





and durable in hydrogen generation than solutions of
the individual porphyrins. In fact, sustained production of
hydrogen lasts at least 2 weeks under continuous irradiation
with visible light at 0.1 W cm 2.

The clover-like structures were prepared by ionic self-
assembly of Zn(n) and Sn(iv) complexes of TPPS and
T(N-EtOH-4-Py)P as reported previously.> Typically, 1 mL
of 210 uM solutions of the TPPS and T(N-EtOH-4-Py)P metal
complexes were equilibrated at the desired temperatures,

Fig. 2 Structures grown from solutions of Sn'TPPS and ZnT(N-EtOH-
4-Py)P at different temperatures: (a)10, (b) 23, (c) 60, and (d) 80 °C.

Fig. 3 Structures grown from solutions of ZnTPPS and SnT(N-EtOH-
4-Py)P at ()10, (b) 20, (c) 40, (d) 60, (e) 70, and (f) 80 °C.

Fig. 4 Structures grown from solutions of ZnTPPS and ZnT(N-EtOH-
4-Py)P at ()10, (b) 23, (c) 60, and (d) 80 °C.

Fig. 5 Structures grown from solutions of SnTPPS and SnT(N-
EtOH-4-Py)P at (a) 10, (b) 23, (c) 60, and (d) 80 °C.

mixed and allowed to react for 1 hour at that temperature.
(See the ESIf for additional experimental details.)

SEM images of the structures grown at different temperatures
(Fig. 2-5) show microscale assemblies that have a complex
four-fold symmetric (four-leaf clover-like) morphology. Larger
versions of Fig. 2-5 are given in Fig. S1-S4, ESL.{ The series of
clovers for the Sn/Zn combination grown at different tempera-
tures were reported previously;® Fig. 2 shows the clovers obtained
at a slightly different pH which are subtly different from the
structures reported previously. The Zn/Sn CBI structures also
vary with temperature (Fig. 3) and the Zn/Sn clovers grown at
80 °C are very similar to the Sn/Zn clovers obtained at 23 °C. The
SEM images of Zn/Zn and Sn/Sn structures (Fig. 4 and 5) are
also morphologically related to the Zn/Sn and Sn/Zn series by
their four-fold symmetric motif. The similar clover-like morphol-
ogies (e.g., Fig. 4d and 2c) obtained for the different metal
combinations and temperatures are reasonable as the Zn/Sn,
Sn/Zn, Zn/Zn, and Sn/Sn materials have the same basic X-ray
diffraction (XRD) patterns for the room temperature clovers.?

The similarity of the XRD data for the 23° and 70° Zn/Sn
clovers (Fig. S5, ESIt) suggests similar crystal structures for
the entire family of Zn/Sn clovers in Fig. 3. However, the
XRD peaks for the 70° structure are narrower and more
intense, indicating greater crystalline order or larger crystallite
domains. It is apparent that neither the growth temperature
nor the particular metals in the two porphyrins significantly
perturb the basic crystal packing for the Zn and Sn structural
families and the related four-fold symmetric motif produced
by diffusion limited crystallization.

Photocatalytic reduction of a Pt complex by the CBI micro-
structures prepared at room temperature (Fig. 6a—d, left; Fig. S7
(ESIY}) for the 70 °C Zn/Sn clovers) using ascorbic acid as an
electron donor results in the surface deposition of Pt metal
nanoparticles (Fig. 6 or S6 (ESIT), middle; Fig. S8 and S9, ESI}).
The photocatalytic seeding-autocatalytic growth mechanism for
self-platinization of porphyrin nanostructures has been discussed
elsewhere'“® (see additional details in the ESI{).

Fig. 7 compares the amount of H, produced by the clovers
with different binary combinations of Zn and Sn porphyrins as
a function of irradiation time. In dark control reactions, no
hydrogen was generated after 10 000 minutes. Triethanolamine
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Fig. 6 SEM images of the structures prepared at room temperature
for all four combinations of Zn(i1) and Sn(1v) in the two porphyrins
(left), the corresponding unwashed platinized clovers (middle), and the
washed clovers after two weeks of continuous hydrogen generation
(right): Zn/Sn (a), Sn/Zn (b), Zn/Zn (c), and Sn/Sn (d). A larger
version of this figure is shown in Fig. S6, ESI.{
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Fig. 7 Total H, generated by the platinized porphyrin clovers (Zn/Sn,
Zn/Zn, Sn/Sn, Sn/Zn) grown at room temperature (solid lines) and at
70° C for the Zn/Sn clovers (dotted lines) versus irradiation time with
visible light from a tungsten lamp. Zn/Sn clovers with (dark red symbols)
and without (yellow) MV. The latter are expanded by a factor of 100.

(TEOA) was used as the electron donor and methylviologen
(MV) as an electron relay from the porphyrin sensitizer to the Pt
metal catalyst.” Even with differences in morphology and
composition of the clovers, all of the structures produce H, at
similar initial rates.® Interestingly, in spite of the large size of the
70° Zn/Sn clovers decreasing their light absorption and surface
area, more H, is produced than for the room temperature
clovers, possibly due to enhanced exciton or charge migration
related to increased crystallinity.

As shown by the expanded curves (yellow squares and circles)
for the Zn/Sn clovers in Fig. 7, some H, is generated even
without the use of the electron relay, implying that reducing

equivalents may reach the platinum nanoparticles directly
through the clovers instead of via reduced MV in solution.
Direct transfer of electrons through porphyrin-based photo-
sensitizers has not been observed previously and is desirable if it
can be enhanced. SEM images (Fig. 6a—d, right; Fig. S10 and
S11, ESI}) show that the platinized clovers from the suspensions
used in the H, generation experiments appear nearly unchanged
by the reaction even after 14 days of continuous illumination.

The constituent porphyrins in solution are also photoactive
in making hydrogen using TEOA, MV, and colloidal Pt. Fig.
S12 (ESIf) shows the H, produced versus time for each of the
constituent porphyrins at the same concentrations as in the
clovers (63 uM) and under the same solution conditions. The
free porphyrins are generally less active and less durable than
the porphyrin clovers. The increased activity of the clovers on
a molar basis is striking given that porphyrins in the interior of
the clovers cannot react with TEOA and MV. Notice also that
the activities of pairs of the individual porphyrins do not
additively account for the activity of the clovers. This suggests
that cooperative behaviour of the binary solids may come into
play to explain the relative activities and durabilities evident
from Fig. 7.° Optimization of the CBI materials for solar
energy applications will require variation of many factors
including crystallinity, morphology, size, surface area, metal ions
in the porphyrins, and choice of reaction partners. Additional
studies in this area will be reported shortly.’
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