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ABSTRACT
We report the formation of an electrostatic complex between (16-pyrimidinium crown-4)tetraNtrate (16PC4)
and tetrakis-(4-sulfonatophenyl)porphyrin(4SP) in aqueous solution. Ground-state complex formation results in
a red shift of the 4SP visible absorption bands and a
decrease in absorbance of the Soret band. The equilibrium constant for complex formation (determined from
optical titrations) is found to be (2.0 0.2) X lo5 M-'.
In addition, the data fit to an expression describing a 1:l
stoichiometry. Excitation of the complex results in
quenching of both the excited singlet and triplet states of
the associated porphyrin. The singlet-state lifetime decreases from 10 ns for the free porphyrin to 1.5 ns in the
presence of 16PC4 at low solution ionic strengths. In addition, evidence is presented for triplet-state quenching
within the complex with k, = (1.1 k 0.1) X lo4 s-l. The
mechanism of quenching is tentatively assigned to electron transfer from either the excited singlet or excited
triplet state of the porphyrin to the ground state of the
16PC4.

*

INTRODUCTION
Biological electron transfer (ET)? reactions occur between
electrostatically stabilized protein :protein complexes and
between various redox-active cofactors embedded within a
single protein complex. In general, intermolecular ET rates
are modulated by donor-acceptor distance, thermodynamic
driving force, donor-acceptor orientation, the nature of the
intervening medium and both inner-sphere and outer-sphere
reorganization (1-8). Additional mechanistic steps include
(1) formation of the protein : protein complex, (2) ET between the redox centers of each protein within the complex
and ( 3 ) dissociation of the protein : protein complex. Thus,
the rate of ET in such complexes may have an additional
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component to the overall reorganizational energy required
for intermolecular ET that influences protein : protein recognition and docking (ie. gating effects) (9-15). Unfortunately, the complexity of protein :protein ET reactions
makes detailed understanding of this fundamentally important process extremely difficult.
Considerable attention is now being focused on the development of model systems that share similar properties to
protein :protein ET reactions including self-assembly and
molecular recognition. Model systems have been developed
that couple self-assembly and molecular recognition driven
by hydrogen-bond interactions, electrostatic attractions and
hydrophobic interactions with photoactive donor/acceptor
molecules to probe ET reactions through noncovalent pathways (16-21). Recent studies by Jasuja et al. (22) and Larsen et al. (23,24) have demonstrated the importance of conformational dynamics and donor/acceptor orientation in the
modulation of ET rates within several photoactive noncovalent complexes (both small molecule : small molecule and
protein : small molecule complexes). The observed conformational dynamics are governed by the nature of the interface between the donor and the acceptor.
In our continued efforts to understand the dynamics of
intermolecular ET we have developed a new model system
involving the photoactive anionic porphyrin (tetrakis-[4-sulfonatophenyllporphyrin [4SP]) and the cationic macrocycle
(16-pyrimidinium crown-4)tetranitrate (16PC4) (see Fig. 1
for structural diagrams). This system is similar to supramolecular complexes involving 4SP/18-crown-6, 4SP/[32]aneN8Hs8+,hexacyanocobaltate(III)/[32]ane-N,H,8+ and Ru(bpy)
(CN),2-/[32]ane-N,H,*+ (25-28). Our data reveal ionic
strength-dependent complexation and porphyrin singlet- and
triplet-state quenching in the presence of 16PC4. Preliminary
cyclic voltametry studies of the 16PC4 suggest that the
mechanism of quenching is ET from the excited-state porphyrin to the 16PC4 within the complex. The fact that ET
is observed from both singlet and triplet states of the porphyrin within the complex suggests equilibrium orientationalkonformational differences within the self-associated complex.

MATERIALS AND METHODS
The 16PC4 was prepared using methods described previously
(29). The 4SP and tertakis(N-methylpyridy1)porphyrin (T4MPYP)
were purchased from Porphyrin Products (Logan, UT) and used
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Figure 2. Optical absorption spectra of 4SP with increasing concentration of 16PC4 in the Soret region. Porphyrin concentration is
5 p M in 5 mM potassium phosphate buffer, pH 7.0. The 16PC4 is
added in 3 p M increments to a final concentration of 27 p M (trace
with maximum absorbance at 274 nm). Spectra were obtained using
a 1 cm quartz optical cuvette.
paign, IL) equipped with an Ar-ion laser (SpectraPhysics model
2045) as the excitation source. Data were collected using the 488
nm emission line of the laser and the fluorescence emission of the
porphyrin was integrated beyond 520 nm (see Jameson and Hazlett
(32) for a description of phase and modulation time-resolved fluorescence methods). Emission lifetimes were extracted from the phase
and modulation data using Globals Unlimited software from ISS.

RESULTS AND DISCUSSION
Ground-state complexation

Tetrakis-(4-!julphonatophenyl)Porphyrin
Figure 1. Structural diagram of 16PCI (top) and 4SP (bottom).
without further purification. The 16PC4, T4MPYP and 4SP were
prepared as stock solutions in water (16PC4 and TIMPYP) and 0.1
N NaOH ( I S P ) . Stock solution concentrations (-20 nuM and - 3
mM for 16PCI and 4SPiT4MPYP. respectively) were determined
using c25hn,,,= 71.4 n t M ~ cm (16PC.1) (determined as part of this
(4SP) and c5i8nm
= 29.8 mM I cm I
work). e5,6,,m
= 16 mM cm
(T4MPYP) (30).Steady-state absorption spectra were obtained using
a Milton-Roy Spectronic 3000 diode-array spectrophotometer.
Nanosecond transient absorption studies were curried out using
instrumentation described previously ( 3 I ). Briefly. samples were excited with a 537 nni laser pulse ( 7 11s. 3 mJ/pulse) from a frequencydoubled Nd:YAG laser (Continuum Sure Lite 11). The change in
absorbancc was monitored by focusing the arc of a 150 W Xe-arc
lamp (Oriel) through the sample and overlapping with the laser
pulse. The light passing through the sample was then imaged onto
the entrance slit of ii Spex 1680B 114 M double monochrometer and
detected using a thermoelectrically cooled photomultiplier tube (Hamamatsu. R928). The transient signal was then amplified using electronics of our own de\ign and recorded using a Tektronix RTD7 1OA
200 MHz transient digitizer. The data were transferred and manipulated with an 1Bhl-based 386PC. The transient absorption data
were fit using nonlinear least-squares procedures.
Time-resolved fluorescence data were obtained using an ISS K2
niultifrequency and phase-modulation spectrofluorometer (Cham-

The ground-state absorption spectrum of 4SP in the presence
of varying concentrations of 16PC4 in 5 mM potassium
phosphate buffer, pH 7.0 is shown in Fig. 2. Upon addition
of the 16PC4, the Soret band of 4SP (centered at 412 nm)
decreases in absorbance and broadens. The difference in absorbance at 412 nm (16PC4/4SP minus 4SP) as a function
of 16PC4 is plotted in Fig. 3. The solid line represents a
best fit to a 1:1 stoichiometry with an association constant
of (2.0 ? 0.2) x lo5 M using

__

Figure 3. Plot of AA (412 nm) versus [16PC4]. The solid line is a
P:16PC4.
best fit to Eq. I for the equilibrium: P + 16PC4
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ture indicative of both static and dynamic quenching. Interestingly, the data could not be fit to the quadratic form of
the Stern-Volmer equation, which describes both static and
dynamic quenching. However, the data can be fit reasonably
well to a “sphere of action” model in which
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Figure 4. Stern-Volmer plot for ‘P in the presence of various concentrations of 16PC4. Porphyrin concentration is 5 p M €or 4SP.
Solid line is a best fit to Eq. 2. Buffer conditions are as reported in
Fig. 1.

AA = [(l

+ KaA~[16PC41)/(1+ Ka[16PC41)]Po

(1)

where K, is the association constant, [16PC4] is the total
concentration of added 16PC4, Po is the initial 4SP concentration, and AE is the difference in extinction coefficient between the complexed and free (also determined by the fit to
be 36 ? 1.3 mM-’ cm-I) (33). Similar titrations using the
cationic T4MPYP or 4SP with higher ionic strength (0.25 M
NaCl) did not produce any changes in the optical spectrum
of the porphyrin (data not shown).
These data suggest the formation of a 1:1 electrostatically
stabilized complex between 16PC4 and the 4SP. In contrast,
a previous study by Firman and Wilkins (26) demonstrated
that 4SP (and several metal derivatives) form electrostatically stabilized complexes with the polyammonium macrocycle [32]-NsHx8+.In this case the binding occurs with a 2:l
stoichiometry and an overall association constant of 2.5 X
1014M-l for the first association. These authors further noted
that the optical spectrum of 4SP in the presence of [32]NxHx8+
resembled that of the porphyrin alone at higher ionic
strength, suggesting that the [32]ane-NsHx8+served as a template for the formation of 4SP dimers. In the present case
similar optical changes are observed but the stoichiometry
is clearly 1: 1. It can be concluded that the optical changes
observed in the 4SP: 16PC4 complex arise from hydrophobic
interactions between the porphyrin and the pyrimidinium
rings of the 16PC4. This results in exclusion of water molecules from the interface between 4SP and 16PC4 resulting
in a red shift of the visible bands. The observed stoichiometry is also consistent with charge pairing between the anionic porphyrin and the cationic macrocycle. In the case of
the 4SP:[32]-NsHsx+complex the +8 charge on the ring can
accommodate two 4SP (-4 charge) molecules to reach
charge neutrality. In the case of the 4SP:16PC4 complex,
charge neutrality is achieved with a 1:l stoichiometry.

Singlet-state quenching
In the absence of 16PC4, 4SP fluoresces with a maximum
at 620 nm and a quantum yield of 0.4. Addition of 16PC4
results in significant quenching of the singlet excited state
as observed in the Stern-Volmer plot (Fig. 4). In addition,
the Stern-Volmer plot exhibits pronounced upward curva-

+ KsV[16PC4l)exp(V[16PC4])

(2)

(best-fit line in Fig. 4) where K,, is the Stern-Volmer
quenching constant (equal to kqTo) and V is the volume in
which quenching takes place (34). The “sphere of action”
model describes conditions in which both static and dynamic
quenching occur with a range of stoichiometries (i.e. 1:1 plus
higher order complexes). This is in contrast to the absorption
data that fit to a 1:1 stoichiomery for the complex. The reason for the difference likely lies within the sensitivities of
the two techniques. The dominant species, which would be
prominent in the absorption spectra, appears to be that of a
1:1 complex. However, the fluorescence data (with a higher
sensitivity) also detect quenching involving a smaller population of higher order ground-state complexes. Using this
model and taking the lifetime of the free porphyrin as 10.03
ns (see below) the diffusional quenching rate constant (k,)
is determined to be (1.0 2 0.5) X 10” M-’ S - I . In contrast,
addition of 16PC4 to the cationic T4MPYP did not result in
any significant quenching within the 16PC4 concentration
range used here.
Using phase and modulation time-resolved fluorescence,
the lifetime of the free porphyrin as well as the 4SP:16PC4
complex were determined. In the absence of 16PC4 the data
could be fit to a single discrete component at 10.0 ns. Upon
addition of 16PC4 an additional discrete component appeared with a lifetime of 1.5 ns. No other components were
observed indicating no significant porphyrin degradation occurred. As with the Stem-Volmer data, addition of 16PC4
to a solution containing T4MPYP did not result in any
change in lifetime of the porphyrin (5.3 ns).

Triplet-state quenching
In addition to singlet-state quenching, we also observe significant quenching of the 4SP triplet state (Fig. 5 , right panel). A plot of kobs(observed triplet lifetime) versus [16PC4]
is not linear, indicating a quenching process other than simple diffusion (Fig. 6). The data could be fit to the following
equation describing both diffusional and intracomplex
quenching:
kobs = [kcK,[16PC4]/(1

+ KA[16PC4])] + ktri,

(3)

where k, is the intracomplex quenching constant, KA is the
association constant, ktripis the triplet decay rate constant in
the absence of quencher, and kd is the diffusional quenching
rate constant. Fitting the data for kobsversus [16PC4] to Eq.
3 gives k, = (1.1 t 0.1) X lo4 s-’, kmp = (2.2 t 0.2) X 10’
s-l, and KA = (2.4 ? 0.8) X lo5 M-I. The value obtained
for ktnpmatches that of the experimentally obtained value of
(2.1 2 0.3) X lo3 s-I within experimental error. The association constant obtained from the fit is also very near the
value derived from the absorption titration ([2.4 ? 0.041 X
105 ~ - vs
1 ~ 2 . 0f 0.21 x 105 ~ - 1 ) .
The model used to obtain Eq. 3 is given as follows:
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Figure 5. Left panel: Tnplet-state
decay of T4MPYP (10 F M ) in the absence (a) and presence (b) of 16PC4.
Right panel: Corresponding triplet
in the absence
decay of 4SP (10
(trace a) and presence (traces b. 3
FM. c, 6 pM and d. 9 pMt 16PC3.
Buffer conditions are as reported in
Fig. 1.
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In this scheme the triplet-state porphyrin forms a complex
with the 16PC4 (Eq. 4) that can then undergo quenching
(Eq. 5). The nature of the quenching is discussed below. The
porphyrin triplet state (9’)can undergo decay in the absence
of quencher with a rate constant ktnp. Because the triplet
lifetime data were obtained by examining the change in absorbance associated with the excited triplet state in the presence of various concentrations of 16PC4, all of the species
present in the above decay scheme contribute to the overall
absorbance change. Addition of 16PC4 to a solution containing T4MPYP showed no evidence of quenching (Fig. 5,
left panel).

Quenching mechanism
The most probable quenching mechanism for the deactivation of either singlet-state porphyrin (‘P) or 3P involves ET.
This is due to the fact that there is no spectral overlap between the porphyrin emission (centered at 620 nm) and
16PC4 (absorption maximum near 270 nm) precluding
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quenching via ET. The favorablility of ET between the excited-state porphyrin and the 16PC4 can be estimated by
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Figure 6. Plot of triplet decay rate constant i’crsus [ 16PC41 for 4SP.
Solid line is the best fit to Eq. 3. Solution conditions are the same
as in Fig. 6.

(6)

where E0,6pC4is the reduction potential for 16PC4, EO,,, is
the reduction potential of porphyrin, AE* is the energy of
the excited state, e is unit electrical charge, and w is a work
term for bringing together reactants and products (35). For
4SP, Eo,sp = 0.86 V versus NHE and AE* is 44.3 kcal/mol
(1.92 eV) and 33.2 kcaVmol (1.44 eV) for ‘P and 3P, respectively (30). Preliminary cyclic voltametry studies of
16PC4 in aqueous solution demonstrate a complex reduction
mechanism similar to that obtained for a single pyrimidinium unit (36). The lowest potential peak appears at --0.15
V versus NHE, although the peak is quite broad. Using this
value as a lower limit, the free energy for ET between the
porphyrin singlet excited state and 16PC4 is --88 kJ/mol
and for porphyrin triplet state to 16PC4 is --42 kJ/mol.
Thus, ET from both IP and 3P to the 16PC4 appears to be
thermodynamically favorable.
An interesting aspect of this system is that ET from the
excited porphyrin to the 16PC4 occurs with two distinct
rates: a fast rate giving rise to porphyrin singlet-state
quenching with a rate constant k, = 5.7 X lo8 s-l (=1kq lhO)and a slower rate giving rise to porphyrin triplet-state
quenching with a rate constant k, = (1.1 t 0.1) X lo4 s - , .
The difference in rate constants could arise simply from differences in reaction driving force or from different orientations of the 16PC4 relative to the porphyrin principle axis.
The ratio of two rate constants associated with ET reactions
differing only in reaction driving force can be derived from
semiclassical Marcus theory:

x exp{-[2h(AGos - AGO,)

!

+w

f

2AkT)

+ (AGOs)2 - (AGOT)?]
(7)

where k,/k, is the ratio of the singlet-state ET rate constant
to the triplet-state ET rate constant, HA, is the electronic
coupling term for the singledtriplet-state reaction, A is the
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total reorganizational energy, k is Boltzmann's constant, T
is temperature, and AGO is for the reaction origination from
singlethiplet-state quenching (37). Assuming a reasonable
value for A (1 eV) and assuming H A B is the same for both
singlet and triplet quenching, the ratio ks/kT would be -388.
However, the experimentally determined value is 5.9 X lo4.
Thus, the difference in rates cannot be attributed simply to
the difference in reaction driving force.
This suggests that the complex forms with an equilibrium
distribution of orientations with differing electronic coupling
between the porphyrin and the 16PC4. The effects of orientation between donor and acceptor in nonadiabatic ET is
described in the following expression for the rate constant:
k,, = (2dh2)ITAD12FC

4SP

lSPC4

(8)

where FC is the sum of thermally activated Franck-Condon
factors for nuclear vibration, h is Planck's constant and
IT,,# is the electronic coupling matrix element that contains
orientation and distance factors (38,39). An expression for
TADhas been given previously as

for a model in which the electron donor and acceptor are
represented as isolated one-electron sites within oblate spheroidal potential wells. In this expression, HAD =
-VA<TA'I'PD>, HDD = -VA<'PD*I'PD>, and SDA =
<TDI'PA>.
The wavefunctions, 'PAand 'PD,are written for
an electron localized on the electron donor and acceptor,
respectively, and V, is the potential function of the acceptor.
A quantitative investigation using oblate spheroid potential
functions (giving wavefunctions with similar nodal characteristics as porphyrin wavefunctions) revealed the orientational dependence of ET (see Fig. 7, top). Strong coupling
(i.e. more facile ET) between donor and acceptor was noted
30-50" (39). In addition, when A
for geometries with A
70" it was predicted that the forward and back ET rates
should be of comparable magnitude.
The model described above can also be applied to the
4SP:16PC4 complex (see Fig. 7, bottom). In this case the
bound 4SP is represented by one ellipsoidal wavefunction
and the 16PC4 represents the second ellipsoidal wavefunction. The orientational differences in ET within the 4SP:
16PC4 complex can then be rationalized by qualitatively examining TBA.Preliminary molecular modeling studies demonstrate two possible binding orientations. One orientation
involves a face-to-face-type complex while the second involes a side-on conformation. For the singlet-state quenching
the ET rate is quite facile and it is reasonable to assume that
A and A are between <-30" and SO". This situation is most
likely to occur in the face-to-face orienation. The slower ET
( i e . arising from triplet-state quenching) is likely to arise
from the side-on orientations because the overlap between
the wavefunction on the porphyrin and the wavefunction of
the 16PC4 is likely to be greatly reduced in this orientation.
This would result in a significantly smaller value of TBA.

-

-

Summary
The data presented here describe a novel complex between
4SP and 16PC4 with a large association constant. Photoexcitation of the complex results in ET from either 'P or 3P to

4SP

Figure 7. Top: Diagram showing orientational parameters for ET
within the 4SP: 16PC4 complex. See text for details. Bottom: Structural diagram of two different orientations of the 4SP: 16PC4 coniplex. The complexes were geometry optimized using an MM+ force
field with Fletcher-Reeves conjugate gradient. Energy was minimized within 0.05 kcal/mol.

16PC4. In addition, no ET products are observed, suggesting
facile back ET in both cases. The fact that two ET rate constants are observed within the complex suggest conformational heterogeneity. Thus, this system provides a model
with which to study conformational dynamics within selfassociated donor-acceptor complexes.
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