental results. First, we note that the energy of the intra- 
molecular CT state, for which an electron is fully transferred, 
following optical excitation, from the porphyrin macrocycle to 
the pyridinium group, is close to the locally excited singlet state 
S I .  From the oxidation potential of free base porphin ( ~ 1 . 0  V 
vs NHE) and the reduction potential of N-methylpyridinium, 
the energy of this CT state in polar solvents can be estimated.39 
For N-methylpyridinium we used the reduction potential of 
3,3'-bis-(N-methylpyridinium) (w- 1.0 V vs NHE),40 which can 
be considered as a molecule with two weakly interacting 
N-methylpyridinium units. Using this assumption the energy 
of the CT state is calculated as ~ 2 . 0  eV, almost equal to the S I  
energy (1.9 eV). Because of the near-degeneracy of the SI  and 
CT states, mixing may readily occur by vibronic coupling, with 
the pyridinium librational vibration as the active mode. Mixing 
of the SI and a CT state with higher energy, resulting in 
increased radiationless decay of the excited porphyrin, was 
already suggested for orthogonal porphyrin n-systems by 
Wasielewski et ~ l . ~ '  to explain their fluorescence data. 

The model assumes that the potential energy curves of the 
unperturbed localized excited state (Sy) and the unperturbed 
CT state (CT") as a function of the dihedral angle -90" < q < 
90" between the porphyrin plane and the normal to the plane 
of the pyridinium group is equal to that calculated for the ground 
state by molecular mechanics. Although this is certainly 
incorrect for the skeletal vibrations of the ground and excited 
states of the porphyrin core in view of the relative intensities 
of the fluorescence 0-0 and 0-1 vibronic transitions, this 
assumption seems reasonable when considering the pyridinium 
librational mode, since (i) the equilibrium value of Q, in the 
Sy as well as the CT" state of the free molecule at room 
temperature must be equal to that in the ground state; Le., the 
average value of q = 0 for each of these states; (ii) the excitation 
in the Sy state is localized on the porphyrin macrocycle, only 
indirectly affecting the excited-state librational potential 
V*(q) ,  e.g., by a fractional change of the n-electron density on 
the methine groups of the porphyrin macrocycle, resulting in a 
relatively small change of the barrier height for the pyridinium 
librational motion; (iii) the net + and - charges are the result 
of a n - n transition from the porphyrin macrocycle to the 
pyridinium group, again affecting only the n-electron densities 
on the groups contributing to the barrier height, the porphyrin 
methine carbon, and the pyridinium ortho-carbon. Also for the 
Cl? state, the fractional change of the n-electron density on 
these groups is not expected to have a large effect on the angular 
dependence of the electronic coupling matrix element 
H I ~ ( P )  = Hzl(p) = ~ ( q )  between the nonhybridized 2p, orbitals 
of the porphyrin methine carbon and the adjacent pyridinium 
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Figure 7. Excited-state potentials for the three isomers of HzTMPyP 
as a function of the dihedral angle q between the porphyrin plane and 
the pyridinium group: (-) H2TMPyP(2); (- -) H2TMPyP(3); (- - -) 
HzmPyP(4).  

Several properties of porphyrins, e.g., absorption and fluo- 
rescence spectra, redox potentials, basicity, and kinetics for 
proton uptake of free base porphyrins, have a strong dependence 
on the type and position of substituents attached at the meso 
position or to the pyrrole rings. These effects have been 
explained using the electron-accepting or -donating properties 
of substituents as well as steric effects. According to Gouter- 
man's four-orbital m0de1,~+~* for free base tetraphenylporphyrin 
substituents at the methine position of the porphyrin macrocycle 
affect the energy of the azU orbital but not of the a], orbital. 
This causes a change in configuration interaction and thus of 
the position and intensity of the Q transitions. The Q(0,O) bands 
are more affected then the Q(0,l) bands due to vibronic 
coupling, 

The effect of the electron-accepting pyridinium groups on 
the visible spectra can be noted in both the absorption and the 
fluorescence spectra of the three isomers of H2TMPyP by a 
smaller Q(O,O)/Q(O, 1) ratio as compared to that for H2TPP. 
Although the absorption spectra of the three isomers do not show 
noticeable variations, the fluorescence spectra exhibit distinct 
differences, suggesting different intramolecular interactions in 
the excited state as compared to those in the ground state. This 
suggestion is confirmed by the absence of a temperature effect 
in the absorption spectra contrary to the clear temperature effect 
in the fluorescence spectra (see Figure 5). 

The electron-accepting effect of the pyridinium groups has 
both an inductive and a mesomeric character. The inductive 
effect propagates via the a-bonds of the pyridinium group 
toward the porphyrin a-system and therefore does not influence 
the energy of the n-orbitals. The effect decreases with a factor 
3 per C-C bond. Any inductive electron-accepting effect is 
expected to increase in the order HzTMPyP(4) < H2TMPyP(3) 
< H2TMPyP(2). The mesomeric effect propagates via the 
n-system and reflects the possible resonance structures of the 
isomers, implying that for this mechanism only ortho and para 
substitution of the pyridinium group, but much less meta 
substitution, affects the electronic structure of the porphyrin core 
directly. For the meta-substituted pyridinium group only an 
indirect mesomeric effect via the C atoms neighboring the N 
atom is expected. 

Resonance interaction between the n-system of the porphyrin 
macrocycle and the pyridinium group requires a rotation toward 
a coplanar conformation. The pyridinium methyl group is 
sterically hindered by the porphyrin pyrrole rings for 
H2TMPyP(2), limiting resonance interaction between both ring 
systems. It is clear that the strongest mesomeric effect is 
predicted for HzTMPyP(4). The order for H2TMPyP(2) and 
HzTMPyP(3) is less clear. The mesomeric electron-accepting 
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carbon which has been modeled by E sin2(p). The effective 
potentials V i  of the perturbed Sy and C'F' states are then given 
by 

V, = 1/2[E(Sy)  + E(CTo)] + V*(q)  f '/2[(AE>2 + 
4~~ ~ i n ~ ( p ) ] l ' ~  (3) 

Vergeldt et al. 

The difference in fluorescence yield between the iodide and 
the chloride salts in methanol (cr = 32.6) (Figure 4), which is 
not found for the fluorescence lifetime, can be explained by 
static quenching, due to the external heavy atom effect on the 
intersystem crossing. Note that the iodide ion is heavier then 
the chloride ion, so a larger effect is expected in the iodide salt 
than in the chloride salt when the ions are close to the excited 
porphyrin, as in methanol. In water the C1- and I- ions are 
completely dissociated from the porphyrin moiety, so there is 
no appreciated effect on the intersystem crossing at the 
concentrations we use in out experiments. The increase of the 
fluorescence yield upon adding methanol to the aqueous solution 
(70 < cr < 82) is the result of the demixing of the CT and SI  
states unperturbed. 

Raman excitation profiles and lifetime measurements on 
CuTMPyP(4) have suggested that poly(dA-dT) traps a signifi- 
cantly distorted Q-excited state,23 prior to the formation of the 
TMPyP-porphyrin-DNA exciplex, which is thought to be 
responsible for the photoinduced DNA strand-breaking. These 
studies have not made clear, however, whether the distortion 
of the porphyrin is an intrinsic property of its excited state or 
is primarily induced by its interaction with DNA. This work 
provides further evidence for a distorted intramolecular exciplex 
for porphyrins without axial ligands, even in the absence of 
additional electron acceptors. The exciplex formation in 
CuTMPyP complexes with a variety of oligo- and polynucle- 
otides has been explained by a different mechanism, i.e., by 
photoinduced axial l i g a t i ~ n , ~ ~ . ~ ~  and is not in conflict with our 
results. 

where Vo(p) is the ground-state potential calculated by molecular 
mechanics, E(SY) and E(C'F') are the energies of the unper- 
turbed Sy and CT states, with AE their difference. Note that 
AE is independent of q. 

Ignoring the shallow minima, Vo(q) and V*(p) can be 
approximated by harmonic potentials Vo(q) = V0q2 and 
V*(p) = v*q2, respectively. Due to the interaction between 
the Sy and CT states V*- < VO, whereas v*+ > VO. The rms 
width Ap of the S*l,,,=o librational wavefunction is given by 

A q  = 2[h2/(2Vd)]"4 (4) 

with I the moment of inertia of the pyridyl group. Inserting 
the calculated values of VO for the three isomers, it follows from 
(3) that v*- decreases and therefore Ap increases in the order 
H2TMPyP(4) > H2TMPyP(3) > H2TMPyP(2). Assuming that 
emission occurs from the v = 0 librational state, an increase of 
its rms width results in a broadening of the S*I,O - SI."=O 
fluorescence emission for TMPyP(4) as compared to that for 
the other two isomers, due to the larger number of accessible, 
close-lying SO librational states of the para-substituted isomer 
H2TMPyP(4). Concluding, the different broadening of the 
fluorescence spectra of the three isomers reflects their relative 
increase in the librational amplitude in the perturbed excited 
singlet state. This increase is largest for the least sterically 
hindered pyridinium group. This is most clearly seen in the 
lifetime selected fluorescence spectra for desolved (Figure 
6d-f) and the absorbed species (Figure 6g-i). The effects of 
solvent polarity is most pronounced for Figure 6d-f and less 
for Figure 6g-i. 
AE in (2) increases if the dielectric constant of the solvent is 

decreased, thus destabilizing the CT state. Then, the effect of 
the electronic coupling between the unperturbed SI and CT states 
is reduced, and the spectral broadening should disappear, in 
agreement with the effect of substituting water by methanol as 
a solvent (Figure 2). Whether the return to a resolved 
fluorescence spectrum upon adsorption on a solid surface is due 
to immobilization of the pyridinium groups or to a different 
polarity of the surface as compared to the solution cannot be 
explained from our experiments. 

The behavior of the present system remotely resembles that 
of a TICT state.42 Note, however, that contrary to what is 
usually observed for such a state, for the porphyrins in this work 
the interaction between the rotating side groups and the 
porphyrin core increases, rather than decreases, upon excitation. 

To gain more insight in the spectral changes observed as a 
function of polarity and temperature we analyzed the fluores- 
cence spectra of the three isomers. All fluorescence spectra 
can be fitted to a sum of Gaussians. To compare the effects of 
temperature and polarity we plotted the parameters describing 
the Gaussians as a function of the dielectric constant of the 
solvents. From this comparison we conclude that the effects 
of changes in temperature on the fluorescence spectra are in 
fact due to changes in solvent polarity with temperature. The 
effect of polarity on the fluorescence spectra decreases in the 
series HzTMPyP(4) > HzTMPyP(3) > H2TMPyP(2). In 
addition the parameters describing the spectra for the three 
isomers become more alike in methanol. 

Conclusions 

We have provided evidence that the ortho-, meta-, and para- 
substituted isomers of H2TMPyP+ are monomeric in water 
below loT3 M. Mixing of the SI and a close-lying CT state in 
which an electron is transferred from the porphyrin core to a 
pyridinium group causes a reduction in fluorescence lifetime 
and rather large changes in fluorescence spectra as a function 
of the solvent polarity. The amount of mixing is determined 
by the degree of freedom to reach coplanarity of the x-systems 
(H2TMPyP(4) H2TMPyP(3) > HzTMPyP(2)) and by solvent 
polarity. When sterically possible, rotation of the pyridinium 
groups increases the electronic mixing between the SI and the 
energetically nearby CT state by a conformational change, 
involving the libration of the pyridinium group as the active 
mode for vibronic mixing of the electronic states. 
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