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We present a fundamental study on ZnO nanorod—porphyrin assembly formation in solution, providing the
key to novel tunable hybrid assemblies with potential in solar energy conversion. The combination of 40 nm
ZnO nanorods with ionic porphyrins — meso-tetra(4-carboxyphenyl)porphyrin (TCPP) and meso-tetra-(4-
sulfonatophenyl)porphyrin (TPPS) — results in the formation of novel well-defined hybrid assemblies which

R 417t N ber 2016 are stable in solution and exhibit an adjustable size up to 500 nm. Structures have been characterized with
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Accepted 1st December 2016 dynamic light scattering (DLS), transmission electron microscopy (TEM) and absorption and emission
spectroscopy. In particular, the combination of both porphyrins with ZnO in a ternary assembly yields

DOI- 10.1039/c6ra26364h a large stability range in terms of the TCPP/ZnO ratio and may be of significance as a hybrid system for
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Introduction

A powerful method to build hybrid nanostructures in solution
and on surfaces is self-assembly, that is the formation of orga-
nized structures from a disordered system of building blocks.
Driving forces can be hydrogen bonding, ionic interactions, 7v—
7 stacking, metal coordination or van der Waals interactions. A
large range of structures and potential applications is accessible
through the concept of self-assembly.* Yet, in particular for
more complex and functional structures, fundamental knowl-
edge on structure formation and control is limited but highly
desirable for a broad and targeted exploitation of self-assembly.

Combining semiconducting ZnO nanostructures with
porphyrins as light harvesting component through self-assembly
may have significant impact in the field of solar energy conver-
sion.>® With this motivation, we herein fundamentally investi-
gate the assembly formation of ZnO nanorods with different
porphyrins that can interact with the ZnO surface due to ionic
interaction and metal coordination. Both, meso-tetra(4-
carboxyphenyl)porphyrin (TCPP) and meso-tetra-(4-sulfonato-
phenyl)porphyrin (TPPS) (Fig. 2) have four functional groups
which are able to bind to a ZnO surface, so that the porphyrin
molecules can act as linker and interconnect ZnO nanorods to
into larger organic-inorganic hybrid assemblies. We elucidate
influences on the structure formation such as choice and ratio of
the building blocks and influence of sonication on the structure
formation. Resulting hybrid structures are characterized by
dynamic light scattering (DLS), transmission electron microscopy
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(TEM) and spectroscopic methods. The versatility of this modular
and supramolecular approach bears high potential for the
formation of functional hybrid nanostructures.

Experimental section
Chemicals

meso-Tetra(4-carboxyphenyl)porphyrin (TCPP) was obtained
from TriPorTech GmbH (Germany), meso-tetra-(4-sulfonato-
phenyl)porphyrin tetrasodium salt (TPPS, 98.0%) was received
from Fluka and all other chemicals were purchased from Sigma-
Aldrich®. All solvents were filtered before use with 0.2 pum
Millipore PTFE filters to remove dust.

Synthesis of ZnO nanorods

The ZnO rods were prepared according to literature.* Zinc
acetate (0.82 g, 4.5 mmol, 99.99%) was dissolved in 42 mL
methanol and 0.25 mL water was added. Under vigorous stirring
at 60 °C a solution of 0.49 g KOH (8.75 mmol, 99.99%) in 23 mL
MeOH was added dropwise. During the addition of the KOH
solution, the reaction mixture turned opaque. After 2 h 15 min
stirring at 60 °C the solution was concentrated to 10 mL at
a rotary pump and further stirred at 65 °C for 22 h. Then the
solution was left at rest to decant. The white precipitate was
dispersed in MeOH, centrifuged at 3000 rpm for 5 min and then
dispersed in ethanol.

TODA stabilization of ZnO nanorods

To stabilize the ZnO nanorods in solution [2-(2-(2-methox-
yethoxy)ethoxy)acetic acid] (TODA, technical grade) was used.®
For this the as prepared ZnO nanorods were centrifuged at
2000 rpm for 5 min and then redispersed in an ethanolic TODA
solution with a concentration of ¢(TODA) = 1.27 x 10~ mol

RSC Adv., 2017, 7, 3321-3330 | 3321


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26964h&domain=pdf&date_stamp=2017-01-02
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26964h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007006

Open Access Article. Published on 13 January 2017. Downloaded on 2/12/2026 12:31:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

L' To remove excess TODA the solution was centrifuged at
15 000 rpm for 1.5 h and redispersed in ethanol. The final ZnO
solution, which was used for sample preparation, had a particle
concentration of ¢(ZnO) = 3.77 x 10" particles per L. The ZnO
particles had a length of 38.6 nm =+ 15.4 nm and a diameter of
9.5 nm =+ 1.2 nm (130 particles analyzed with TEM).

Sample preparation

The stock solution of meso-tetra(4-carboxyphenyl)porphyrin
(TCPP) in ethanol had a concentration of ¢(TCPP) = 1.7 X
10~* mol L™ ". Due to the insufficient solubility of meso-tetra-(4-
sulfonatophenyl)porphyrin (TPPS) in ethanol at high concentra-
tions, the TPPS stock solution was prepared in filtered methanol
with a concentration of ¢(TPPS) = 9.4 x 10 * mol L™ " The
concentration of TPPS in the samples was low enough for the TPPS
to be completely dissolved, which was confirmed with absorption
spectroscopy. Both porphyrin stock solutions were filtered with
hydrophilic 0.2 pum Millipore PTFE filters to remove dust. Directly
before sample preparation the ZnO rod stock solution always was
sonicated (860 W) for a few minutes. The light scattering samples
were prepared by subsequently mixing filtered ethanol and the
desired amounts of the stock solutions via stirring at 990 rpm in
dust free glass vials. The ZnO particle concentration in the sample
solutions was kept constant at ¢(ZnO) = 2.0 x 10"° particles per L.

Light scattering

The measurements were performed in dust free light scattering
cuvettes at an instrument which was equipped with a red HeNe
laser (A = 632.8 nm; 20 mW), an ALV 5000 correlator with 320
channels (ALV GmbH, Langen, Germany) and an ALV CGS 3
goniometer. The measurements covered an angular range of 30° =
6 = 150°. The intensity autocorrelation function g,(z) for each
angle was transferred into the electric field autocorrelation func-
tion g(t) via the Siegert relation. The electric field autocorrelation
function g;(t) was successively transformed into the distribution of
relaxation times A(t) by a regularized inverse Laplace trans-
formation using the program CONTIN developed by S. Pro-
vencher.® From the distribution of relaxation times the apparent
diffusion coefficient was calculated and via extrapolation to zero
scattering vector square the diffusion coefficient was obtained,
with which the hydrodynamic radius was received via Stokes-Ein-
stein relation. The error bars were calculated from the error of the
extrapolation to zero scattering vector square as described above.

UV-Vis spectroscopy

Absorption spectra were recorded on a SHIMADZU UV Spec-
trophotometer (UV-1800) with a slit width of 1.0 nm.

Emission spectroscopy

Emission spectra were recorded on a FluoroMax-3 from Horiba
Scientific using 1 cm fluorescence quartz cuvettes.

TEM

Transmission electron microscopy (TEM) images were acquired
with a Zeiss EM 900 microscope or a Zeiss EM912 microscope,
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both operated at 80 kV at magnifications ranging from 20 000 x
to 250 000x. The specimens were prepared by depositing 5 pL
of the undiluted sample solution onto carbon-coated copper
grids, 300 mesh, and immediately remove the solvent via
capillary forces.

Results and discussion

Fig. 1 and 2 depict the building blocks used for supramolecular
structure formation in this study. The ZnO nanorods were
prepared according to literature as described in the experi-
mental part* and subsequently coated with [2-(2-(2-methox-
yethoxy)ethoxy)acetic acid] (TODA) (Fig. 2A) to provide extended
stability in solution.® The characterization of the functionalized
ZnO nanorods with transmission electron microscopy (TEM),
UV-Vis spectroscopy and dynamic light scattering (DLS)
revealed defined ZnO nanorods with an average size of 38.6 nm
x 9.5 nm (Fig. 1A-C). Transmission electron microscopy (TEM)
of a TODA stabilized ZnO sample (Fig. 1A) shows individual
rods in coexistence with small bundles of up to 10 rods.
These ZnO nanorods serve as inorganic building block and
can be interconnected by the porphyrins TCPP or TPPS, forming
larger hybrid structures, as evident from both, TEM and DLS
results in Fig. 3b and c: the carboxylic groups of the TCPP and
the sulfonic acid groups of TPPS can bind to the ZnO surface by
bridging, ester-like or bidentate binding of the oxygen atoms
with zinc atoms.**” Due to the presence of four functional
groups per porphyrin molecules, the porphyrin molecules are
able to interconnect the ZnO nanorods by binding to nano-
particle surfaces of two different nanoparticles yielding larger
structures of porphyrin-interconnected ZnO nanorods.} Here,
the interconnection does not only result in the structural
change of the system, but also in a functional change, as the
porphyrin can interact with ZnO electronically, acting as a light
harvester and inducing electrons into the ZnO semiconductor.

Assemblies with TCPP

First the interconnection of the ZnO rods by addition of
different amounts of TCPP is examined. For this, the ratio of
porphyrin and ZnO is denoted molar ratio rn, and defined as
number of porphyrin molecules N(porphyrin) per ZnO nanorod
N(ZnO).

N(porphyrin)
N(ZnO)

M =

Fig. 3a shows dynamic light scattering result of a ZnO-TCPP
assembly solution. In contrast to the hydrodynamic radius of Ry
= 23 nm of the ZnO rods (Fig. 1C), the assemblies are larger and
show a size of Ry = 129 nm with a size distribution width of ¢ =
0.22. Hence, multiple rods have become associated into a larger
nanoscale assembly through the porphyrins and these assem-
blies exhibit a well-defined size in solution. Fig. 3b and c

} The binding of TCPP to the ZnO surface could be determined by centrifugation
experiments, where no TCPP could be detected in the supernatant, but all
porphyrin was found in the sediment together with the ZnO.
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Inorganic building block for the supramolecular structure formation: characterization of TODA-stabilized ZnO nanorods with TEM (A),

UV-Vis spectroscopy (B), dynamic light scattering: electric field autocorrelation function gi(tr) and distribution of relaxation times A(z) at
a scattering angle of § = 90° (C). Schematic representation of a TODA-stabilized ZnO nanorod (D) (not to scale).
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Fig. 2 Organic building blocks for the supramolecular structure formation: structure of 2-(2-(2-methoxyethoxy)ethoxy)acetic acid (TODA) (A),
structure of the meso-tetra(4-carboxyphenyl)porphyrin (TCPP) (B), structure of the meso-tetra-(4-sulfonatophenyl)porphyrin (TPPS) (C) and

UV-Vis spectra of the two porphyrins in ethanol (D).

visualize these assemblies by TEM, again demonstrating the
association of multiple ZnO nanorods. The TEM images show
anisotropic assemblies, where due to the low electron contrast
of organic material only the ZnO rods are visible. The overall

This journal is © The Royal Society of Chemistry 2017

assembly sizes are in good agreement with the DLS
measurement.
Considering both, DLS and TEM in conjunction, it is

important to note that the hydrodynamic radius Ry as obtained
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Fig. 3 Characterization of a ZnO-TCPP assembly sample with (a)
dynamic light scattering: electric field autocorrelation function g;(r) and
distribution of relaxation times A(z) at a scattering angle of § = 80°; (b) and
(c) TEM pictures of the same ZnO-TCPP assembly sample: (b) overview
over several assemblies, (c) magnification of one ZnO-TCPP assembly
(sample with c(ZnO) = 2 x 10% particles per L, and ry(TCPP/ZnO) = 122).

in DLS represents the radius of a diffusion equivalent sphere,
that is, a dynamic property. On its own, it does not give infor-
mation on the multiple length scales of particles with aniso-
tropic shapes and/or internal structure but is a good measure of
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the overall dimension, the width of the size distribution,
possible coexistence of multiple sizes, all directly measured in
solution with the measurement covering a large particle
number. Complementary, TEM visualizes the structure “fully”
while one has to keep in mind that the sample is dried on a two-
dimensional surface which can cause significant structural
changes to the solution structure. Thus, it is best to view both
very different methods in combination. In front of this back-
ground, TEM and DLS are in good agreement for all investigated
samples presented in this study; that is, it was possible to image
individual assemblies in TEM.

The assembly formation can also be followed spectroscopi-
cally. Comparing UV-Vis spectra of a TCPP and a ZnO-TCPP
assembly solution, a red shift of 3 nm from 416 nm to 419 nm is
observed (Fig. 4a and b), which is understood as the upright
binding of TCPP with one or two carboxyl-groups to the surface
of ZnO.**7**4% A flat face-to-face like conformation of the
porphyrin would result in the metalation of the porphyrin
cavity, which would lead to a shift of the Soret band to 425 nm
and the presence of only two Q bands instead of four. These
spectral changes are indeed observed, but only after an aging
time of several days (Fig. S11). Therefore the initial assembly
formation is driven by the upright binding of TCPP to the ZnO
surface, which leads to the interconnection of several ZnO
nanorods. The comparison of emission spectra of the porphyrin
solution and a fresh assembly solution shows a quenching of
the TCPP fluorescence in presence of ZnO, as can be seen in
Fig. 4c. This quenching is understood as electronic interaction
of the TCPP with the ZnO nanorods and can be exploited in
solar energy conversion.>»*°

It is then of interest whether the assembly sizes are tunable
by variation of the molar ratio r(TCPP/ZnO). The sizes increase
with increasing ry in a way depicted in Fig. 5. With very small ry
(<10) hardly any interconnection takes place and the assemblies
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Fig.4 UV-Vis and emission spectra of TCPP and fresh ZnO-TCPP assemblies in ethanolic solution. (a) and (b) UV-Vis, ry = 106, c(TCPP) = 3.3 x
10® mol L™t in both sampiles; (c) emission, Aexe = 420 M, ry = 150, c(TCPP) = 5.0 x 107® mol L™ in both samples.
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Fig. 5 Dependence of the hydrodynamic radius of the ZnO-TCPP
assemblies on the molar ratio ry(TCPP/ZNnO) with line to guide the eye.

are only slightly larger than the ZnO nanorods. For molar ratios
v > 160 the samples precipitate and also for much larger ratios
(tested to up to 1y = 20 000) no stable assemblies can be ob-
tained. For molar ratios r,; = 160 stable assemblies form in
solution which show only minor growth within a time range of
few days. The large standard deviation, as can be seen in Fig. 5,
might be due to a kinetically controlled assembly formation.
As Zn-TCPP has better electronic properties for DSSCs, the
same experiments were carried out with Zn-TCPP in compar-
ison. Zn-TCPP behaves differently from free base TCPP:
assemblies with Zn-TCPP are larger than with free base TCPP at
the same molar ratios. Furthermore they are not stable, but
continue growing until they precipitate, whereby this growth is
faster at higher molar ratios. A possible reason for this behavior
may lie in the strong stacking of metalized TCPP. Thus, with
this additional interaction the stability window for stable
assembly formation is narrower than with free base TCPP,
leading to larger assemblies and time dependent growth.

Assemblies with TPPS

To gain a deeper insight into the general binding and inter-
connection behavior of porphyrin and ZnO, also the meso-tetra-
(4-sulfonatophenyl)porphyrin (TPPS) was used for assembly
formation. TPPS has four sulfonate groups instead of carboxyl
groups and can also bind to the ZnO surface. With DLS and
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Fig. 6 Characterization of a ZnO-TPPS assembly sample with (a)
dynamic light scattering: electric field autocorrelation function gi(t)
and distribution of relaxation times A(z) at a scattering angle of § = 90°;
(b) TEM on the same ZnO-TPPS assembly sample: magnification of
one ZnO-TPPS assembly (sample with c(ZnO) = 2 x 10 particles
per L, and ry(TPPS/ZnO) = 57).
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Fig. 7 Size dependence of the supramolecular ZnO-TPPS assemblies
on the molar ratio of porphyrin to ZnO (black spheres) with lines to
guide the eye. The blue triangles represent the assembly sizes after
sonication (c(ZnO) = 2.0 x 10%° particles per L).

TEM measurements assembly formation can be followed, as
can be seen in Fig. 6.

In analogy to the TCPP-ZnO system also here different molar
ratios of porphyrin to ZnO were tested. The resulting sizes of the
assemblies are depicted in Fig. 7.

At molar ratios ry; < 160 the resulting assembly sizes show
a similar dependence on the molar ratio as in the TCPP-ZnO
system. At small ratios hardly any size change is observable and
the assemblies are larger with larger ry;. At molar ratios ry; > 160,
however, no precipitation occurs in contrast to the TCPP-ZnO
system, but the assemblies become smaller, are stable for at
least one month and a systematic dependence of size on molar
ratio is found. To understand this behavior one has to keep in
mind the maximum amount of porphyrin that can attach to
each ZnO nanorod. This value can be calculated considering the
average surface of a ZnO nanorod and the area, each porphyrin
molecule requires on a ZnO surface. The latter area was exper-
imentally determined by Cherian et al. to be 1.2 nm” per mol-
ecule.*® In a face-to-face conformation TPPS would occupy
about 2.3 nm?. In the system here a total porphyrin coverage is
reached at 1000 molecules per ZnO nanorod in case of
a porphyrin surface requirement of 1.2 nm? In case of flat
conformation about 500 molecules could fit onto one ZnO
nanorod. However, in this study the ZnO nanorods are stabi-
lized by TODA, which is, in terms of surface coverage, in
competition with the porphyrin. With centrifugation experi-
ments a maximum surface coverage of r(TPPS/ZnO) = 200 was
determined, which is reasonable considering the presence of
TODA.§

Therefore, the assembly size dependence on the molar ratio
can be understood in the following way. At ratios ry < 200 all
porphyrin molecules are immediately attached to the ZnO
surface and interconnect the rods. Small concentration fluctu-
ations can therefore result in different assembly sizes giving
quite difficult terms for assembly size prediction.

At larger molar ratios (ry(TPPS/ZnO) > 200) the surface of the
ZnO nanorods is saturated with porphyrin. Therefore not every
ZnO nanorod within reach is adsorbed to the assembly, but the
most stable assembly size is formed. This allows to predict

§ Only for ry > 200 TPPS is detectable in the supernatant.

RSC Adv., 2017, 7, 3321-3330 | 3325
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assembly sizes, whereas a window of 45 nm to 145 nm is
accessible for tuning of the hydrodynamic radius (for example,
Fig. S21 shows an example of small assemblies at a large molar
ratio of ry(TPPS/ZnO) = 4000, featuring hydrodynamic radii of
Ry = 66 nm).

Sonication

Interestingly, for ry; > 200 it is possible to reduce the assembly
sizes upon sonication for 15 min to hydrodynamic radii
between 30 nm and 45 nm, as can be seen in Fig. 7 (blue
triangles) and in Fig. 8. This is not possible for ry < 200, where
the sizes stay nearly constant after sonication. This elucidates
the interconnecting behavior of the porphyrin, when every
molecule is attached to the ZnO surface, but the surface is not
yet saturated. Even if the ZnO nanorods are briefly separated by
sonication, they immediately become reconnected by the
porphyrin. Only once surface saturation with TPPS is reached,
the assemblies can become smaller upon sonication, as both
surfaces of two freshly separated ZnO nanorods can be stabi-
lized by free TPPS and therefore do not necessarily aggregate
again.

The sonicated samples for ry > 200 show narrow size
distributions (distribution width ¢ < 0.2) and long term
stability. Most importantly, the amount of porphyrin can be
chosen freely within a wide concentration range and does not
determine the assembly size after the sonication.

Absorption spectroscopy

The spectroscopic investigation yields similar results as in the
TCPP system. For molar ratios ry < 200 a red shift of 2 nm of the
Soret band (Amax(TPPS) = 415 nm, Amax(@assembly) = 417 nm)
can be observed in the fresh assembly. This corresponds to
upright binding of the TPPS to the ZnO surface.**’** For higher
molar ratios (ry > 200), not every porphyrin molecule can
simultaneously attach to the surface. Therefore no initial shift is
observed in the fresh sample. However, with time a shoulder at
higher wavelengths evolves in the Soret band and the intensity
ratio of the Q bands changes, as can be seen in Fig. 9.
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08l . Assemblies: |
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Fig. 8 Investigation of sonicated ZnO-TPPS samples: (a) dynamic

light scattering: electric field autocorrelation functions gi(z) at scat-
tering angles of # = 90°. Black curve: ZnO-TPPS assemblies with
rm(TPPS/ZnO) = 1500, blue curve: same assembly solution after
sonication for 15 min, both with c(ZnO) = 2 x 10 particles per L. (b)
TEM of a comparable ZnO-TPPS sample after sonication.
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These time dependent changes can be understood in the way
that the TPPS is able to be metalized by the ZnO, forming Zn-
TPPS. For ry = 1500 this metalation takes place within several
hours (Fig. 9). At such a high molar ratio it is impossible for all
TPPS molecules to be attached to the ZnO surface. Centrifuga-
tion experiments prove that after a certain time free Zn-TPPS is
in solution, which means that it is possible for the TPPS to get
metalized at the ZnO surface and subsequently diffuse away
again. This gives a hint towards a dynamic attachment and
diffusion process of the TPPS at the ZnO surface, facilitated by
the sulfonate groups of the porphyrin. The different absorption
behavior of TPPS to ZnO in contrast to a porphyrin featuring
a COOH group was described elsewhere.” The time that is
necessary to metalize TCPP is another indication of the
different behavior of TPPS and TCPP (Fig. S17). The carboxyl
groups of TCPP bind to the ZnO surface more strongly making it
geometrically more difficult for TCPP to align cofacially to the
surface and thereby become metalized. Thus the metalation of
TCPP with zinc ions from the ZnO surface takes much longer
(several days, Fig. S1t) than the formation of Zn-TPPS (several
hours, Fig. 9). Despite the obvious “feeding” of the porphyrin on
the ZnO, in TEM measurements no structural change of the
ZnO nanorods is observable. Considering the number of Zn-
ions in one ZnO nanorod, this can easily be understood. Even
at a molar ratio of ry = 1500 porphyrin molecules per ZnO
nanorod, only 1.4% of the Zn-ions could be taken out of the
nanorod structure, which is negligible. It is also possible to
circumvent this attack of the porphyrin on the ZnO. By adding
100-fold excess of ZnCl, to the porphyrin solution, metalized
Zn-TPPS can be formed. With this Zn-TPPS the same assembly
properties were found as with the free base porphyrin. As the
metalized porphyrin can only bind with the sulfonate groups,
this result also indicates that the upright binding of the
porphyrin to the ZnO surface is structure determining.

Emission spectroscopy

Emission spectroscopy also indicates interaction of ZnO with
metalized Zn-TPPS.q At low molar ratios (ry < 200), where every
porphyrin molecule is attached to the ZnO, a distinct quenching
of the porphyrin emission can be observed (Fig. 10a). For high
molar ratios (ry = 1000), the emission intensity of the assembly
solution is markedly higher than the Zn-TPPS solution of the
same concentration, as can be seen in Fig. 10b. At the same time
the emission intensities decrease with increasing porphyrin
concentration, when the samples are excited with 420 nm
(Fig. 10c).

At high concentrations porphyrins tend to aggregate in
solution, as can be followed with UV-Vis spectroscopy. This
behavior is even stronger for metalized porphyrins. The aggre-
gation leads to a quenching of the fluorescence, which
decreases with decreasing concentration, as also the stacking
tendency becomes smaller with lower concentration. Upon

9 For emission experiments metalized Zn-TPPS was chosen to simplify and better
understand the emission spectra. Otherwise even in fresh assembly samples with
TPPS a mixture of TPPS and metalized Zn-TPPS is visible in the spectra.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Emission spectra of different ZnO-Zn-TPPS assembly samples. (a) and (b) In comparison with Zn-TPPS solutions of the same
concentrations at Aexc = 420 nM. (a) ry = 60, c(Zn—-TPPS) = 2 x 10~ mol L%, slit width = 3 nm, (b) ry = 1000, c(Zn-TPPS) = 3.2 x 10> mol L,
slit width = 5 nm. (c) and (d) Three different assembly samples with (c) Aexc = 420 nm, slit width = 3 nm and (d) Aexc = 390 nm, slit width =5 nm.
Black curves: rny = 60, c(Zn-TPPS) = 2 x 10~® mol L™, blue curves: rny = 500, c(Zn-TPPS) = 1.6 x 107> mol L™, pink curves: ry = 1000, c(Zn-
TPPS) = 3.3 x 107> mol L. In all assembly samples: c(ZnO) = 2 x 10'° particles per L.

addition of ZnO nanorods at high Zn-TPPS concentrations
a part of the porphyrin binds to the ZnO surface, thereby
lowering the overall concentration of free Zn-TPPS in solution.
At lower concentration the porphyrin stacks are smaller, which
diminishes the self-quenching and increases the fluorescence
(Fig. 10Db).

Interestingly, when exciting the samples with 390 nm, that is,
not in the region of highest absorption, the emission intensities
increase with increasing porphyrin concentration, as can be
seen in Fig. 10d. This is the exact opposite of what was found
with 420 nm excitation. These findings can be understood by the
inner filter effect: due to the strong absorption of the porphyrin
at 420 nm, the intensity of the excitation light is not constant
throughout the solution (in case of high porphyrin concentra-
tion). In the measuring volume that is significant for the
detector, the intensity of the excitation light is markedly weak-
ened, leading to a lower overall intensity of the spectrum. This

This journal is © The Royal Society of Chemistry 2017

effect becomes stronger with increasing concentration, causing
weaker emission intensity in addition to the self-quenching due
to stacking of the porphyrin. At 390 nm excitation light, the
absorption of the porphyrin is weak. Therefore the sample is in
the measuring volume irradiated with high intensity, leading to
a stronger emission compared to 420 nm excitation.

The ZnO-Zn-TPPS assemblies feature an additional strong
emission band at around 448 nm, as can be seen best in Fig. 10b.
Zn-TPPS of low concentration also shows a similar band at
430 nm (Fig. 10a). For Zn-TPPS alone the ratio between this band
and the regular porphyrin emission bands stays constant when
changing the excitation wavelength (420 nm, 390 nm). However,
the ratios between the first band and the porphyrin emission
bands in the assembly samples change with different excitation
wavelengths (compare Fig. 10b and c). Furthermore in case of
higher porphyrin concentration the first band is markedly
stronger in case of assembly samples than in the Zn-TPPS

RSC Adv., 2017, 7, 3321-3330 | 3327
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solutions (Fig. 10b). This is an indication that the first emission
band in the assembly samples is not caused by the porphyrin, but
presumably by fluorescence of the ZnO. ZnO alone does not show
emission at this excitation wavelength, therefore energy transfer
from the excited porphyrin to the ZnO takes place. The lower
intensity of the first band in case of 390 nm excitation can be
understood considering the weaker absorption of the porphyrin
at this wavelength. With weak excitation the amount of energy
that is transferred to the ZnO is small, whereas at 420 nm exci-
tation the absorption of the porphyrin is strong and therefore the
amount of transferred energy is high.

The first emission band shows a red shift with increasing
porphyrin concentration (435 nm to 448 nm). This red shift
might be due to solvatochromism or in this case better
described as perichromism.' With higher porphyrin concen-
tration the ratio between TODA and Zn-TPPS at the ZnO surface
shifts towards the porphyrin. Defects in the crystal lattice,
which are responsible for the ZnO emission,™ are destabilized
due to the different surface environment, lowering the HOMO
LUMO gap and thereby causing a red shift of the emission band.

Combination of TPPS and TCPP

Above we have shown the different binding behavior of TPPS and
TCPP. With TPPS a very large range of molar ratios is accessible,
where the assembly size deceases for increasing ryy when ry <
200. Additionally, aggregates can be transferred to smaller well
defined assemblies with hydrodynamic radii in a range of 30 < Ry
< 40 nm via sonication. With TCPP only a small range of molar
ratios is accessible, as for r,; > 160 the samples precipitate
immediately. This is probably due to the strong binding of the
carboxyl group to the ZnO surface. Combining these two
porphyrins could therefore lead to a better stability and thus to
a larger molar ratio range accessible for TCPP/ZnO. To verify this
hypothesis at first ZnO-TPPS assemblies are formed with ry =
1000. Then these assemblies are treated with an ultrasonic bath
for 15 min, to gain small well defined assemblies of Ryy = 30-
40 nm, which are stabilized by excess TPPS (see Fig. 7 and 9, blue
curves). After that, TCPP is added to the solution. For ry(TCPP/
ZnO) < 160 the same assembly sizes are found as in the pure
ZnO-TCPP system. For larger molar ratios, in difference, no
immediate precipitation occurs in contrast to the pure ZnO-
TCPP system (Fig. 11a). This holds true up to ry(TCPP/ZnO) <
1000, for larger ratios the samples precipitate within minutes,
which is still slower than without TPPS. These results show that
the TPPS is able to stabilize the system, enabling a higher loading
of TCPP than without the presence of TPPS. In the range 160 <
rm(TCPP/ZnO) < 1000 the samples show a slow growth with time
and the distribution widths are broad (¢ > 0.35). By sonication the
hydrodynamic radii can be reduced and the assemblies are much
better defined (o < 0.35).

In the TEM pictures in Fig. 11b and c an organic layer is
visible around the ZnO nanorods, which stems from the high
overall porphyrin load, that is accessible with the porphyrin
mixture approach.

As TCPP in combination with ZnO is known to be a good dye
sensitizer for DSSC, the investigation of this system and
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Fig. 11 (a) Dynamic light scattering on ZnO-TPPS and ZnO-TPPS—-
TCPP: black: ZnO-TPPS sample with ry(TPPS/ZnO) = 1000 after
sonication; blue: same sample after addition of TCPP with ry(TCPP/
ZnO) = 480 and after sonication; electric field autocorrelation func-
tions g;(t) and distributions of relaxation times A(z) at scattering angles
of # = 90°; (b) and (c) TEM of a ZnO-TPPS-TCPP assembly sample
after sonication for one hour with ry(TPPS/ZnO) = 1000, ry(TCPP/
ZnO) = 309, Ry = 54 nm and ¢ = 0.13; (b) top: overview of several
assemblies, bottom: magnification of an assembly section with an
organic layer visible; (c) larger magnification of an assembly of the
same sample, where the organic layer is visible.

especially the increase of the stability window of TCPP with ZnO
by adding another porphyrin that also interacts electronically
with ZnO could be of high relevance in the field of solar energy
conversion. In this context it should again be pointed out that
all experiments are also possible with the metalized Zn-TPPS.
Combining two porphyrins and especially a free base and
a metalized porphyrin enhances the absorption coverage of the
solar spectrum. Due to the different HOMO-LUMO levels of
metalized and free base porphyrin the excited state of the Zn-
porphyrin can pass to the free base porphyrin. Furthermore
charge recombination can be diminished, as the energetic
cascade helps to separate electrons and holes.*”

Conclusion

In summary, we have presented the assembly formation of ZnO
nanorods with the two porphyrins TCPP and TPPS and their
mixture, as shown in Scheme 1. With TCPP, stable hybrid
assemblies form for porphyrin/zinc oxide ratios ry; < 160. With
TPPS, assembly formation is possible over a wide range of molar

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic representation of the assembly formation of ZnO nanorods with TCPP and TPPS.

ratios (0 =< ry =< 5000), where the assembly size is adjustable via
ry. UV-Vis absorption and emission spectroscopy confirm
interaction of both porphyrins with the ZnO nanorods. With
time, the free base porphyrins become metalated and form Zn-
porphyrins. For TCPP this process is slow and takes several
days, while it is much faster with TPPS taking only several
hours, which indicates a more dynamic binding of TPPS to ZnO.
In the TPPS-ZnO system it is possible to decrease the assembly
sizes to 30 < Ry <45 nm via sonication forming long-term stable
hybrid assemblies with narrow size distributions. More complex
nanostructures are assembled using a combination of both
TCPP and TPPS, resulting in an increased stability range of
rm(TCPP/ZnO) = 1000. Again, upon sonication the sizes of the
assemblies can be reduced and the size distributions narrowed
(for 150 < r(TCPP/ZnO) < 1000). Thus, a large ratio range of
porphyrin to ZnO is accessible by combining the two different
porphyrins TCPP and TPPS, with both interacting with the ZnO
nanorods. Especially the metalated Zn-TPPS in combination
with the free base TCPP could be of high relevance for solar
energy conversion, due to enhanced absorption coverage of the
solar spectrum and beneficial electronic levels allowing for
efficient charge separation. Hence, the comprehension of these
porphyrin-ZnO composite assemblies gained herein may
contribute significantly to the application of such self-
assembled more-component systems in various applications.
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