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Table 1-1. Theoretical thermodynamic potentials for reduction of carbon dioxide (2500 , pH = 7.0)

Reaction Potential / V vs. NHE,
CO, + le — COy -2.00
CO, +2H" +2¢ — HCOOH -0.57
CO,+2H +2¢ — CO+H,0 -0.52
CO,+4H" +4¢ — HCHO +H,0 -0.48
CO,+6H +6e¢ — CH;0H+H,0 -0.38
CO,+8H +8  — CH,+2H,0 -0.24
2H' +2¢ — H, -0.41
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Figure 1-1. Cofacial dinuclear porphyrin complex (M, M’ = Co, Cu, Fe, etc.)
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Figure 1-2. Cyclic voltammograms for each mononuclear and dinuclear porphyrin complexes in aqueous

DMSO under an Ar atmosphere. Scan rate: 20mV/s.
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Figure 1-3. Cyclic voltammograms for (above) blank or (below) 0.2mM Co-Co solution.

under a nitrogen (dot), or under a carbon dioxide atmosphere in dehydrated (dash) or 10% aqueous
DMSO (bold).
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Figure 1-4. Cyclic voltammograms for 0.2mM Co-Co in 10% aqueous-DMSO. Under nitrogen (dot) and

a CO, (bold).

cviboobooobooboobooobooboooooooooooobooooboooogon
OO0O0O0O000OEDV)ODOUODOECoTMPyPCoTPPSO OO OOODOOOOOOO Co-Co
ugboboooobbooobbooobooobboooooo

Current / nA

25 2 15 -1 05
Potential / V' vs. Agifag”

Figure 1-5. Rotating disk voltammograms for 0.2mM CoTMPyP, CoTPPS and Co-Co in 10% aqueous

DMSO under a CO,.
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Table 1-1. The results of RDV; current (WA) at -2.0V and -2.3V vs. Ag/Ag" for each porphyrin complex in

aqueous or non-aqueous DMSO under a CO, atmosphere.

Nonaqueous 10% H,O Addition
porphyrin -2.0V -2.3V -2.0V -2.3V
Blank 0.40 3.58 0.80 9.14
CoTPPS 0 4.95 1.08 19.6
CoTMPyP 2.09 4.77 17.3 34.6
Co-Co 2.65 9.54 223 67.8
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Limiting Current / pA
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catalyst

Figure 1-6. Results of the RDV for various dinuclear porphyrin complexes. Co-M is abbreviation of

CoTMPyP-MTPPS.
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Scheme 1-1. Hypothetic catalytic cycle for a carbon dioxide reduction by dinuclear porphyrin complex.
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Experimental Section

Free-base porphyrins were purchased from Tokyo Kasei, Inc., and the other chemicals were from
Kantoh Chemical Company, Inc., and used as received.
(5,10,15,20-Tetrakis(N-methyl-4-pyridinio)porphyrinato)cobalt(II) (CoTMPyP) and
(5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato) cobaltate(Il) (CoTPPS) were prepared as
already described.® The other metalloporphyrins (MTPPS, M=metal) were synthesized using a
method similar to CoTPPS. H,TPPSI4Na and a metal(1l) salt (chloride or acetate) were refluxed in a
polar solvent (H;O or DMF) under an Ar atmosphere. The product was purified by column
chromatography (Merck basic alumina / MeOH-H,O) or reprecipitation after cation exchange
(Amberlite GC120, Na“ form). Every reaction and the fraction from the chromatography were
monitored by UV-vis spectroscopy and the maximum wavelength and absorption coefficient were
compared to the reference values.” The product was obtained as the M(III)TPPS(OH)J4Na form
estimated from the UV-vis data for the cases of Cr, Mn and Fe porphyrin. The cofacial dinuclear
metalloporphyrins (CoTMPyP-MTPPS) were prepared by mixing equal equivalents of each ionic
porphyrin in solution.

The UV-vis spectra were obtained using a Shimadzu UV-2400PC spectrometer with a quartz cell
with an optical path length of 1cm. The MALDI TOF-MS was obtained using a Shimadzu/Krato
KOMPACT MALDI mass spectrometer. Dithranol was used as the matrix.

The electrochemical analysis was performed using an electrochemical work station (BAS Co., Ltd.,
Model 660) under the following conditions. Cyclic voltammetry was carried out in a conventional
two-compartment cell. A sample solution for the measurement was prepared by dissolving a
porphyrin complex and tetracthylammonium perchlorate (TEAP) in pure DMSO or aqueous DMSO
(H,O:DMSO = 1:9(v/v)). Through the sample solution was bubbled an Ar or a CO, gas for 30 min
before measurement and the atmosphere and the gas flow were maintained during the measurements.
A 3mm diameter glassy carbon disk electrode was used as the working electrode, which was well
polished with 0.05 mm alumina paste before each experiment. The auxiliary electrode was a coiled
platinum wire and was separated from the working electrode by a fine-porosity frit. The reference
electrode was Ag/Ag’. Its potential was normalized to the ferrocene—ferrocenium couple in
acetonitrile. Rotating disk voltammetry was carried out using the same instruments and conditions
but a 6mm diameter glassy carbon electrode was used as the working electrode. The disk rotation
rate was 1000 rpm. The reduction products were qualitatively detected by gas chromatography

(Shimadzu GC-14B) for carbon monoxide and hydrogen.
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Figure 2-1. Schematic illustration of the structure of a dendrimer
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Figure 2-2. Two different methods to produce dendrimers.
Convergent method gives monodispersed product; meanwhile divergent method gives polydispersed

products. To modify terminal groups, however, the divergent method is more available.
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Experimental Section

Chemicals. All reagents were purchased from Kanto Kagaku Co. and used as received.
Measurements. NMR spectra were obtained using a 400 MHz FT-NMR JMN400 (JEOL). The
measurements were carried out in CDCl; with TMS as the reference. The IR spectra were obtained
on a FT-IR 8300 spectrometer (Shimadzu) using a KBr pellet. MALDI TOF-MS data were obtained
using a KOMPACT MALDI mass spectrometer (Shimadzu/Kratos) in the positive ion mode. A
dithranol or a sinapic acid was used as the matrix. A preparative scale gel permeation
chromatography (preparative GPC) was performed using a Recycling Preparative Scale HPLC
LC-908 (Japan Analytical Industry Co., Ltd). CHCI; or THF was used as the eluent.
Phenylazomethine Dendrons. The phenylazomethine dendrons (G1-G3) were synthesized by the
convergent method as previously described in detail. See reference 5 in the text.
Tetrakis(p-nitrobenzyl)cyclam. To a mixture of cyclam (0.500g) and K,CO; (1.75g) in chloroform
(40ml), p-nitrobenzyl bromide (4.32g) dissolved in chloroform (20ml) was dropwise added. The
mixture was refluxed for 4 hours and filtered. The filtrate was evaporated and purified by the column
chromatography (silica gel, chloroform-triethylamine). Recrystallization from chloroform yielded
the title compound as a yellow powder (1.77g, 96%). 'H NMR (400MHz, CDCls, TMS): &=1.79(m,
4H), 2.51(t, J=6.8Hz, 8H), 2.63(s, 8H), 3.49(s, 8H), 7.48(d, J=8.8Hz, 8H), 8.10(d, ]=8.8Hz, 8H). "°C
NMR (100MHz, CDCl;, TMS): &=24.3, 50.6, 51.4, 58.4, 123.2, 129.0, 146.8, 147.8. IR (KBr,
cm'l): 1514(phenyl), 1343(NO,). Anal. Calcd. for C3sH44NgOs: C, 61.61; H, 5.99; N, 15.13. Found:
C, 61.57; H, 6.04; N, 15.08. MALDI TOF-MS is not clearly observed because the nitro groups in
this compound are labile for the N, laser used in the ionization process.
Tetrakis(p-aminobenzyl)cyclam (2). To a mixture of tetrakis(p-nitrobenzyl)cyclam (1.89g) and Sn
(5.45g), conc. HCI (30ml) was dropwise added. The mixture was stirred at 8000 for 30 min and
cooled to r.t. The solvent was removed in vacuo after basified with aqueous NaOH. The product
was extracted from the residue by acetone then concentrated. After reprecipitation
(hexane/chloroform) to remove the Iliquid byproducts, recrystallization from chloroform
quantitatively produced 2 as an ivory powder. 'H NMR (400MHz, CDCl;, TMS) 3=1.68(m, 4H),
2.47(t, J=6.8Hz, 8H), 2.56(s, 8H), 3.34(s, 8H), 3.58(br, 8H), 6.59(d, J=8.4Hz, 8H), 7.04(d, J=8.4Hz,
8H). °C NMR (100MHz, CDCl;, TMS) 3=23.2, 49.9, 51.1, 589, 114.7, 129.6, 129.8, 144.7. IR
(KBr, cm-'): 1514(phenyl), 3352, 1623 (NH,). MALDI-TOF-MS (Matrix; Dithranol): Calcd: 620.87,
Found: 619.9([M-H]"), 515.0([M - (NH,+Bn)']. The fragment ion [M - (NH,+Bn)]" was generated
by the cleavage of the C-N bond at the core (Scheme S1). Anal. Calcd. for C33Hs;Ng. C, 73.51; H,
8.44; N, 18.05. Found: C, 73.08; H, 8.35; N, 17.77.
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Scheme S2-1. The fragmentation of the cyclam compounds. This fragmentation was observed for both the

free ligand (2-5) and the zinc complex (6-8), though the central metal of the complex was omitted to

simplify.

G1 Cyclam Dendrimer (3). General Procedure for Dendrimer. To a mixture of 2 (550mg),
benzophenone (880mg) and DABCO (1.63g) in chlorobenzene (30mL), TiCly (458mg) was
dropwise added at 70-9000 . The mixture was heated at 1250 for 24h then cooled to r.t. The
precipitate was filtered off and the filtrate was concentrated. The product was isolated by the column
chromatography (silica gel/ethyl acetate-triethylamine) then by the preparative GPC (THF). After
reprecipitation (hexane/chloroform), the G1 dendrimer 3 was obtained as a yellow powder (325mg,
32%). '"H NMR (400MHz, CDCl;, TMS) d=1.59(m, 4H), 2.34(m, 8H), 2.43(s, 8H), 3.22(s, 8H),
6.59-7.75(m, 28H); °C NMR (100MHz, CDCl;, TMS) d=24.0, 49.9, 51.2, 58.8, 120.5, 127.7, 128.1,
128.4, 129.1, 129.2, 129.4, 130.5, 134.6, 136.2, 139.6, 149.8, 168.0; IR (KBr, cm™"): 1571(phenyl),
1617(C=N). MALDI TOF-MS (Matrix: Dithranol) Calcd: 1277.8, Found: 1277.8([M]"),
270.5([G1+Bn]"). Anal. Calcd. for CooHgsNg: C, 84.60; H, 6.63; N, 8.77. Found: C, 84.21; H, 6.52; N,
8.68.

G2 Cyclam Dendrimer (4). Following the general procedure for the dendrimer using 2 (115mg), the
G2 dendron (796mg), DABCO (498mg) and TiCl, (140mg) in chlorobenzene produced the G2
dendrimer 4 as a yellow powder (243mg, 49%). 'H NMR (400MHz, CDCl;, TMS) d=1.68(4H),
2.45(8H), 2.53(8H), 3.32(8H), 6.49-7.75(128H); >C NMR (100MHz, CDCl;, TMS) d=23.8, 50.1,
51.4, 59.1, 120.0-153.2, 167.2, 168.2, 168.5. IR (KBr, cm™): 1589(phenyl), 1615(C=N). MALDI
TOF-MS (Matrix: Sinapic acid) Calcd: 2711.4, Found: 2710.0([M-1]"), 627.7([G2+Bn]"). Anal.
Calcd. for Cy94H;s5¢Ny6: C, 85.94; H, 5.80; N, 8.27. Found: C, 85.64; H, 5.87; N, 8.00.

G3 Cyclam Dendrimer (5). Following the general procedure for the dendrimer using 2 (82.3mg),
the G3 dendron (1338mg), DABCO (358mg) and TiCl, (100mg) in chlorobenzene produced the G3
dendrimer 5 as a yellow powder (466mg, 63%). '"H NMR (400MHz, CDCl;, TMS) 8=1.55(4H),
2.41(16H), 3.26(8H), 6.47-7.75(272H); >C NMR (100MHz, CDCl;, TMS) 3=23.1, 49.7, 51.0, 59.1,
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119.4-153.9, 167.0, 167.9, 168.1, 168.2, 168.3, 168.5, 168.6, 168.8); IR (KBr, cm™"): 1579(phenyl),
1616(C=N). MALDI TOF-MS (Matrix: Sinapic acid) Calcd: 5578.9, Found: 5577.0([M-1]"),
4232.5([M - (G3+Bn)]"), 1345.0([G3+Bn]"). Anal. Calcd. for C40,H300N32: C, 86.55; H, 5.42; N, 8.03.
Found: C, 85.82; H, 5.28; N, 8.08.

Zn(G1-Cyclam)Cl, (6). General Procedurefor Complex. The G1 cyclam dendrimer and an excess
amount of the anhydrated ZnCl, were dissolved in anhydrated chloroform/acetonitrile (1:1 = v/v)
containing 10% triethylamine. The mixture was refluxed for 4 hours then cooled to r.t. The mixture
was evaporated to dryness and re-dissolved in THF then filtered. The filtrate was injected into the
preparative scale GPC to remove excess ZnCl,. After reprecipitation (THF/hexane), the
zinc-dendrimer complex 6 was quantitatively obtained as a yellow powder. 'H NMR (400MHz,
CDCl;, TMS) 3=1.74, 2.00, 2.45, 2.79, 3.12, 3.31, 3.63, 4.09, 4.36, 6.74-7.77. °C NMR (100MHz,
CDCl;, TMS) 3=20.7, 49.4, 50.1, 51.6, 52.2, 55.7, 58.7, 118.9-152.0, 169.0. IR (KBr, cm-'):
1596(C=N). MALDI TOF-MS (Matrix: Dithranol): Calcd; 1413.98, Found; 1376.7([M-CI]").
Zn(G2-Cyclam)Cl, (7). Following the general procedure for the complex using the G2 cyclam
dendrimer and ZnCl, in the mixed solvent, the Zn(G2-Cyclam)Cl, 7 was quantitatively produced as
a yellow powder. 'H NMR (400MHz, CDCl;, TMS) &=1.8-4.5, 6.57-7.82. >*C NMR (100MHz,
CDCl;, TMS) 8=120.3-153.7, 168.4, 168.8. IR (KBr, cm-'): 1589(C=N). MALDI TOF-MS (Matrix:
Dithranol): Calcd; 2847.72, Found; 2808.5([M-C1]"), 627.2([G2+Bn]").

Zn(G3-Cyclam)Cl, (8). Following the general procedure for the complex using the G3 cyclam
dendrimer and ZnCl, in the mixed solvent, the Zn(G3-Cyclam)Cl, 8 was quantitatively produced as
a yellow powder. 'H NMR (400MHz, CDCl;, TMS) 3=1.8-4.5, 6.54-7.76. >*C NMR (100MHz,
CDCls, TMS) 8=119.9-155.0, 168.1, 168.3, 168.6, 168.8. IR (KBr, cm-'): 1589(C=N). MALDI
TOF-MS (Matrix: Sinapic acid): Calcd; 5715.19, Found; 5674.1 (IM-C1]"), 1344.8 ([G3+Bn]").
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Figure 3-1. Synthesis of a nanoparticle using a dendrimer as a template
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Figure 3-2. Stepwise radial complexation. Metal salts precisely coordinate on the inner imine groups.

doooooobobobbbotbobduodooooo NeBH4sOOOOOoOoOooOoOooOo
OOD0DO0OOEsumid00Au0OOOO0OOOOOOOO0ODOOOOODOOOODOODOOO
gbobooooooooooooooooooooioo a2gNaBH,. OO ODOOOODODO
uggobobobooooboboooonooboooobooooooboobooooobooo
ubboooobbooobbooobooobboooooooboboon

gbobobobobobobobobobobobobobobobobooXxps O
XRDOOODOOooOooooooooooboobooboboooboboobodo boooboaa
ubobooooboooTeMOODOooooOooooooooooobboobbooooo
uggobobobooooboboooooobooooboboooooboobooooobooo
OOoboOoOooooopoz2o00000 GrohnODOOOOODOOODOO TEMOO ODOODO

-41-



OOGANS)DOOO XOOODOOoOosAXsooooooooooboooooboobooo
0000000000 Oo0bO0O00ODbDOoOoDOO xspgooon0 PleehndO00OOOD0ODO
gbooboboboboobobobobobOb0ARMODODODODOD 2000000
gboboboboboobooooooooooooboobobOo3oooooooooon
uboboooobboobboooobboonoooo

oboboobooboobobobobomobobo@moboobobobobobob 2280
uboboooobboobbooobboobobooooboboonoobooo
goboboboooooooboooobboboooobooboobooooboobooooobooo
OOO002e300000000000199400 vonKotenOOOOO NiODODOODOODO
OO00O0O0O000O0OKharaschOOOOOOOO QOO OOOOOODOmM1000D00O0O
gbobobobobooboboooooooooboob0oboobooo2b0o0OoOooo
gboboboboboobobosgbooboobooboboobobobobobbobOooo
OO0O0Oo00O0o0oOo0obOo0o0oDbOOoboooboOoobooOoboboOobOsuslick oO0O
Ut MnOOOooooOoobobooboobbooboooobooobooboooboo
gboobobsepgoooboboooooooooooooboobbobooboooboooon
ugooog
bobobobobobobobobUobobUobOobobgreesonooooo
OOOCrooksOOOODOOODODOODOODOOOODOOUODOODODOOOD4DOODO
gogegd
lLobboboooooobobooooobooboooooboobooooobooboooobooo
ubobooooboodobboobboooboboobobooooboboobboooobooo
2000000000000 boobooboobDoobobobooobobDoboboob
uboboooobboooooooaboo
. 00000000
4.00000000000000b000b0bO000o00
gobboboobooooooobooooboboboooobooboooooboobooooobooo
ugooboboboooobobooooooboooobooooooboobooooobooo
OO0O00O000O00Oo0obOO00ObDOoOoDOOoOobOOOobOOoUObOdCrooksOODOoOoO
Ubob0ob0ob0obobOobobOoo s=sgoobos#sgbobobogossgooooon
ob sspggooooboobooooooooooooooboooooonoooooooon
gbobz200000000000DbOO0OODO0DO0ObOODbDObDO0ObLODbO

-42-



afganc phase

" n .
curfactant

watar phasa

Figure 3-3. Solubility alternation by modification of dendrimer terminals.
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Figure 3-4. Selective hydrogenation by a dendrimer-Pd nanoparticle catalyst
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Figure 3-5. The structures of the examined Pt(II) complexes. Each counter ion (CI') is omitted.
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Scheme 3-1. "H NMR chemical shifts of the DPA-G1 and the changes after coordination with PtCl,.

NMROOOOOD UvwvisOODOOOOOOODOOODOODOOOOO0OVV-visOODO
gboboboboboobobobobobobobobDoboboK=4soM100000
OOob0OO0O00OuvvisOOOOO100000D000DO00O0NMROODOODODOOODO
OO00OO0O0DOOo0oDOoOoDoOoooOooogoo (Figure 3-11)0

-50-



I | T T T
1F -
]
L]
B
=i . i
[ ]

OfF @ -

L " 1 M ] " I i 1

0 1 2 3 4

equivalent / PtCla

Figure 3-11. 'H NMR spectra change of 6.53mM DPA-GI in CDCl;-MeCN-d; (1:1) and its titration

curve. Black; central benzene, green ; peripheral benzene (cis, ortho) line; fitting. K = 450M™.
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Figure 3-12. TEM images of the products (a) directly pyrolyzed and (b) dispersed on silica gel before
pyrolysis. Inset: FFT image of the HR image. (c) the histogram prepared from the image (b).
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Figure 3-13. Fabrication of isolated Pt nanoparticles by using silica support.
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carbon black.
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Figure 3-16. Cyclic voltammograms of (a) the bulk platinum electrode (@ = 1.5mm) and (b) the platinum
nanoparticle modified electrode (¢ = 3.0mm). Solid line: in air, dash line: in nitrogen. Solution: 1.0M

HCIO,.
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Experimental Section

Chemicals

The phenylazomethine dendrimers were synthesized by a convergent method following a literature
procedure.” The phenylazomethine dendron was synthesized up to generation 4 (G4) by repeating
the dehydration and oxidation reaction.”* A porphyrin was employed as the core molecule due to its
high thermostability.

PtCl,, dehydrated solvents (acetonitrile and chloroform), and other compounds were purchased from
Kanto Kagaku Co., Ltd., and used as received. Other platinum compounds, PtCl(cod),”’
PtCly(dmso), PtCl,(PhCN),, PtCly(dien), PtCly(bampy), PtCly(terpy), and Pt(NH;)sOTf;, were
synthesized following the referential methods.**

I nstruments

UV-vis spectra were recorded using a Shimadzu UV-3150 spectrometer with a quartz cell having a
Icm optical length. Dehydrated solvents were used as solvents. NMR spectra were obtained using a
JEOL INM-GX400 (400MHz) with TMS as the internal standard. TEM images were taken using a
TECNALI F20 (200keV) that adapted an energy dispersive X-ray spectrometer (EDX). Cu grids with
either plastic (collodion) or carbon substrata were purchased from Oken Shoji, Inc. XPS spectra
were obtained using a JEOL JPS-9000MC or JPS-9000MX with Mg Ka radiation. Elemental
analysis was performed at the Central Service Facilities for Research of Keio University. Raman
spectra were recorded using a CHROMEX Raman-One-CCD. The irradiated wavelength was 532nm.
Noises in the form of spikes in the spectra were removed by data processing. Pyrolysis was carried
out in an electric furnace (Marusho Denki, Inc. SPM65-16V) under a N, atmosphere in a crucible.
Electrochemical measurements were performed on a BAS als-750 multipurpose electrochemical
workstation. A glassy carbon disk electrode (@= 3.0mm) or a platinum electrode (¢ = 1.5mm) was
used as a working electrode. The electrode surface was polished with alumina paste just before use.
An SCE electrode and a platinum coil were used as the reference and the counter electrodes,
respectively. Cyclic voltammetry was carried out in a 1.0M HCIO, aq. solution that was thoroughly
bubbled beforehand, the atmosphere was kept consistent by flowing air or N, gas during

experiments.
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Figure 4-7. Result of solid state photolysis using the phenylazomethine dendrimer
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Experimental Section

Chemicals

The phenylazomethine dendrimers were synthesized by a convergent method following a literature
procedure. PtCly, dehydrated solvents (acetonitrile, benzene, and chloroform), and other compounds
were purchased from Kanto Kagaku Co., Ltd., and used as received.

I nstruments

UV-vis spectra were recorded using a Shimadzu UV-3150 spectrometer with a quartz cell having a
Icm optical length. Dehydrated solvents were used as solvents. TEM images were taken using a
TECNALI F20 (200keV) that adapted an energy dispersive X-ray spectrometer (EDX). Cu grids with
either plastic (collodion) or carbon substrata were purchased from Oken Shoji, Inc. XPS spectra
were obtained using a JEOL JPS-9000MC or JPS-9000MX with Mg Ka radiation. Photo-irradiation
was carried out with a Xe lamp or Hg-Xe lamp (3000W).

Reference

1 (a) A. Fukuoka, Y. Sakamoto, S. Guan, S. Inagaki, N. Sugimoto, Y. Fukushima, K.
Hirahara, S. lijima, M. Ichikawa, J. Am. Chem. Soc. 2001, 123, 3373. (b) A. Fukuoka, H.
Araki, Y. Sakamoto, N. Sugimoto, H. Tsukada, Y, Kumai, Y. Akimoto, M. Ichikawa,
Nano Lett. 2002, 2, 793. (¢) Y. Sakamoto, A. Fukuoka, T. Higuchi, N. Shimomura, S.
Inagaki, M. Ichikawa, J. Phys. Chem. B 2004, 108, 853.

2 K. Kuribara, J. Kizling, P. Stenius, J. H. Fendler, J. Am. Chem. Soc. 1983, 105, 2574. (b)
W. Ando, Y. Hanyu, T. Furuhata, T. Takata, J. Am. Chem. Soc. 1983, 105, 6152.

3 Y. Yonezawa, T. Sato, M. Ohno, H. Hada, J. Chem. Soc. Faraday Trans. 1 1987, 83,
1559.

4 A. Troupis, A. Hiskia, E. Papaconstantinou, Angew. Chem. Int. Ed. 2002, 41, 1911.

5 (a) K. Esumi, A. Suzuki, N. Aihara, K. Usui, K. Torigoe, Langmuir 1998, 14, 3157.
(b) K. Esumi, T. Matsumoto, Y. Seto, T. Yoshimura, J. Colloid. Interface Sci. 2005, 284,
199.
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Figure 5-3. The temperature - weight loss plots for the TPM dendrimers. The 10% weight loss
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are the same in Figure 2.
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Figure 5-4. Mark-Houwink-Sakurada (MHS) plots for three kinds of dendrimers, having a core of
p-phenylene (DPA), porphyrin (TPP) or tetraphenylmethane (TPM).
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Figure 5-5. ATEM image of TPM G3 & 4 and its histogram. The scale bar is Snm.
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Figure 5-6. An AFM image of TPM G3&4 and its histogram.
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Figure 5-7 What the TEM and AFM result show.

Table 5-1. Results of thermal analysis and mean diameters from three different measurements. The G1-2

dendrimers were not measured by TEM and AFM because they were too small to identify.

Tdyp, Diameter/nm

Generation /°C gyration TEM  AFM
G1 400 1.6 - -

G2 519 2.4 - -

G3 522 3.2 1.9 24
G4 534 4.0 2.1 2.9
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Scheme 5-2. Stepwise radial complexation of TPM G4 with SnCI2.
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Experimental Section

Chemicals. All reagents were purchased from Kanto Kagaku Co. and used as received.

General. The NMR spectra were obtained using a JEOL INM-GX400 (400MHz) with TMS as the
internal standard. The IR spectra were obtained using a FT-IR 8300 spectrometer (Shimadzu) with a
KBr pellet. The MALDI TOF-MS data were obtained using a KOMPACT MALDI mass
spectrometer (Shimadzu/Kratos) in the positive ion mode. Dithranol was used as the matrix. The
elemental analysis was performed at the Central Service Facilities for Research of Keio University.
A preparative scale gel permeation chromatograph LC-908 (Japan Analytical Industry Co., Ltd.) was
used to isolate each compound with chloroform or tetrahydrofuran as the solvent.

The thermal analysis was performed using a Rigaku Thermoplus TG8120 under a nitrogen flow. The
rheological properties were determined using a size elimination chromatography (SEC) technique. A
liquid chromatography system (Shimadzu) equipped with a TriSEC Model302 triple detector array
(Viscotek) was employed, which detected the refractive index, light scattering and viscosity of a
sample at the same time. Dehydrated tetrahydrofuran was used as the solvent. All rheological data
(eg. radius of gyration) were automatically calculated from the results using computer software
attached to the system.

The TEM images were taken using a Philips TECNAI F20 (200keV) adapted to an energy dispersive
X-ray spectrometer (EDX). Cu grids with a plastic (collodion) or carbon substrate were purchased
from Oken Shoji, Inc. The AFM images were taken using a SPA400/SPI3800N Probe Station (Seiko
Instruments, Inc.) in the dynamic force mode (DFM). The UV-vis spectra were recorded using a

Shimadzu UV-3150 spectrometer with a quartz cell having a 1cm optical length.

Synthesis

Phenylazomethine Dendrons. The phenylazomethine dendrons (G1-G4) were synthesized by the
convergent method as previously described in detail. See reference 7 in the text.
Tetrakis(4-aminophenyl)methane. Tetrakis(4-aminophenyl)methane was compounded according
to the paper. See reference 6 in the text.

G1 Phenylazomethine-tetraphenylmethane dendrimer (TPM G1). General Procedure for
Dendrimer. To a mixture of tetrakis(4-aminophenyl)methane (300mg), benzophenone (861mg) and
DABCO (600mg) in chlorobenzene (40mL), TiCl, (215mg) was dropwise added at 70-90 °C. The
mixture was heated at 125 °C for 15h then cooled to r.t. The precipitate was filtered off and the
filtrate was concentrated. The product was isolated by the column chromatography (silica gel /
hexane: ethyl acetate: chloroform = 4: 1: 4 with 0.5% triethylamine) then by the preparative GPC
(eluent: chloroform). After reprecipitation (hexane / chloroform), the TPM G1 was obtained as a

yellow powder (364mg, 48%). 'H NMR (400MHz, CDCl;, TMS): 8= 7.77-6.49 (m, 56H); BC NMR
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(100MHz, CDCl;, TMS): d = 168.45, 149.13, 141.84, 139.51, 136.17, 131.13, 130.62, 129.61,
129.24, 128.46, 128.11, 127.60, 119.57; IR(KBr, cm): 1595 (phenyl), 1612 (C=N). MALDI
TOF-MS (Matrix: Dithranol) Calcd: 1038.3 ([M+H]+), Found: 1037.6. Anal. Calcd. for C77Hs¢Ny4: C,
89.16; H, 5.94; N, 5.40. Found: C, 89.28; H, 5.79; N, 5.34.

G2 Phenylazomethine-tetraphenylmethane dendrimer (TPM G2). Following the general
procedure for the dendrimer using tetrakis(4-aminophenyl)methane (28.31mg), the G2 dendron
(242mg), DABCO (307mg) and TiCl, (130mg) in chlorobenzene produced the TPM G2 as a yellow
powder (32 mg, 16%). '"H NMR (400MHz, CDCl;, TMS): & = 7.80-6.40 (m, 128H) *C NMR
(100MHz, CDCl;, TMS): = 168.56, 16.16, 167.41, 153.20, 151.58, 159.22, 141.79, 141.59, 139.79,
139.03, 135.73, 135.49, 134.62, 131.09, 130.65, 130.23, 129.83, 129.26, 128.68, 128.63, 128.05,
127.98, 127.89, 127.62. IR (KBr, cm™): 1590 (phenyl), 1618 (C=N). MALDI-TOF-MS (Matrix:
Dithranol): Calcd: 2472.03 ([M+H]+), Found: 2471.76. Anal. Calcd. for Ci3;H;23N1s: C, 87.98; H,
5.22; N, 6.80. Found: C, 87.21; H, 5.42; N, 6.72.

G3 Phenylazomethine-tetraphenylmethane dendrimer (TPM G3). Following the general
procedure for the dendrimer using tetrakis(4-aminophenyl)methane (9.43mg), the G3 dendron
(200mg), DABCO (410mg) and TiCly (173mg) in chlorobenzene produced the G3 dendrimer as a
yellow powder (70.2mg, 53%). '"H NMR (400 MHz, CDCl;, TMS): & = 7.77-6.38 (m, 272H); "°C
NMR (100MHz, CDCl;, TMS) 8 = 168.77, 168.45, 168.24, 168.00, 167.79, 167.70, 167.13, 153.45,
153.34, 151.77, 151.63, 149.21, 141.83, 139.24, 139.00, 138.91, 135.74, 135.64, 135.52, 135.34,
134.29, 131.08, 130.64, 130.39, 130.16, 129.26, 128.73, 128.53, 127.99, 127.85, 127.70. IR (KBr,
cm’™): 1579 (phenyl), 1618 (C=N). MALDI-TOF-MS (Matrix: Dithranol): Calcd: 5339.51([M+H]"),
Found: 5338.60. Anal. Calcd. for Csg0H,70Nog: C, 87.52; H, 5.14; N, 7.35. Found: C, 86.62; H, 5.28;
N, 7.20.

G4 Phenylazomethine-tetraphenylmethane dendrimer (TPM G4). Following the general
procedure for the dendrimer using tetrakis(4-aminophenyl)methane (9.43mg), the G4 dendron
(400mg), DABCO (410mg) and TiCly (173mg) in chlorobenzene produced the G4 dendrimer as a
yellow powder (65.9mg, 24%). '"H NMR (400 MHz, CDCls, TMS): 8 = 7.725-6.345 (m, 560H); "°C
NMR (100MHz, CDCl;, TMS) 8 = 168.87, 168.60, 168.16, 167.86, 167.24, 153.79, 153.48, 151.86,
139.28, 138.99, 138.79, 135.56, 134.23, 130.80, 130.49, 130.04, 129.62, 129.33, 128.77, 128.51,
128.11, 127.97, 127.84, 120.83, 120.42, 120.19, 119.98. IR (KBr, cm™): 1578 (phenyl), 1617 (C=N).
MALDI-TOF-MS (Matrix: Dithranol): Calcd: 11074.46 ((M+H]"), Found: 11074.02. Anal. Calcd.
for CgosHseoNeo: C, 87.31; H, 5.10; N, 7.59. Found: C, 86.75; H, 5.30; N, 7.55.
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