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Spectroscopic Properties of a Self-Assembled Zinc Porphyrin Tetramer I. Steady State
Optical Spectroscopy
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Aggregation of zinc mono-(4-pyridyl)-triphenylporphyrin (ZnPyP) in toluene and polystyrene/toluene mixtures
has been investigated by steady-state optical spectroscopy. The Q-band absorption spectra, as well as the
fluorescence spectra, show a temperature-dependent red shift as a result of ligation of the porphyrin zinc
center. The smallest aggregate that can account for the optical spectra and their concentration dependence is
a symmetrical tetramer in which each zinc atom is ligated to a pyridyl substituent of a neighboring porphyrin
molecule. The Soret band shows a splitting, which can be explained by applying simple exciton theory to the
tetramer. The equilibrium constant and thermodynamic parameters for the mortetnamer equilibrium

have been determined Ks= (6.2+ 0.8) x 10 M3, AH = —404+ 2 kCalM ™, AS= —150+ 10 CalK" ™M1,

in agreement with tetramer formation.

Introduction

Thin porphyrin films have been widely studied by optical
spectroscopy for several reasons, one of them being their
potential application in organic solar celis® Photovoltaic cells
have been constructed using two photoactive porphyrin layers
acting as an electron donor and -acceptor, respectivéiyhe
efficiency of these cells may be improved by making use of a
light-collecting antenna transferring the excitation energy to the
photoactive region of the cell, where charge separation takes
place.

As in natural photosynthetic antenna complekésthe
efficiency of energy transfer relative to other photophysical
processes in porphyrin complexes is expected to depend on the
relative position and orientation of the porphyrins involved.
Various porphyrin assemblies, both covalently as well as non-
covalently bound, have been studied to obtain a better under-
standing of their photophysical properties, including internal N
energy transfg%‘?‘l“ Althoggh much progress has been made Figure 1. Structure of zinc mono-(4-pyridyl)-triphenylporphyrin.
in understanding the excited-state kinetics in these porphyrin

a_lssemblies, the current _understanqling Of the steady state '_an?;roperties are explained by simple exciton theory. The subse-
_t|me-dependent properties of their excited state(s) is still quent paper (1) presents the quantitative kinetics of the tetramer
incomplete. _ excited state using time-resolved fluorescence spectroscopy and
This paper (I) reports the steady-state absorption- and gpisotropy measurements. Both papers are part of a program,
fluorescence properties of a model system of a self-assembledsarting with a description of the photophysical processes in a
symmetric porphyrin tetramer in toluene solution, using zin¢ yye||-defined porphyrin aggregate, to elucidate these processes
mono (4-pyridyl)-triphenylporphyrin (ZnPyP, Figure 1) as a i, more complicated disordered and ordered solid porphyrin

good candidate for self-assembled aggreg&t@$The ground-  fjims, which may, for instance, serve as light-collecting anten-
state structure of the tetramer cannot be determined ftém 155 in organic solar cells.

NMR ring current shift&$18-20 due the low solubility of the
tetramer in toluene, and therefore has been calculated using
Chem-X progranil The thermodynamic parameters of the
tetramer ground state are reported, whereas its excited-stat

In the experiments reported in this and the following paper,
41, a solution of zinc tetraphenylporphyrin (ZnP) in dry toluene
and in toluene/pyridine 1:10 v/v is used as a reference for the
%onligated and ligated species, respectively. For the same
reasons as mentioned before, similar studies as reported in this
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Experimental Section

Chemicals.Meso-tetraphenylporphyrin free base;f and
a derivative with one meso-phenyl group substituted by a meso-
(4-pyridyl) group, mono(4-pyridyl)-triphenylporphyrin free base
(H.PyP), were synthesized from pyrrole and benzaldehyde, and
from pyrrole and a mixture of benzaldehyde and 4-pyridinecar-
baldehyde, respectively, by standard procedétednc was
inserted into the free base by refluxing a solution in dimethyl-
formamide (DMF) in the presence of excess zinc(Il)chlotide
yielding ZnP and ZnPyP, respectively. The zinc porphyrins were
purified by chromatography over silica gel (Merck) with
chloroform (Merck, p.a.) as the eluent. The porphyrins were
estimated to be>99% pure by thin-layer chromatography,
absorption- and fluorescence spectroscopy. All reagents (Merck)
were synthetic grade.

For optical measurements solutions were prepared in toluene
(Merck, p.a.) after drying with sodium wire and storing over
molecular sieve. Anhydrous pyridine (Aldrich) was used without
additional drying or purification. For measurements of the
steady-state fluorescence polarization anisotropy, the porphyrins
were dissolved in viscous solutions of polystyrene (PS) in
toluene (further denoted as PS/Tol). The latter solvent is more
viscous than toluene and was used to distinguish between
diffusional rotation and intramolecular energy transfer through
steady state (Part 1) and time-resolved fluorescence anisotropy
measurements (Part Il). All solvents used were p.a. grade, unless
stated otherwise.

Steady-State Absorption and Fluorescence Measurements. 400 450 500 550 800 650
A Cary 5E spectrophotometer and a Perkin-Elmer LS5 fluo- Wavelength, nm
rimeter or a Fluorolog 322 Jobin Yvon spectrophotometer  Figure 2. Effect of temperature on the absorption spectrum of (A) a
were used to record the electronic absorption- and quorescence;sz ;P'\/:nsgltjgiﬁgn%floz?-ﬁl\i inritgilrlj:ﬁi’xt(t?r)e&(é%%ﬂ ?\;"ggﬁj’:igg
spectra. The_ Fluorolog spectrophotometer was equped Wlthof ZnPyP in toluene. Solid IFnye: 55C; broke,n line: ?f£5°C; dotted
two electronically actuated GlaniThompson UV polarizers  |iie: 10°C.

(Model 1008 Dual Auto Polarizer) to measure the steady-state

anisotropy spectra. To study the effect of pyridine ligation,

absorption— and fluorescence spectra were recorded-ap °C, the Soret band is split into two components, of which one
and 16uM ZnP solutions in neat toluene and in toluene/0.1 is red-shifted from 422 to 430 nm and the other is practically
mM pyridine, respectively. Complexation of ZnPyP via inter- not shifted with respect to the monomer wavelength of 423 nm
molecular ligation of the zinc center of one porphyrin to a at 55°C.

pyridyl substituent of a neighboring porphyrin was studied by ~ Fluorescence spectra of the same porphyrin samples at 10
measuring the absorption- and fluorescence spectra ef@22  and 55°C are presented in Figure 3AC. All spectra were
uM solutions in toluene over a Hb5 °C temperature range.  recorded using excitation at the maximum of the Q(1,0) band.
Steady-state absorption- and fluorescence anisotropy spectra oAt 10 °C the fluorescence spectrum of (B) is red-shifted with
ZnPyP in PS/Tol were recorded to study energy transfer respect to that of (A) (Figure 3A,B) and the intensity of the

Absorbance

processes within an aggregate. Q(0,0) band is higher than that of Q(0,1) typical for ligated
metalloporphyring? For (C) at 10°C (Figure 3C) the fluores-

Results cence spectrum looks similar to that of (B), but somewhat less
resolved.

Temperature-dependent absorption spectra are shown in

Figure 2 for solutions of (A):~22 uM ZnP in toluene, (B): . ;
~16 uM ZnP in toluene/0.1 mM pyridine, and (C)40 xM and the same concentration of ZnPyP in PS/Tol afQCare

ZnPyP in toluene. All spectra show similar absorption spectra presented.in Figure 4A’|.3' The steady-state anisotropy spectrum
at 5%/0(:, with maxima :t 550 and 595 nm for thepQ(l,O? and of ZnP (Figure 4A) varies around a mean value of 0.1. The

Q(0,0) bands, respectively, and at 423 nm for the Soret band.quoreSCence anisotropy spectrum of ZnPyP (Figure 4B), which
However, the absorption spectra of (A), (B), and (C) change on the average has a lower amplitude than that of ZnP, has two

differently with decreasing temperature. Decreasing the tem- minima, i.e., at 625 and 675 nm, and two maxima at 600 and
perature from 55 to 16C results for (A) in only small changes 650 nm.

of the absorption spectrum (Figure 2A), which may be due to
ligation of ZnP with a trace amount of water still present in
toluene despite drying on sodium w#®?® For the same The changes observed for the Soret- and Q-bands, presented
temperature range, the maxima of the Soret and Q(1,0), Q(0,0)in Figure 2B, are attributed to ligation of the metal center of
absorption bands of (B) shift from 423 to 428 nm, from 550 to ZnP to pyridine at 10C. From the shifts in both the Q and the
561 nm, and from 589 to 601 nm, respectively (Figure 2B), Soret bands, we can conclude that at°@ligation of ZnP
whereas for (C) shifts were found from 550 to 560 nm and 589 with pyridine is almost complet®, whereas at 55°C the

to 604 nm for the Q(1,0) and Q(0,0) bands, respectively. At 10 equilibrium constantK for the equilibrium ZnPyP+ L =

Steady-state fluorescence anisotropy spectraddfuM ZnP

Discussion
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Figure 5. ZnPyP tetramer structure, calculated by the Chem X
program.
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Figure 3. Effect of temperature on the fluorescence spectrum of (A)
a~22 uM solution of ZnTPP in toluene, (B) &16 uM solution of
ZnTPP in a toluene/0.1 mM pyridine mixture, (Crat0 uM solution

of ZnPyP in toluene. Solid line: 5%C; broken line: 10C. Excitation

of all samples at the Q(1,0) maximum.
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Figure 6. Structural arrangements of the transition momes), (
numbered = 1,....8 in the ZnPyP tetramer. The porphyrin monomers
in the aggregate are numberee-11V.
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600 625 650 L dimer model as previously proposedyut contradicting the
Wavelength, nm observation that the entire Q-band is shifted. A polymeric

structure for ZnPyP in CHGlat concentrations up to 10 nif1

is unlikely to explain our results in view of the low concentration

(=40 uM) which we have used. A symmetrical tetramer (Figure

5) in which each zinc atom is ligated to a pyridyl substituent of

one of the neighboring porphyrin molecules is the smallest

ZnPyPL is much smaller. With the coordinating ligand co- complex, which can account for the shift of the entire Q-band.

valently linked to the porphyrin as for ZnPyP, a decrease of The formation of a tetrameric complex also explains the splitting

temperature of the solution is expected to result in porphyrin of the Soret band, invoking simple dipetéipole excitonic

complexation via zinc-pyridyl ligation. Indeed, we observe interactiond®-3in the S-state between four mutually perpen-

Q-band shifts in the absorption spectrum upon a 55 t6C0 dicular porphyrin molecules. The tetramer geometry is assumed

temperature decrease (Figure 2635 The Q-bands shifts are  to haveCa, symmetry (Figure 6).

very similar to those in Figure 2B, and can therefore be ascribed The ground-state wave function of the tetramer is

to a high percentage of the ligated zinc porphyrin at°@

Previously, the Soret band splitting was not observed for the Y=y 1)

same compound in CHG or just reported to be broaderfed

at 25°C for toluene and CkC1; as a solvent. The split Soret  wherey, ¥y, ¥, andyy are the ground-state wave functions

band observed at 10C might suggest that only half of the of molecules numbered by I, II, Ill, and IV, respectively. The

ZnPyP molecules are internally ligated in agreement with a wave function for molecule | to be excited with a transition

Figure 4. Steady-state anisotropy detected at’@of (A) ~16 uM
ZnTPP; (B)~16 uM ZnPyP both in PS/Tol. Excitation at the Q(1,0)
maximum.
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Figure 7. Tetramer energy level scheme, calculated using the exciton model (see text), and relative nonligated and ligated monomer energy levels.

dipole momeni, either parallel ¢ = I1) or perpendiculary(=
0) to the 4-fold axis (z, Figure 6) can then be written as

W=y =11, 0) 2
and similarly for excitations localized on molecules II, 1ll, and
V.

The excitonic wave functions resulting from a couplivg
between these localized states have the general form

v

ku= -y exp(2kji/4)W, 3
| 2; p(2Tkji/4)W; , ®3)

The eight possible states wikh= 0, & 1, 2; u= I, 0 span the
irreducible representations of the groGg,. Of these only the
state|0JI0(A,) and the 2-fold degenerate statel,(J0(E,) are
connected by electric-dipole-allowed transitions toAgground
stateWg.

The wave functions of these states are

1
10JI0= E(qjl,z Wt Wt Py A

11x0=2""(W, n — Wy, 0); 11yC=
2—1/2(11,"[' - lpm,m)(Eu) (4)

Ligated monomer

Tetramer

= W IVIWu,) and V is the intermolecular perturbation
potential. In the present instangg eq1,, andeq are all positive.
Now we calculate the energy splittimyE between the two
allowed transitions. From the optical spectrum of the ZnPyP
monomer in toluené? the dipole strength of the Soret band is
calculated to be 9.3 0.5 D. From the tetramer structure in a
vacuum, calculated using the Chem-X program the center-to-
center distances are found to bd0 A for nearest neighbor
porphyrins and~14 A for the next nearest neighbor ones.
Using the point-dipole point-dipole approximation féand
the relative phases of the transition moments consistent with
the 4-fold symmetry as indicated by the arrows in Figure 6, the
coupling energies are calculated todyes 1904 20 cnt?, eq),
= 2¢qp = 64 & 8 cnL. The energy splitting\E between the
two allowed transitions of the tetramer is calculated to4480
+ 50 cnT?, in good agreement with the experimental splitting
~440 cntl. The calculated relative energy levels and transitions
for the monomer, the ligated monomer, and the tetramer dipole
arrangement are shown in Figure 7. According to the exciton
model the component of the Soret band, which is red shifted
wrt the nonligated monomer position, results from a superposi-
tion of two transition dipole-dipole interactions, i.e.M1/Ms
and Ms/M7. (Note that the transition moments are labeled by
Arabic numbers, and the porphyrin monomers by Roman
numbers). The band is 32 4 cn ! red-shifted wrt the position
of the ligated monomer, too small a shift to be resolved in the
absorption spectrum. In view of the discussion above, the

From egs 2 and 4, it follows by inspection of Figure 6 that the component which is unshifted wrt the nonligated monomer
energies and transition dipole moments of the allowed transitions position, is the result of excitonic interaction between four

are

E(A) =€+ 2¢,+ey M=2M

E(En) =€— €40

M, =M, = v2M (5)

parallel transition dipole moment#g, M, Mg, andMg) with

the same directions. This band is significantly blue-shifi&H (

~ 440 cnt?) wrt the position of the ligated monomer. The total
calculated dipole strengths are in agreement with those calcu-
lated from the experimental splitting of the Soret bands. The
red-shift of the Q-bands only results from axial ligation of the

wheree is the energy of a locally excited-state plus the energy zinc porphyrins because exciton interaction between {lstafes
change of the constituents of the tetramer due to this excitation,is negligibly small due to the much smaller transition moments
en (>0) is the coupling energy between the transition dipoles involved. It is important to note that application of the extended

on neighboring molecules, e.g = W |VIW 0= Wy

dipole—dipole mode® does not significantly change the above-

V|W,0 €qy is the coupling energy between molecules at the mentioned conclusions and changes the results of calculations

opposite sides of the tetramer, egyn = W) o|V|Wu, o0 €qy

with less than 10%.
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The isosbestic points at 560 and 580 nm in the absorption 1.4
spectra of Figure 2C indicate a shift in the equilibrium between
two and only two species absorbing at different wavelengths at
constant total concentration. The 2uM ZnPyP spectrum
measured at 53C, and the 8Q«M ZnPyP spectrum measured
at 15°C can be assigned to the nonligated and the ligated s __ |
molecules, respectively (In this context, ligated ZnPyP monomer 5
refers to the absorption spectrum of @9 ZnPyP recorded at
15 °C). This conclusion is supported by the observation that
the fluorescence spectra for the above two concentrations an
temperatures are identical by excitinglat= 415, 420, 425,-
430, and 435 nm. This implies that the spectra at an arbitrary, § 0.2
intermediate concentration can be described as a linear com-
bination of the spectra of the ligated and nonligated species.

For a given total concentratidBiot = CznpydT) + CznpypL- 0'010
(T) of the porphyrin in solution the concentration of nonligated Temperature, C
and ligated entities at different temperatures can then be Figure 8. Concentrations of the nonligated monomeégey(solid

determined by applying LamberBeer’s law to the absorption  curves) and ligated monome@sqpyrL(broken lines) of (set a) 2,2,
spectrum. IfA(4,T) is the total absorbance at a temperaflire  (set b) 22uM, and (set ¢) 8QuM ZnPyP vs temperatureCznpyp +

o
e
1

zed to 1

rations, norm

ncen‘tl

(°C) and wavelengtii (nm) then CznpypL is Normalized to 1.
Aol T) = [CznpydT) €zapyp (A)F Cznpyp (T) €znpyr (4)] Making the reasonable assumption that the fluorescence
(6) intensity of each species varies linearly with its concentration

o . we then have the following analogue to eq 7
whereeznpyp and eznpypL are the molar extinction coefficients

(IM~1cm™1) for the nonligated and ligated molecules, assumed . _ R

constant over the experimental temperature range,l aadl ot T) = [CznpyT)/2.2x 10 6]|2-2A¢M(}"55 C)+

cm is the cuvette path-length. (For reasons of simplicity and [C2npyp(T)/8.0 x 10_5]I8_0”M(/1,10 °C) (9)
becausé = 1 cm in our measurements we orhirom further

consideration). With absorbance data taken from the absorptionnan analyzing the experimental fluorescence spectra using

spectra of the dilute and concentrated solutions measured at 55eq 9, we conclude to the same relative contributions of ZnPyP
and 15°C, respectively, eq 6 can be rewritten as and ZnPyPRL as derived from the temperature dependence of
the absorption spectra. This result is in agreement with the

Ap.2,m(4:55 °C) €70p,d(550 NM) proposed tetramer formation and contradicts a model that

'A‘t-I;)t(/‘t ,T) = C-IZ—nP

A, 5,m(550 Nm,55°C) includes formation of noncyclic structures.
Ago,m(4,15°C)€z,pyp (560 NM) The steady-state fluorescence polarization anisotropy of
C . _ . .
ZnPyPL Pgoa(560 N, 15°C) ZnPyP at the maxima of the Q-transitions is at most half that

of the ZnP spectrum (Figure 4A). Using the Perrin equation

. for the steady-state anisotropy
Thus, from eq 7 the concentratio@snpy(T), CznpypL(T) Of

nonligated and ligated porphyrins can now be calculated using r = By(L+ (1/9))
eznP(550 Nm)= 22 000 IM cm™* andezyp (560 nm)= 20 000
IM~1cm™1.3 The results calculated for the three different ZnPyP . o .
concentrations are plotted in Figure 8. v_wth_ Pothe magnitude of_the |n|t|a_l anisotropythe fluorescence

If there were noncyclic complexes (e.g., dimers, trimers, or lifetime, and¢ the effective rotatlo_nal volume of the molec_ule,
oligomers) in our samples unidirectional energy transfer is (e value of the steady-state anisotropy can be approximated
expected to occur from an excited, nonligated porphyrin to a 8" = fo. As can be seen from Figure fo is ~0.1 for
neighboring, ligated one because of considerable overlapMonomers ang, ~ 0.025 for tetramers at the maxima of the
between the fluorescence- and absorption spectra of nonligated Q-transitions. Note that for zinc porphyrins in viscous PS/Tol
and ligated ZnPyP. Consequently, the presence of non|igatedSO|UtI0nT/¢ < 1 and for a cyclic symmetrical porphyrin tetramer
monomers in these structures should result in a decrease of théo iS expected to be 0.025 (see Part Il). The decrease of the
fluorescence yield of the nonligated species and a Simu|taneou§nitial anisotropy is an indication of an additional depolarization
increase of the yield of the ligated species with decreasing channel in the tetramer by one or more energy transfer processes
temperature. Such a temperature dependence of the fluorescenc#ithin the tetramer. The increase of the steady-state anisotropy
yield has not been found for solutions at intermediate concentra-around 600 and 650 nm indicates the presence of a fraction of
tions (Ciot = 22 uM, excitation at 550 nm) when this is simulated nonligated monomers. The effects of energy transfer on the time
in the same way as the absorption spectra, by the summationdependence of the fluorescence anisotropy are analyzed in more

detail in Part II.

Lo, T) = l20pydA,T) + 1znpyp (4,T) 8 The changes in the absorption spectra resulting from tetramer
formation may be utilized to quantitatively study the equilibrium
(Note that for the 2.24M solution the 55°C fluorescence reaction by the noncalorimetric thermodynamic metffbd.
spectrum completely originates from nonligated monomers, and Although this method has limited accuracy it provides an
for the 80uM solution from the ligated species). additional argument for the proposed monomer-tetramer equi-

(10)
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Figure 9. EnthalpyAH and entropyAS for the equilibrium between
n molecules ZnPyP and the aggregate (ZnRyP)

AS,CallKM

librium. Generally, the equilibrium consta#fznpyr] for the
reactions: n{[ZnPyP] = [ZnPyP}, obeys the equatich
Klzapydn = [ZnPyP}/[ZnPyPT (11)
where [ZnPyP] and [ZnPyRJare the molar concentrations of
the monomer and an aggregatendfgated molecules, respec-
tively. Taking the monomer concentration of nonligated and
ligated porphyrins from Figure 8 and using eq 11, the enthalpy
AH and entropyAS with n can be calculated from the slopes
of the van't Hoff plots* Figure 9 presentaAH and AS for
aggregates formed hy= 2,...8 ligated molecules. The values

n=2,3,7,8 need not be considered as their van't Hoff plots are
distinctly nonlinear, which would imply an equilibrium between

Yatskou et al.
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Figure 10. Van't Hoff plot for the equilibrium 4[ZnPyP} [ZnPyP},
with [ZnPyP] and [ZnPyR]the molar concentrations of monomers and
tetramers, respectively.

cence spectrum, can be ascribed to coordination of the metal
center of one ZnPyP molecule to the pyridyl substituent of a
second, neighboring molecule. Excitonic interactions can be
neglected for the Sstate; the splitting of the Soret band in the
absorption spectrum can be explained by an excitonic interaction
in the S-state between four perpendicularly oriented ZnPyP
molecules in a structure in which each zinc atom is ligated to
a pyridyl substituent of a neighboring molecule; other structures,
involving a different number of porphyrins in the aggregate or
different geometries cannot completely be excluded, but are less
likely.

A symmetrical tetramer is the smallest complex that can
account for all of the observed shifts in the optical spectra; the
estimated thermodynamic parameters are in agreement with
those expected for a tetramer.

The above conclusions are supported and extended in part Il
of this paper describing time-resolved fluorescence- and fluo-
rescence anisotropy measurements.
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