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The excited-state relaxation dynamics of zinc protoporphyrin (ZnPP) in THF solution and inside nano-

channel arrays of anodized aluminum oxide (AAO) have been investigated with time-correlated single-

photon-counting (TCSPC) fluorescence spectra with S2 excitation (�ex = 435 nm). We used three initial

concentrations of immersion – 4.8 � 10-6, 4.8 � 10-5 and 4.8 � 10-4 M – to examine the extent of aggregation

of ZnPP inside the AAO nano-channel arrays of two pore sizes – 15 and 70 nm. Only one decay compo-

nent corresponds to the aggregation of ZnPP in THF solution, whereas at least two decay components are

required to describe the transient behavior of ZnPP inside AAO. The observed systematic variation of the

decay coefficients and the corresponding amplitudes of the ZnPP/AAO samples are consistent with the

observation of steady-state spectra of the system reported previously (JCCS 2006, 53, 201), but through

fluorescence lifetime measurements we further highlight the significance of aggregation of ZnPP in the

specific nanoporous environment that is not achievable in ZnPP/THF solutions in large concentrations.
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INTRODUCTION

Porphyrins have been used in the design of artificial

light-harvesting systems.1 The capacity of porphyrins to

absorb visible sunlight makes these substances prospective

candidates for future applications of renewable energy

such as dye-sensitized solar cells and conversion of solar

energy.2-7 The UV/visible spectrum of a typical porphyrin

species features an intense sharp B band at ~400 nm (S2

state) and weak Q bands in the region 500-700 nm (S1

state). Recent investigations8,9 indicate that the Q-band

transition can borrow intensity from the intense Soret-band

transition in porphyrin aggregates. Aggregation might

therefore be considered an advantageous feature for con-

version of solar energy.10-12

We previously reported10 a significant effect of aggre-

gation of zinc protoporphyrin (ZnPP) inside nano-channel

arrays of anodized aluminum oxide (AAO) from the obser-

vation of the variation of UV/visible absorption and fluo-

rescent emission spectra of this system. Molecular aggre-

gation of ZnPP molecules inside AAO nano-channel arrays

is controllable according to the initial immersion concen-

tration of the ZnPP/THF solution, the duration of immer-

sion of the AAO substrate in the solution, and the average

size of pores of AAO nano-channel arrays. Here we report

the excited-state relaxation dynamics of both the ZnPP/

THF solution and the ZnPP/AAO thin films using time-

resolved fluorescence with ~80 ps resolution. We have ob-

served a systematic trend for the relaxation dynamics of

ZnPP inside AAO under various conditions due to forma-

tion of aggregates; the extent of aggregation is classified

into four major groups according to the distribution of the

fitted time coefficients.

EXPERIMENTS

Preparation of AAO Nano-channel Arrays

AAO thin-film samples with two pore diameters (d) –

15 and 70 nm – were fabricated through a one-step heating
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treatment, described elsewhere.10 Briefly, the AAO sam-

ples with d = 15 nm were made with 10 vol% sulfuric acid

(H2SO4, 98%) at 8 �C, 18 V; AAO samples with d = 70 nm

were made with 3 vol% oxalic acid (C2H2O4, 99%) at 40 V,

20 �C. Since pores are randomly created on the AAO sur-

face, a regular pattern can be obtained when AAO is re-

moved by wet chemical etching using a mixture of 6 wt%

phosphoric acid (H3PO4, 98%) and 1.8 wt% chromic acid

(CrO3, 95%) at 60 �C for 40 min. After the second anodiza-

tion for 4 hr under the same conditions as the first anodiza-

tion, the AAO nano-channel arrays would grow based on

these patterns. Figs. 1A and 1B show SEM images of AAO

nano-channel arrays with two pore sizes – 15 and 70 nm –

respectively. The top views display a large pore density

(109-1011 pores cm-2), uniform pore diameter, and ordered

pore arrangement of the AAO structure. The cross-sec-

tional view (inset of Fig. 1) depicts the channels in AAO;

each channel grows straight with the barrier layer at the

AAO bottom.

Materials

ZnPP (Sigma-Aldrich, > 95%) was used without fur-

ther purification. ZnPP was dissolved in THF (Merck,

spectral grade) to form a solution with three initial concen-

trations – Ci = 4.8 � 10-6, 4.8 � 10-5 and 4.8 � 10-4 M. The

AAO nanoporous substrates (disk shape, diameter 1 cm)

were immersed in these ZnPP/THF solutions of constant

volume (~5 mL) in a closed container near 20 �C. After im-

mersion for 48 h, we took the ZnPP/AAO samples from the

solutions and rinsed them carefully several times with pure

THF to remove ZnPP molecules physically adsorbed on the

surface or inside the nanotubes before the spectral and dy-

namics measurements.

Spectral Measurements

UV/visible reflectance/absorption spectra of ZnPP/

AAO samples as thin films were measured with a compos-

ite CCD spectrometer (HR4000CG-UV-NIR, Ocean Op-

tics) coupled with a deuterium/tungsten-halogen lamp

(DH-2000, Ocean Optics) via a fiber (Y-shape, R600-UV,

Ocean Optics) for reflection probes. Fluorescence spectra

were obtained with another composite CCD spectrometer

(USB2000FLG, Ocean Optics) with an excitation lamp con-

taining a pulsed diode-laser head (LDH-P-C-440, PicoQuant)

coupled with a laser-diode driver (PDL-800B, PicoQuant)

that produces excitation pulses at 435 nm with an average

power ~300 �W.

TCSPC Measurements

Fluorescence transients were recorded with a time-cor-

related single-photon counting (TCSPC) system (FluoTime

200, PicoQuant) with the picosecond laser source (PicoQuant)

for excitation at �ex = 435 nm. The excitation pulse was fo-

cused onto the sample holder (for solution a 1-cm cuvette,

but for solid films a rotating sample holder) with a lens. A

lens collected emission emitted from the sample at a right

angle. An iris attenuated the intensity of the detected sig-

nal; the polarization of the detected emission relative to the

excitation laser pulse was set at 54.7� with a polarizer. A

double monochromator of a subtractive type compensated

the group-velocity dispersion of emission and selected the

detection wavelength; the resolution was 8 nm with a slit of

width 1 mm. A micro-channel plate photomultiplier was

connected to a computer with a TCSPC-module card (SPC-

630, Becker & Hickl GmbH) for data acquisition. The

FWHM of the instrument response function (IRF) was typ-

ically 80 ps, measured with scattered light at the laser exci-

tation wavelength.

RESULTS AND DISCUSSION

Emission spectra and lifetimes of ZnPP in THF solu-

tion

Fig. 2 shows emission spectra of ZnPP/THF solutions

at four concentrations – CM = 4.8 � 10-7, 4.8 � 10-6, 4.8 �

10-5 and 4.8 � 10-4 M. The spectra at the former three con-

centrations show similar spectral features, but the relative

intensities at wavelength �em = 641 nm increase gradually

upon increasing concentrations when the spectra are nor-

malized to unity at the first maximum, for which �em = 587

1406 J. Chin. Chem. Soc., Vol. 53, No. 6, 2006 Lin et al.

Fig. 1. SEM images of AAO made of aluminum foil

(purity 99.7%): (A) top and cross-section views

of AAO with pore diameter 15 nm fabricated

using H2SO4 (10 vol%); (B) top and cross-

section views of AAO with pore diameter 70

nm fabricated using C2H2O4 solution (3 vol%).



nm. The first emission maximum of the spectrum at the

greatest concentration disappeared through the emission

inner-filter effect in the region of spectral overlap between

emission and absorption. Instead, a new emission maxi-

mum appeared at 608 nm, which is the result of formation

of a ZnPP dimer species; higher aggregates were produced

at even greater wavelengths as we have discussed previ-

ously.10 The emission at CM = 4.8 � 10-4 M was substan-

tially quenched due to the effect of aggregation.

Fig. 3 shows emission transients of ZnPP/THF solu-

tions at three concentrations and four typical wavelengths –

�em = 590, 610, 650 and 670 nm; the excitation wavelength

was fixed at �ex = 435 nm. The transients of all three solu-

tions show a similar decay feature at �em = 590 nm (Fig.

3A), but at greater wavelengths the transients decay more

rapidly at greater concentrations as clearly shown in Fig.

3D. Table 1 summarizes the transients at seven emission

wavelengths in the range 580-690 nm for each concentra-

tion. The decay kinetics were successfully fitted using only

one decay component, giving a single exponential decay

coefficient of 2.0 ns for samples of all concentrations at �em

= 580 and 590 nm. This observed 2.0-ns relaxation period

is consistent with that of ZnTPP in benzene (� = 2.0 ns)13

due to S1�T1 intersystem crossing in the monomer.

The transients at all concentrations and for �em > 590

nm feature an additional decay component with a time co-

efficient ~0.4 ns. The relative amplitudes of the rapid decay

component increase with increasing emission wavelength

and concentration. This dynamical phenomenon is consis-

tent with the spectral feature shown in Fig. 2 being due to

emission spectra of ZnPP aggregates that are shifted to

greater wavelengths. It has been recognized that porphyrin

aggregates are formed in aqueous solutions at large por-

phyrin concentrations,14 on addition of inorganic salt,14,15

on variation of pH,16,17 with cationic surfactants,18 or on

binding to DNA.19 In our case, ZnPP molecules aggregate

in an organic solvent, but the proportion of these aggre-

gates is less than that of monomers even in a solution of

great concentration.

Reflectance spectra of ZnPP inside AAO nano-channel

arrays

The aggregation of ZnPP inside AAO nano-channel

arrays is controllable through the initial concentration Ci of

the ZnPP/THF solution and the pore size d of AAO nano-
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Fig. 2. Fluorescent emission spectra of ZnPP/THF so-

lutions obtained with �ex = 435 nm at four con-

centrations as indicated.

Fig. 3. Fluorescence transients of ZnPP/THF solutions

obtained with �ex = 435 nm at �em/nm = (A)

590; (B) 610; (C) 650; (D) 670; fitted time pa-

rameters are listed in Table 1.



tubes. Figs. 4A-C show spectra of original reflection inten-

sity, reflectance (R) and difference reflectance ratio (�R/R),

respectively, for ZnPP/AAO (d = 15 nm) samples at three

initial concentrations of immersion – Ci = 4.8 � 10-6, 4.8 �

10-5 and 4.8 � 10-4 M; the spectra of blank AAO and ZnPP/

THF solution are shown for comparison. For Ci = 4.8 � 10-6

M, the �R/R pattern reflects the absorption features of the

B and Q bands of ZnPP. For Ci = 4.8 � 10-5 M, the B band

becomes broadened and the Q bands begin to grow. For Ci

= 4.8 � 10-4 M, the maximum absorbance of the Q bands

even exceeds the maximum of the B band. In contrast, the

effect of aggregation becomes less significant when the av-

erage pore diameter of the AAO nano-channel arrays is en-

hanced (i.e., d = 70 nm), as shown in Figs. 5A-C. Accord-

ing to results obtained from our control experiments, we

have demonstrated that the observed �R/R spectra of the

ZnPP/AAO samples reflect the absorption features of

ZnPP aggregates inside the AAO nano-structural environ-

ment – the excitonic interaction between the B and Q bands9

systematically increases with increasing Ci or decreasing d.

We have reported such a pronounced effect for ZnPP ag-

gregates in the nano-structural environment that causes the

absorption spectra of ZnPP/AAO samples to cover the en-

tire visible spectral region.10 Similarly, here we reanalyzed

our data using the �R/R approach for which reflectance

spectra of the system mimic the absorption spectra reported

previously.10

Fluorescence transients of ZnPP inside AAO

nano-channel arrays

We have reported that the fluorescence of ZnPP in-

side AAO nanoporous environments became significantly

quenched because of aggregation.10 In the present work we

investigated further the effect of aggregation using the

TCSPC method. The fluorescence transients of ZnPP in so-
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Table 1. Fitted time coefficients of fluorescence transients in

ZnPP/THF solutions of various concentrations with

excitation wavelength �ex = 435 nma

Concentration/M �em/nm �1/nsb �2/nsb

580 — 2.0

590 — 2.0

610 0.43 (5%)0 1.9 (95%)

630 0.44 (11%) 2.1 (89%)

650 0.43 (12%) 2.1 (88%)

670 0.45 (24%) 2.2 (76%)

4.8 � 10-6

690 0.38 (26%) 2.2 (74%)

580 — 2.0

590 — 2.0

610 0.42 (6%)0 1.9 (94%)

630 0.42 (14%) 2.1 (86%)

650 0.44 (22%) 2.1 (78%)

670 0.46 (43%) 2.2 (57%)

4.8 � 10-5

690 0.45 (42%) 2.2 (58%)

580 — 2.0

590 — 2.0

610 0.30 (12%) 1.9 (88%)

630 0.31 (20%) 2.1 (80%)

650 0.40 (32%) 2.1 (68%)

670 0.49 (47%) 2.2 (53%)

4.8 � 10-4

690 0.45 (46%) 2.2 (54%)

a A parallel kinetic model is employed using the FluoFit software.
b Relative amplitudes are shown in parentheses.

Fig. 4. (A) Reflection intensity, (B) reflection ratio,

and (C) reflectance (�R/R) spectra of ZnPP/

AAO (d = 15 nm) at three concentrations as in-

dicated; reflectance spectrum of blank AAO

and absorption spectra of ZnPP/THF solution

are shown for comparison.



lution and adsorbed in AAO nano-channel arrays of pore

size 15 and 70 nm are shown in Fig. 6, from A-C for Ci = 4.8

� 10-6, 4.8 � 10-5 and 4.8 � 10-4 M, respectively, with �ex =

435 nm and �em = 670 nm. For Ci = 4.8 � 10-6 M, the fluo-

rescence decays follow a systematic trend depending on the

extent of aggregation. The decay (aggregation) is more

rapid (more significant) in nanotubes than in free solvents;

the decay (aggregation) is also more rapid (more signifi-

cant) in AAO of pore size d = 15 nm than of pore size d = 70

nm. For Ci = 4.8 � 10-5 and 4.8 � 10-4 M, the aggregation in

AAO was so significant that the difference in transients be-

tween the samples of two pore sizes was not obviously

seen, particularly for the transients obtained for Ci = 4.8 �

10-4 (see inset of Fig. 6C). Nevertheless, after deconvolu-

tion of the transient signals with two or three decay compo-

nents and including the instrument response, perfect fits

were obtained (with FluoFit software). The corresponding

fitted decay coefficients for the transients of the ZnPP/

AAO samples at various �em and Ci are summarized in Ta-

bles 2 and 3 for d = 15 and 70 nm, respectively.

In general, the transients were fitted with two or three

decay components on varied time scales. For samples with

Ci = 4.8 � 10-6 M and d = 15 nm, the time coefficients of the

second and third components are �2 = 0.4-0.5 ns and �3 =

1.5-1.6 ns, respectively, near the lifetimes of ZnPP dimer/

aggregates and monomer in solution (Table 1). The relative

amplitudes are, however, disparate: the ns component is a

major part of the transient in solution samples, whereas it

becomes a minor part of the transient (~4%) in thin-film

samples. We assign the ns components of the transients in

Fluorescence Dynamics of ZnPP inside AAO J. Chin. Chem. Soc., Vol. 53, No. 6, 2006 1409

Fig. 5. (A) Reflection intensity, (B) reflection ratio,

and (C) reflectance (�R/R) spectra of ZnPP/

AAO (d = 70 nm) at three concentrations as in-

dicated; reflectance spectrum of blank AAO

and absorption spectra of ZnPP/THF solution

are shown for comparison.

Fig. 6. Fluorescence transients of ZnPP/AAO obtained

with initial immersion concentration Ci/M =

(A) 4.8 � 10-6; (B) 4.8 � 10-5; (C) 4.8 � 10-4. The

symbols are raw data; the solid curves represent

theoretical fits of the transients; fitted time pa-

rameters are listed in Table 2 (for d = 15 nm)

and Table 3 (for d = 70 nm).



samples of Ci = 4.8 � 10-6 M and d = 15 nm to a minor pro-

portion of monomers inside the AAO nano-channel arrays.

The values of �3 for nanotube samples are slightly smaller

than those for free solvents because the intermolecular in-

teractions are still involved for the former. In contrast, for

samples at Ci = 4.8 � 10-6 M and d = 70 nm, the contribution

of the third component increases to ~10% and the values of

�3 are slightly larger than those in solution. That the values

of �3 of the thin-film samples exceed those of the solution

samples reflects the involvement of intramolecular mo-

tions for the S1�T1 intersystem crossing to occur. We thus

observed slower relaxation dynamics for the former be-

cause the internal nuclear motions are restricted in solid

films.

The first component is the major part of all transients

for the ZnPP/AAO samples. The corresponding time coef-

ficient (�1) was fitted in a range of 70-100 ps for samples of

both d = 15 nm and 70 nm at Ci = 4.8 � 10-6 M, but the val-

ues of �1 are all in the range 20-40 ps for other transients

with a greater extent of molecular aggregation. Because the

FWHM of the IRF of our TCSPC system is 80 ps, we ex-

pect the time coefficients in the 20-40 ps range to be unre-

solved and generally described as ‘IRF-limited’. The con-

tribution of this component nevertheless reflects the extent

of aggregation according to our comparison of results listed

in Tables 2 and 3. For samples with Ci = 4.8 � 10-4 M and d

= 15 nm, the aggregation was so severe that two compo-

nents sufficed to fit the data; in the case of Ci = 4.8 � 10-4 M

and d = 70 nm at greater wavelengths, a ~3% third decay

component with time coefficients of 0.5-0.6 ns was re-

quired for the fit.

CONCLUDING REMARKS

We have demonstrated a significant effect of aggre-

gation of ZnPP inside AAO nanoporous environments us-

ing picosecond time-resolved fluorescence spectroscopy.
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Table 2. Fitted time coefficients of fluorescence transients of ZnPP/AAO (d = 15 nm) thin-

film samples at various initial concentrations of immersion (Ci) with excitation

wavelength �ex = 435 nma,b

Ci /M �em/nm �1/psc �2/nsc �3/nsc

610 69 (76%) 0.39 (19%) 1.6 (5%)

630 70 (81%) 0.41 (16%) 1.5 (3%)

650 82 (78%) 0.46 (18%) 1.5 (4%)

670 83 (76%) 0.45 (20%) 1.5 (4%)

690 91 (76%) 0.47 (20%) 1.6 (4%)

710 92 (76%) 0.45 (20%) 1.6 (4%)

730 96 (71%) 0.47 (25%) 1.5 (4%)

4.8 � 10-6

750 97 (76%) 0.47 (20%) 1.5 (4%)

610 23 (92%) 0.16 (5%)0 0.56 (3%)

630 24 (88%) 0.13 (9%)0 0.56 (3%)

650 28 (85%) 0.16 (11%) 0.58 (4%)

670 33 (79%) 0.16 (15%) 0.57 (6%)

690 36 (78%) 0.18 (16%) 0.58 (6%)

710 30 (72%) 0.13 (20%) 0.50 (8%)

730 19 (72%) 0.10 (21%) 0.50 (7%)

4.8 � 10-5

750 28 (66%) 0.12 (26%) 0.50 (8%)

610 20 (98%) 0.18 (2%)0 —

630 26 (97%) 0.25 (3%)0 —

650 28 (95%) 0.23 (5%)0 —

670 36 (94%) 0.26 (6%)0 —

690 33 (93%) 0.25 (7%)0 —

4.8 � 10-4

710 25 (95%) 0.18 (5%)0 —

a All blank AAO samples were immersed in a ZnPP/THF solution for 48 hours.
b A parallel kinetic model is employed using the FluoFit software.
c Relative amplitudes are shown in parentheses.



The fitted time coefficients of the transients in the ZnPP/

AAO samples are classified into four major groups. First,

the 2-ns component is due to ZnPP monomers that appear

only in transients at Ci = 4.8 � 10-6 M (for both d = 15 and 70

nm). Second, the 0.5-ns component is due to ZnPP dimers

or a small extent of aggregation that appears in all tran-

sients except those at Ci = 4.8 � 10-4 M and d = 15 nm.

Third, the 0.1 ns-component is due to a small to medium

extent of aggregation that appears in all transients. Fourth,

the IRF-limited component is due to a medium to large ex-

tent of aggregation that appear in all transients except those

for Ci = 4.8 � 10-6 M. For the steady-state results, we have

observed strong excitonic coupling between B and Q tran-

sitions in reflectance spectra of ZnPP aggregates formed

inside AAO nano-channel arrays of varied pore size; the

extent of aggregation is controllable according to the ini-

tial concentrations of immersion. Such evidence provides

important information for the porphyrin/nano-channel

system to be regarded as a prospective material in applica-

tions of a dye-sensitized solar cell or the conversion of so-

lar energy.
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