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1. Introduction

Porphyrins(Scheme 1a)which have a planar 1&lectron system and strong absorption
bands in the U®visible region, are generally good electron donors in tpéiotoexcited
states™ Meanwhile, fullerene$Scheme 1h)which have a sphericalelectron system, are
excellent electron acceptors due to thauorablereduction potential and low reorganization
energy in electron transfer reactidAsThus,numerousporphyrirEfullerenecomplexes have
beenexplored as artificial models for the charge separai@@®) in the reaction center of

photosynthesis and as promising materials applicable for organic photovoltaics fOPVs).

@

Porphyrin
(M =Hy, Ni, Zn,...)

M_-CPDp,

Fullerene Cg (M =H, or Ni)

Scheme 1Chemical structures of (a) porphyrin, (b) fullereng, @nd (c) M-CPDs,.

Porphyrirtfullerene complexesare roughly classified into two types One type is
covalentlylinked complexe$,which havedefineddistance and orientationdetween each
componentin most casesHowever,they have a demeritthat the chemical syntheses of
covalentlylinked systems are inefficient and costhnother type is noncovalentlinked

supramolecular complexes, which are construttedveek interactios such ashydrogen



84912 and ! B interactiors."® They can

bonds!® Coulomb interaction$" coordination bons|
bereadily formedjust by simple mixing and easily give a variety of deaoceptor systems
However,noncovalent binding between highlyconjugated compounds such as porphyrins
and fullerenes is not strong enough in palalvents, whictare generally used for studies
photoinduced CS reactions.

To solve this problem, the authorOs group has designegriahdsized fredase and
nickel complexes of a cyclic porphyrin dim@PD) (Hs- and Np-CPDs,, Scheme 1cy™
CPDs have a inner space surrountigulanes of the porphyrin§hus CPDs canstrongly
include fullerens such as @ within the cavitydue to! Bl interactiors.** Additionally,
CPDs have $yridyl groups at the tranmesepositions as a sedssembling substituerBy

employing CPDs as host compounds for fullerenis, @authorOs groumas revealedhe

photoinducedelectron transfer fronthe porphyris to the includedfullerenes, the linear

Self-

Assembling
—_—

M,-CPDp, Porphyrin  Nanotube
lceo Incusion

Self-

Assembling
—_—

Ceo! M,-CPDpy, Porphyrin Nanotube
and

Scheme 2Schematic illustration of &inclusion and selbssembling of MICPDs,. Blue: porphyrin;

yellow: 4-pyridyl group; green: butadiyne linker; redsoC



arrangements of the inclusiasomplexes of CPDs and fullerenes via the -asfembly
through the pyridyl groups, aritle efficient free-charge transport along the linear asaf
Cso (Scheme 2)Based on these resultie inclusion complexes aexpectedas promising
materiat for OPV.

H4-CPDyy included G in CHCk/toluene (1/1 v/v) with the association constadaist)
of 9.6 " 10" M™ and formed a 1:1 inclusion comple€sf! Hs-CPDsy).'* In the crystal
structure ofCgo! H4-CPDey, the included & formed a onedimensional(1D) zigzagchain
through van der Waals contaetth each othealong the longaxis of thethin plate of the
single crysta(Fig. 1), which showedhigh anisotropiccharge mobility(#p = 0.13 cnf V& s°
! along the zigzag chairin addition, Ceq! H4-CPDyy underwent photoinduced electron
transfer in the crystal. However, th&etime of the resultant chareggeparated state is very
short (0.47 ns)The elongationof the lifetime is required to improve the efficiency of
photoinduced chargseparation.On the other hand,Ni>-CPDy, also included & in
CHCly/toluene (1/1 v/v) withKassocOf 2.0 10° M™ and formed a 1:1 inclusion complex
(Ceol Ni-CPDby) similar to Hi-CPDsy.'* In the crystal structure @@s! Ni-CPDby, a tubular
assembly of N-CPDyy anda linear array othe included G formed along the longxis of

the thin plate of thesingle crystal (Fig2),"*

which also showedhigh anisotropic charge
mobility (#p = 072 cn? V™ %) along thdlinear array of G. Theseresuls clearly indicate
that the 1D G arrays are suitable forefficient charge transportdiowever in contrast with
Ceo! Ha-CPDyy, Csol Nio-CPDoy did not undego electron transferby photoexcitation
Though welordered single crystals afford efficient charge transpioit difficult to arrange

the single crystals of the inclusion complexes on a large area of an OPV. dewitieer

methodology is necessary foreparinga wide surface filled witlthe inclusion complexes.
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(1,0,01)

Figure 1. A view of the single crystal of &g H,-CPDsy and the face indices determined byray
crystallographic analysis. (a) Molecular arrangement gf B4,-CPDy, corresponding to the follow

ing photograph. Hydrogen atoms and solvent molecules are omitted for clarity. (b) Photograph of the

crystalof Cso! Hs-CPDyy. (C) Crystal shape with the indices fog!CH4-CPDey.

@) (b)

a

a =
L.

Figure 2. Crystal structures of tubular assemblies @f! Mi.-CPDsy. Hydrogen atoms and solvent

molecules are omitted for clarity. (a) Front view, (b) side view.

Based on thespreviousresults, the authdnereinrepors two research theme§) the
improvedphotodynamic®f the inclusion complexes of CPDs and fullerer{gsthe linear
integrationof the inclusion complexesn a large are@y a template methodn chapter 2,
remarkableelongationof the lifetimes of thechargeseparatedstatesby using a strong

electronaccepting fullerene derivativis reported™ In chapter 3gefficient 1D integration of



aninclusion complex by using nanocylindrical block copolymer as tengikteported-’
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2. SubmillisecondLived Photoinduced Charge Separation in Inclusion Complexes

Composed 6 Li *@Cso and Cyclic Porphyrin Dimers

2.1. Introduction

In a natural photosynthetic reacti@enter the multistep electrotransfer reactions occur
following the excitation of dimeric chlophyll to attain the longjved chargeseparated (CS)
state'® The redoxactive components such as chlorophyll, pheophytin and quinones are
elegantly located in the protein matrix by poovalent interaction®. Extensive efforts have

so far been devoted toward the design of electron @anceptor composites using
covalently and noftovalently linked systems to form the Ieliged CS state upon photo
excitation®" The syntheses of covalently linked systems are inefficient and costly, thus it is
a better choice to prepare supramolecular donor and acceptor sy5tems.

Fullerenes and porphyrins are attractive building blocks for the construction of
supramolecular electron dofacceptor composites due to their excellent photophysical and
electrontransfer propertie®™?® The fullerene derivatives have been widelmployed as
electron acceptors due to th&worablereduction potentials and small reorganization energy
in electrontransfer reaction¥™® On the other hand, the porphyrin compounds have very
strong absorption bands in the visible region and theitoghcited states are generally good
electron donor§> Moreover, porphyrins are attractive components in the construction of host
molecules for fullerenes through thé& interactions between the spheri¢akurface of
fullerenes and flat-planes of porpyrins**®* Numerous fullereng@orphyrin supramolecules
as well as linked molecules have been extensively studied as functional models of the

reactioncenterfor chargeseparation process in natural photosynthéets! ™2 However,
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non-covalent bindingbetween highly! -conjugated compounds such as porphyrins and
fullerenes is not strong enough in polar solvents which are generally used for studies on
photoinduced electretransfer reactions. In contrast, when a-potar solvent is used, the
efficiency d chargeseparation is low in the supramolecular déacceptor complexes and

the resulting CS state is extremely sHwed because the CS state decays to the triplet
excited chromophore, which is lower in energy than the CSZ(&eThe energy of CState

should be lower than the triplet excited energy of each component. This is a typical dilemma
for the longlived chargeseparation in supramolecular doBacceptor complexes.

In order to solve this problenthe authorOs groups recently reported the cyclic
porphyrin dimers (CPDs) as shown in ScheB#&? Receptor molecules composed of
multiple porphyrins are suitable for the inclusion of pristing &d the derivatives. The
strong supramekular binding by!B interaction was leserved to form inclusion
complexes>>® Unfortunately, the inclusion complex ofgand the nickel cyclic porphyrin
dimer (Go! Ni-CPDsy) in crystalline state did not show the expected CS state in the
time-resolvedtransient absorption spectra upon pleatmtation because the singlet excited
state of the nickel porphyrin immediately gives rise to the triplet excited state by the rapid
intersystem crossing, followed by energy transfer to afford theelwsvgy tripletexcited
state of Go (°Ceo : ~ denotes the excited staté The estimated energy level of the CS state
(1.98 eV) is higher than that 8 (1.57 eV)>*** In contrast, the corresponding inclusion
complex of Go and the fredbase porphyrin dimer g Hs-CPDyy) underwent photoindude
electron transfer from the porphyrin tgo@wing to the lower oxidation potential and the
slower intersystem crossing of the fle@se porphyrin than those of the nickel complex.

However, the lifetime of this CS state was very short probably becawseitgy level (1.83
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eV) is still higher than that oiCso .>?> The energy limit of a CS state . 1.5(B1.60 eV,
which is the triplet excited energies of fullerenes and porphftins.

It has been reported that a lithium ion encapsulated fulleren@ @b, Schemeb) has
a stronger electron accepting ability than pristirg®&°° The higher reduction potential of
Li*@GCso than Go makes the energy levels of the resulting CS states lower than the triplet
excited energy”® It is expected that the combtian of Li*@Cs and the cyclic porphyrin
dimers will make it possible to achieve both efficient formation of supramolecules and
long-lived photoinduced chargeeparation. Thusthe authorrepors herein that supra
molecular systems composed of cygiarphyrin dimers and L@Cso afford photoinduced
CS states with higher energies and longer lifetimes than those composeé@@id and

monomeric porphyrin®

(b)

Ni-CPDpy (OC¢): M = Ni
H4'CPDpy(OCG): M=H,

Schemes3. Structures of (a) CPE(OGCs) and (b) Li @ Cso.

2.2. Supramolecular Formation of Cyclic Porphyrin Dimers with Li *@Ceo
Cyclic porphyrin dimers withouthexyloxy groups have poor solubility in organic
solvents>®® Therefore,the authorhas designed and prepared new dimers with four long

alkoxy substituents on the mepbenyl groups (i and Ni,-CPD-(OGCs), Scheme3a) to



12

improve the solubility. The synthetic procedures are shown in Schefifee products were
characterized byH-NMR, *C-NMR, IR and mass spectroscopies (see the Experimental
Section andFig. S7TEB20 in the Supporting InformationS() Sectio). They are sufficiently
soluble in benzonitrile (PhCN) to allow photochemical and electrochemical analysis with

Li*@Cso in solution.

OCgH
OCgH13 OCgH13 o3

(i) (ii)

93 % 90 %
Br Br Br CHO Z CHO
T™S

1 2
TMS = trimethylsilyl

(ii) ll? %

(iv) o _
94%’:3.M—H2,R—TMS

(vii) EH4-CPDpy(OC6): M =H, 4 M=2nR=TMS

Ni-CPDpy (OC¢): M = Ni ™ L5 M=2znR=H

0
80 % 96 %

Scheme4. Synthetic Pathway for HCPD,(OCs) and Np-CPD:(OGCs). (i) n-butyllithium, DMF,
THF; (i) trimethylsilylacetylene, Pd(OAg) PhP, E&N; (iii) TFA, DDQ, CHxXly (iv)
Zn(OAc)"2H,0, CHCI; (v) KF'2H,0, DMF/THF; (vi) CuCl, pyridine, air; (vii) Ni(OAg)4H,0,

CHCly/toluene (3/2 viv).

UV-vis absorption spectral changes were observed by additidn*@Cs'PR° to
PhCN solutions of HCPD»(OCs) and Np-CPD-(OGCs) as shown in Fig3 and Fig. 4,
respectively. The Soret absorption bands @fGRD-(OCs) and Np-CPD»(OCs) were

red-shifted and decreased in intensity with isosbestic points at 428 renlol¥s plots upon
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L | L
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[Li*@Cgo] /1095M
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Figure 3. (a) UV-vis absorption changes of#€PD-(OGCs) in the course of titration with L@ Cyoin

PhCN at room temperature. f€PD-(OCs)] = 2.5# 10°° M. The inset shows the Soret band region.

(b) Changes in the UBXis absorbanceb@bg at 422 nm. The curve was fitted by using eq. 1.
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12r
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g
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(b)

0.0 ¢

Kassoc = 3.5 #105 M2

0.0

0.

5 1.0 15
[Li*@Cgo] /10P5M

2.0

Figure 4. (a) UVbvis absorption changes of NCPD,(OGCs) in the course of titration with L@ Cyo

in PhCN at room temperature. The inset shows the Soret band regig@HARH(OCs)] = 2.5# 10°

M. (b) Change in the UBVis absorbanceb@bg at 419 nm.

mixing of Li*@GCso with Hs-CPD-(OCg) and Np-CPD-(OGCs) displayed typical signature

patterns for theformation of a 11 hosBguest complex (Li@Csd! Hs-CPDs(OCs) and

Li"@GCso<Ni,-CPD:(OGs), see FigS1in SlI). On the basis of the titration of#€PDs(OCs)
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and Np-CPD-(OGg) with Li*@GCso at 298 K, the association constantase) were
determined to be2.6 # 100 M™ for Li*@Cso! Hs-CPDsy(OCs) and 3.5# 100 M™ for

LiT@GCso! Ni-CPDs(OCs) by applying a nonlinear curviting method usingyq. 1 and2,

14K (A+ x)#\/a; K oo A+ X)E 24K AX
2K__A

assoc

| Abs=L" (Eq. 1)

14K, (A+ x)#\/a; K e A+ X)E 4K AX
2K__A

' Abs=F"

(Eq. 2)

whereA and X are [Host) and [Guest], respectivelyl andF are $Absand$int at 100%
complexation, respectively., F and Kssoc Were treated as fitting parameters. TR@soc
values thus determined are slightly higher than those of pristingl® # 10> M for

Csol H4-CPDsy(OCs) and 2.5# 10° M™ for Csgl Ni-CPD(OCs)) (Fig. S2in Sl). The data

are summarized in Table 1.

Table 1.The association constants, rate constant of electron transfer, CS lifetimes and quantum yields

of Hs;-CPD-(OCs) and Np-CPD-(OCs) in deaerated PhCN at 298 K

Kassod / M2 Koeeol / ME ker/s*  I(CS)/ms " (CS)
H,-CPDb(OCy) 2.6#10° 1.7# 10 5] 0.50 0.32

Niz-CPDyy(OCs) 3.5# 10 c 5.7# 10 0.67 0.13

2 Determined from the absorption chanf®etermined from the fluorescence charfgdo emission

from Ni-CPDsy(OCs).

Upon photoexcitation at the Soret band (430 nm) @{CRD-(OGCs) in PhCN, the
fluorescence due to the porphyrin is observetf,gt= 650 and 717 nm as shown in Fig.

Addition of Li*@Csoto a PhCN solution of HCPD-(OGCs) induced anoticeable decrease in
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the fluorescence intensity of ##€PD-(OCs). From the plot of the fluorescence intensity
changevs.the concentration of L@ Cs, theKassocvalue was determined to be #20° M#,
which agrees with the value obtained from thlesorption spectral change within an

experimental erronvfde supra.

(a) 650 (b)
10 0.0

719 [LiI*@Cgl

08}
Bo.2r Kassoc = 1.7 " 105 M®1

2 S I SN
2 £
e _ o
£ o4l
(o]
e}
£0.6 ] o
oy o
02| oo,
O. > o
£0.8 |- oo
OO " o N ] Il Il Il
550 600 650 700 750 800 0 1 2 3 4
Wavelength / nm [Li*@Cgo] /10P°M

Figure 5. (a) Fluorescence spectral changes of0PD-(OGCs) in the course of titration with L@ Cyo
in deaerated PhCN at 298 K excited at 430 nng-=GRDs,(OCs)] = 2.5# 10° M. (b) Changes in the

fluorescence intensityg(nt) at 650 nm. Th&ssocvalue was evaluated by using eq. 2.

2.3. Energetics of Photoinduced Processes

Cyclic voltammograms of L@Csy! Hs-CPDr(OGCs) and Li@Ceo! Nip-CPDpy(OCs) are
shown in Figire 6aand6b. The comparison with the uncomplexed compounds shows that the
cyclic voltammograms consist dfie electron oxidation processes of GR@®GCs) and the
electron reduction process of @Cs0.%° The electrochemical data are summarized in Table 2.
The energy othe CS states determined from the potential difference betweeglemtron
reduction and oxidation potentials are 1.07 eV f6@Cs! Hs-CPDs(OCs) and 1.20 eV for

Li*@Ceo! Ni-CPD-(OGs). These values are smaller than those of the singlet excited states
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@ Li*@Cqo / (b) Li*@Cqo /
Li*@Cgo*® Li*@Cgo*®
—
0.14
1.34
1.0 pA
1.07 eV 1.20 eV
L L 1 L 1 L 1 L 1 Il | L | " 1 " 1 L 1
1.6 1.2 0.8 0.4 0.0 1.6 1.2 0.8 0.4 0.0
Pontential vs. SCE / V Pontential vs. SCE / V
(© Ceo/Cgo®®  (d) Coo/ Ceo™®

D0.43

Il.o HA

1.67 eV
Il L Il L Il L Il L 1 N 1 | Il l 1
1.5 1.0 0.5 0.0 P0.5 1.5 1.0 0.5 0.0 0.5
Pontential vs. SCE / V Pontential vs. SCE / V

Figure 6. Cyclic voltammograms (CV) and differential pulse voltammograms (DPV) of (a)
Li*@Csl Ha-CPDsy(OCy), (b) Li*@Ced! Ni-CPDpy(OCs), (C) Gool Ha-CPDpy(OCe), and (d) Go! Nio-
CPDs(OGCs) in deaerated PhCN containing 0.10 M TBAP,b) [CPR(OCs)] = [Li"@Csq] = 2.5#
10™ M, (c,d) [CPD»(OCs)] = [Ceq] = 2.0# 10> M. Conditions: (a,b,d) 100 m\Psand (c) 500 mV'§

for CV, and 4 mV % for DPV.

of cyclic porphyrin dimerg€1.90 eV for H-CPDs(OCs),*® 1.97 eV for Ni-CPDp(OCs),>®
and 1.94 eVfor Li*@GCs¢’’). Thus, the free energy changes of photoaedlelectron transfer
to Li*@Cs via the singlet excited states are negative (exergonic).

The energies of the triplet excited states were determined by phosphorescence spectra
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1/2

Table 2. Redox potentials E4 ' and onl’z) and CS energiesf inclusion complexesn PhCN

containing 0.10 M TBAPFK

Potential / Ws. SCE

Compound Ered? Eo’? CS energy / eV
Li"@Csd! H4-CPDs(OCs) £0.14 1.21 1.07
Li*@Csdl Ni,-CPDs(OCs) £0.14 1.34 1.20

Ceol Ha-CPD:y(OGCy) £0.46 1.40 1.86
Ceol Nix-CPDsy(OCs) £0.43 1.25 1.67

in a frozen PrCN/Etl (3/1 v/v) glasses at 77 K to be 1.51 eV {eCPD-(OCs) and 1.50 eV
for Ni-CPD»(OCs) (Fig. S3in SI). The energy of[Li*@Cs]  was reported to be 1.53
eV.>**" The energy level of the resulting CS states are lower than those of the triplet excited
states of both Li@Cso and the porphyrin dimers. Thus, photoinduced electron transfer from
the singlet or triplet excited state of the porphyrin dimers t@iGs, as well as from the
porphyrin dimers to the singlet or triplet excited state 6@Gs is energetically possible in
the supramolecular complexes to form the CS states.

In contrast to the case of I@Cso, the estimated energy levels of the CS states of
Ceo! Ha-CPDry(OCs) and Ceo! Nio-CPD:-(OCs) and (186 and 167 eV, respectively are
higher than those of the triplet excited state ef &d CPDR(OCs) as observed ithe
authorOs groupPrevious studie¥ suggesting no formation or short lifetimes of the CS

states.

2.4. Photoinduced Charge Separation
The photodynamics of these inclusion complexes was investigated by the transient absorption

spectra measured in PhCN by the use of femtosecond and nanosecond laser flash photolysis.
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The timeresolved transienaibsorption spectra of 1@Cso! Hs-CPD(OCs) measured by
femtosecond laser flagihotolysis fx = 420 nm) in the time range from 1 ps to 3000 ps.(Fig
73), which had little difference from the transient spectra of onkCRD-(OCs) (Fig. S4ain

Sl), showed a characteristic absorption due to the singlet excited stateGRIH(OGCs)
([Ha-CPD-(OCe)]). The decay rate constant §H,-CPDs(OGCs)]” to the triplet excited
state {[H,-CPD-(OCe)]’) was determined from the absorption change at 630 nrat (@fs
Fig. 7a) to be 1.G¢ 10° s, which is slightly larger than the value of intersystem crossing of
H4-CPDx(OGCs)]” without Li*@Cso (kisc = 8.0# 10 s) (Fig. S4ain Sl). No characteistic
absorption band due to [l@Cs®| was observed @na = 1035 nnt®® Thus, no electron
transfer from'[H,-CPDsy(OCs)]” or *[Hs-CPD-(OCs)]” to Li*@GCso occurred in the time

range of femtosecond laser flggmotolysis (~3000 ps).
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Figure 7. (a) Transient absorption spectra of-EPDs(OCs) with Li'@Cq in deaerated PhCN at

room temperature taken at 1, 100, and 3000 ps after femtosecond laser excitation at 420 nm.
[Hs-CPD-(OC)] = 7.0# 10° M, [Li"@GCsq = 1.4 # 10° M. (b) Transient absorption spectra of
Ni,-CPDy(OCs) with Li*@Cso in deaerated PhCN abom temperature taken at 1, 100, and 3000 ps

after femtosecond laser excitation at 420 nmy-fBPDs,(OCs)] = 1.0# 10° M, [Li*@Csq) = 2.0#
10% M.
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Similarly, the transient absorption spectra of@iCes! Ni,-CPDs(OCs) measured by
femtosecond transieabsorption spectroscopy (Figh) indicates only the occurrence of the
rapid intersystem crossing §Ni-CPDo(OGCs)]” to [Ni-CPDs(OCs)] ™ (kisc > 10 ™), in
comparison with the transient spectra of only-GIPD-(OCs) (Fig. b in SI).°" The
intersystem crossing process was not detected by uke feintosecond laser system (fwhm
= 130 fs). Theksc value to°[Ni-CPDs(OGCs)]” is much larger than that t§H,-CPDsy
(OCq)]” because of the heavy atom effect of {iH,-CPDs(OGCs)]” decayed to the ground
state with the rate constantlaf= 5.3# 10° s™.

In contrast to the results in femtosecond laser flash photolysis in7Fighere no
electron transfer was observed, nanosecond laser excitatibi @iCeq! Ha-CPDby(OCs)
resulted in observation afansient absorption bands at 690 and 1035 nm duesGRsy

(0Ce)¥] and [Li'@GCso™), respectively (Fig.8a)>*®® This clearly indicateccurrence of
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Figure 8. (a) Transient absorption spectra of-EPDs(OCs) with Li'@Cq in deaerated PhCN at

room temperature taken at 30 and 200 ms after nanosecond laser excitation at 505 nm.
[Hs-CPDs(OCg)] = 2.5# 10% M, [Li *@Csq] = 5.0# 10™ M. (b) Decay time profiles at 1035 nm with

different laser intensities (1, 3, 5 mJ/pludaet: Firstorder plots.
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electron transfer from[H,-CPDs(OCe)]” to Li*f@Ceo to produce the CS statei*@Ceo®

| Hy-CPDry(OCs)*). The rate of electron transfer frolfH,-CPD-(OCe)]” to Li*@GCso was

too fastto detect in the time scale of the nanosecond f&ssdr photolysis experimentkef >

10" $™).%%2 The absorbance at 1035 nm duelLté@Cso® in the CS state decayed obeying
first-order kinetics with the same slope irrespective of the difference in the laser intensity.
This clearly indicates that the dgcaf the CS state occurs via intrasupramolecular back
electron transfer rather than a bimolecular reaction. The CS lifetime was determined from the
slope of the firsbrderplots in Fig.8b to be 0.50 ms.

Similarly nanosecond laser excitation lof @Cso! Ni-CPDs(OCe) at 520 nm also
results in formation of the CS statei*@Cso™ Ni-CPD-(OCe)*) as shown inFig. 9a,
where transient absorption bands ducaéxlt@CPDay(OCf;)¥+ andLi*@GCso® were observed. In
this case, however electron transfer occurs fosrCP D (OCe) to the triplet excited state of
Li*@GCso (LI @GCso ) rather than from[Ni,-CPD-(OCe)]” to Li*@Ceso as indicated by the
disappearance of the absorption band at 750 nm dukit@Cso, accompanied by
appearance of the absorption band at 103%lnento Li@Cso® (Fig. 9b). Photoexcitation at
520 nm where Li@Cso has absorption results in formation'ef*@GCso , which is converted
to *Li*@GCso via the intersystem crossing. The rate constant of electron transfeiNigem
CPDs(OGCs) to ’Li*@Ceo to produce the CS state was determined from the rise in the absor
bance at 1035 nm due to'@Cso® to be 5.7 10 s™. The CS lifetime was determined from
the slope of the firsbrder plots in Fig9c to be 0.67 ms, which is the longest value ever
repated for norcovalent porphyriffullerene supramolecules in solutitt?® The quantum
yields of the CS statwereestimated tde 0.32 forLi*@Cgso! Hs-CPDp(OCs) and 0.13 for

Li"@GCso! Ni-CPDs(OCs) by means of the comparative method with the absorjitim
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Figure 9. (a) Transient absorption spectra ofLAIIPD-(OCs) with Li'@Cq in deaerated PhCN at
room temperature taken at 4 and (28 after nanosecond laser excitation at 520 nmy-Q(¥ADsy
(0Ce)] = 2.5# 10° M, [Li*@Csg = 5.0# 10° M. (b) Rise and (c) decay time profiles at 1035 nm

with different laser intensities (1, 3, 5 mJ/plude}et: Firstorder plots.

sities of the CS states {I@Cso®: #1035 nm) = 7300 [ cm™).*%>¢

When LI @GCso was replaced by pristineg§; the transient absorption spectra of both
Ceo! Ha-CPDry(OCs) and Ceo! Ni-CPDr(OCs) measured by nanosecond laser flash photo
lysis in PhCN exhibited only 740 nm bands for the triplet excited statesoivith no

transient absorption bands due to GRDC6)¥+ or Ceo® (Fig. S in SI). Thus, no CS states



22

11.6
H4-CPDp,(OCq)

11.2

10.8 [

In(kBET T2 | gD1 Kl/2)

104

100 : : : : :
2.8 3.0 32 34

TP1/10P3KP1

Figure 10. Plots of Inkger T%) vs T for charge recombination of JFCPDs(OCe)* + Li*@Cso®

(black) and [Ni-CPDs(OCs)** + Li*@Cso*) (red) in PhCN.

were produced as predicted by their highearergy levels than those of the triplet excited
states of CPR(OGCs) and Go.

The temperature dependence of the charge recombination (CR) process was investi
gated by nanosecond laser flash photolysis in the range B02f for Li'@Ceso! Ha-
CPD:(OCs) and 2580 jC for Li'@Ce! Ni-CPDr(OGCs). The activation enthalpies were
determined from the Eyring plots of the rate constakysr) of the back electron transfer
(charge recombination) to be 3.5 kcal fébr both Li'@GCso! Ha- CPDh(OCe) and Li@Ceo
I' Nio-CPDpy(OGs) (Fig. S in Sl).

The linear plots okser T2 vs. T derived from the Marcus equation (&f° in Fig. 10

afford the reorganization

energies#) and electronic coupling matrix element§ for the BET:#= 047 eV andV =
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0.11 cnf* for Li*@Cso! Ha-CPDh(OCs), # = 0.54 eV andV = 0.10 cnf" for Li*@Ceo! Ni-
CPD:(OGs). The appreciable temperature dependendggfindicates that the BET process
is deeply in the Marcus inverted region, wherekfig value decreases with increasing the
driving force®

Based on the results described above, the mechanismgasupramolecular photo
induced chargseparationin Li*@GCso! Hs-CPDoy(OGs) and Li*@Cso! Ni-CPD-(OCe) are
proposed as shown in Schenteand6, respectively. The singlet excited state ofEP Doy
(0Cs) ([H4-CPD(OGCs)]") is generated upon photoexcitationlot @ Cso! Ha-CPDby(OCs)
at 420 nm, where the porphyrin moiety is exclusively excited. Even if {i@ T moiety is
excited,energy transfer from{Li "@Gsg] (Es = 1.94 eV) to H-CPD-(OCs) (Es = 1.90 eV)
may occur to producé[H,-CPDs(OGCs)]". Although electron transfer fror{H,-CPDsy
(0G| to Li*@GCso energetically possible (ScherBg the intersystem crossing to generate
¥[H4-CPDxy(OCs)]” occurs with the rate constant of 8.:310° s™. Then, electron transfer
occurs from’[H4-CPDx(OCs)] to Li*@GCso with the driving force of 0.44 eV to produce the
CS state with a much larger rate constagt 10’ s™) than the tripletlecay to the ground
state kr = 2.1# 10° s™). The CS state decays slowly via istiaramolecular VET with the

H,-CPDy,(OC;) + HLi*@Cql’

* i+ -
1[H4'CPDPy(OC6)] +Li @CGO 1.94 eV

ksc =831 108spr  1.90eV Y

3[H,-CPDy,(OCg)]" + Li*@Cgy =~ H,-CPD5p,(OCy) + 3[Li *@Cqyl”

1.51 eV 1.53 eV

1.07 eV ;
h" Pkp=2.11 10°sP

; H,-CPD5,(OCy) + Li*@Cq,

Schemes. Energy Diagram for Li@ Cso! H4-CPDsy(OGCs); broken arrow: minor pathway.
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lifetime of 0.50 ms (Scheme 5).

As the case oLi"@GCsd! Ni,-CPDo(OGCs), photoexcitation ofLi*@Cso! Nip-CPDs,
(OGCs) at 420 nm, where the porphyrin moiety is excited exclusively, results in formation of
the singlet excited staté]li,-CPDs(OCs)]") as shown in Schen® In contrast to the case
of Hi-CPDs(OGs), however, the intersystem crossing’fdli-CPDs(OGCs)]” occurs rapidly
with the rate constankgc > 10 s™). ¥[Ni,-CPD»(OCs)]” decays to the ground state prior to
electron transfer from[Ni,-CPD-(OGCs)]” to Li*@Cs0.>* Photoexcitation oLi*@Ceso! Ni-
CPDy(OCe) at 520 nm, wheredi*@Cso has absorption, generates the singlet excited state
([Li*@Cs]’). After the intersystem crossing electron transfer frorg-QRDs(OCs) to
3Li*@Csq)” occuss with the rate constant of 54710 s to produce the CS state. The CS
state decays slowly with the lifetime of 0.67 ms (Schéme

1[Ni,-CPD,, (OC,)]" + Li*@Cy, Ni,-CPD;,(OC,) + Li*@Cqyl"

1.97 eV 1.94 eV
kisc > 1012 sP1

Ni,-CPDp,(OCy) + 3[Li*@Cyl”
1.53 eV
ker = 5.7 ! 104 sPL

B[Ni?_CPDPy(OCG)]* + Li+@CGO __________
1.50 eV \

v
]

k;=5.31 10959 1.20eV

Ni,-CPD;,(OC,) + Li*@Cy,

Scheme6. Energy Diagram for Li@ Cso! Ni,-CPDs(OGCs); broken arrow: minor pathway.

2.5. Conclusion

Li*@Cso is included within a fredase and nickel complex ofcgclic porphyrin dimer to

give stable gpramolecules in benzonitrilerom the electrochemical analysis, the energies of

the expected CS states are estimated to be lower than the triplet excited energies of the

fullerene and porphyrin. L@ Cso! Hs-CPDky(OCs) undergoes photoinduced electron transfer
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from the triplet excited state of the porphyrin td @iCso to afford the CS state. 1@ Ceo

I Ni.-CPDsy(OGCs) also undergoes photoinduced electron transfer from the nickel porphyrin
to the triplet excited state of 1@GCso with a rate constant of 5# 10* s*. The lifetimes of

the resulting CS states are 0.50 ms foi@Csq! Hs-CPDp(OCs) and0.67 ms for Li@Cso

I Ni.-CPD:(OGs). These CS lifetimes are the longest values ever reported fezovafent
porphyrirEfullerene supramolecules in solutiamd are attributed to the lower CS energies

than the triplet energy of each chromophore.

2.6. Experimental Section

Materials

Reagents and solvents of best grade available were purchased from commercial suppliers and
wereused without further purification unless otherwise noted. Lithiurrelocapsulated &
(Li*@Cs0'(PR:)® 96%) was obtained from Daiichi Jitsugyo Co. Ltd., JapgN-dimethyt
formamide (DMF) was purified by distillation from CaHunder reduced pressure.
Benzonitrile (PhCN) was purified by distillation fromp@2 under reduced pressure after

being stirred with KCOs; overnight. Dred tetrahydrofuran (THF) was obtained by distillation
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from Na and benzophenone under &imosphere. Ded triethylamine NEt;) was obtained

by distillation from CaHunder N atmosphere, after being stirred with KOH overnight.

NMR and Mass measurements

Nuclear magnetic resonance (NMR) spectra were recorded on a JEOIEQSKDO (400
MHz for lH), JEOL JNMECAS500 (500 MHz forlH), or Bruker AVANCE Il 600 (151
MHz for *C) spectrometer. Chemical shifts were reportedasalues in ppm relative to
tetramethylsilane. Highesolution fast atom bombardment mass spectraKAB-MS) were
measured with3-nitrobenzyl alcohol (NBA) as a matrix and recorded on a JEOL

LMS-HX-110 spectrometer.

UV-vis and IR absorption measurements
Ultraviolet-visible (UV-vis) absorption and infrared (IR) spectra were recorded on Shimadzu

UV-3100PC and BIO RAD FTS6000 spegthotometers, respectively.

Emission measurements
Fluorescence spectra were measured on a Horiba Fluordidp&ctrofluorophotometer with
a quartz cuvette (path length = 10 mm) at 298 K. Phosphorescence spectra were measured on

a Horiba Fluorolod3 speatophotometer with a quartz tube (i.d. =4 mm) at 77 K.

Electrochemical measurements
Electrochemical measurements were performed on a ALS630B electrochemical analyzer in

deaerated PhCN containing 0.1 M ,BilPFs as the supporting electrolyte at 298 K. A
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conventional threelectrode cell was used with a platinum working electrode (surface area of
0.3 mnf) and a platinum wire as a counter electrode. The platinum working electrodes (BAS)
were routinely polished witBAS polishing alumina suspension and rinsed with acetone and
acetonitrile before use. The measured potentials were recorded with respect to an Ag/AgNO
(0.01 M) reference electrode. All potentials (Ag/Ag’) were converted to values. SCE

by adding ®9 V. All electrochemical measurements were carried out under, @imbs

phere.

Laser flash photolysis

Femtosecond transient absorption spectroscopy experiments were conducted using an
ultrafast source: Integf@ (Quantronix Corp.), an optical parametamplifier: TOPAS

(Light Conversion Ltd.) and a commercially available optical detection system: Helios
provided by Ultrafast Systems LLC. The source for the pump and probe pulses were derived
from the fundamental output of Integ@a# = 786 nm, 2 mJ/psgk and fwhm = 130 fs) at a
repetition rate of 1 kHz. 75% of the fundamental output of the laser was introduced into a
second harmonic generation (SHG) unit: Apollo (Ultrafast Systems) for excitation light
generation a# = 393 nm, while the rest of the put was used for white light generation.

The laser pulse was focused on a sapphire plate of 3 mm thickness and then white light
continuum covering the visible region fro#h= 41EB00 nm was generated via spliase
modulation. A variable neutral density filter, an optical aperture, and a pair of polarizer were
inserted in the path in order to generate stable white light continuum. Prior to generating the
probe continuum, the laspulse was fed to a delay line that provides an experimental time

window of 3.2 ns with a maximum step resolution of 7 fsth@ authorOsxperiments, a
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wavelength a# = 393 nm of SHG output was irradiated at the sample cell with a spot size of
1 mm diaméeer where it was merged with the white probe pulse in a close angle (< 10j). The
probe beam after passing through the 2 mm sample cell was focuseitbenagptic cable

that was connected to a CMOS spectrograph for recording therdsulved spectra#(=
410800 nm). Typically, 1500 excitation pulses were averaged for 3 seconds to obtain the
transient spectrum at a set delay time. Kinetic traces at appropriate wavelengths were
assembled from the tirresolved spectral data. All measurements were condattembm
temperature, 295 K.

Nanosecond timeesolved transient absorption measurements were carried out using
the laser system provided by UNISOKU Co., Ltd. Measurements of nanosecond transient
absorption spectrum were performed according to the follownogedure. A deaerated
solution containingsupramoleculevas excited by a Panther OPO pumped by a Nd:YAG
laser (Continuum SL1LO, 456 ns fwhm). The photodynamiggsmonitored by continuous
exposure to &e lamp (150 W) as a probe light and a photomléiptube (Hamamatsu
2949) as a detector. The solution was oxygenated by nitrogen purging for 15 min prior to

measurements.

Synthesisof 3-Bromo-5-(hexyloxy)benzaldehyde (1)

OCGH13 Oc6H13
1) n-BuLi, THF
2) DMF
Br Br 3)H,0 Br CHO

1

1,3-dibromo5-(hexyloxy)benzerf& (3.36 g, 10 mmol) was added into a threek flask and
the inside of the flask was replaced with Nhen, died THF (100 mL) was added into the

flask under N atmosphere and the solution was cooledB¥® “C. To this solution,
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n-butyllithium (2.69 M salition in n-hexane, 3.7 mL, 10 mmol) was added dropwise over
few minutes. An hour later, excess DMF was added to the reaction mixture. After warming to
room temperature, the reaction was quenched with water. The reaction mixture was washed
with water (100 rh, 2 times), dried over N&Q,, and evaporated. The crude product was
purified by column chromatography (siliceel, n-hexane/CHG = 3/1 v/v) to furnish the
product as aght yellow oil (2.64 g, 93 %).

'H NMR (CDCk, 400 MHz):940.91 (t,J = 7.1 Hz, 3HE(CHy)sCH3), 1.3201.49 (m, 6H,
B(CH,)2(CH2)3CHs), 1.79 (quin,Jd = 6.9 Hz, 2H,BCH,CH,(CH,)3CHs), 3.99 (t,J = 6.6 Hz,
2H, BCH2(CH,)4CHs), 7.30 (m, 2H, AH), 7.55 (t,J = 1.6 Hz, 1H, ABH), 9.89 (s, 1HP
CHO); °C NMR (CDCE, 151 MHz):%14.1, 22.7, 25.7, 29.1, 31.6, 68.9, 112.9, 123.6, 124.4,
125.6, 138.8, 160.6, 190.8iR-FAB-MS (NBA): m/z calcd for GsH1s0.Br: 285.0490;
found: 285.0458; Elemental analysis (%) calcd fqgHzO.Br: C 54.75 H 6.01; found:

C54.64 H 5.88.

Synthesis of3-Hexyloxy-5-(trimethylsilylethynyl)benzaldehyde (2)

OCgH s
6113
Pd(OAc),, PPhg

+ H—=—TMS
NEt,

Br CHO - Z
1 2

CHO

A solution of1 (2.28 g, 8 mmol), palladium (Il) acetate (18 mg, 80 mmol), and triphenyl
phosphine (42 mg, 0.16 mmol) iniell NEt; (8 mL) was degassed with a stream effof 30

min. Then, trimethylsilylacetylene (1.7 mL, 12 mmol) was added, heated rapidly to 80 GC,
and stirred for 6 hours under Mtmosphere. After confirmation of the disappearance Bf Ar

H signals derived from the substrate, the reaction mixture wasdctmleom temperature

and the white precipitation was removed by filtration. The dark brown filtrate was evaporated
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and then purified by column chromatography (stied, n-hexane/CHG = 3/1 v/v) to
furnish the product as a thick brown oil (2.18 g, 90%).

'H NMR (CDCk, 400 MHz): %0.26 (s, 9HBSi(CHs)s), 0.91 (t,J = 7.1 Hz, 3H,D
(CH2)sCH3), 1.381.47 (m, 6H, B{CHy)2(CH,):CHz), 1.79 (quin,J = 6.9 Hz, 2H,D
CH,CH,(CH,)3CHs), 4.00 (t,J = 6.4 Hz, 2H,BCHy(CH,)4CHs), 7.2387.24 (m, 1H, AEH),
7.337.34 (m,1H, ArbH), 7.53 (t,J = 1.4 Hz, 1H, ABH), 9.92 (s, IHPCHO); **C NMR
(CDCls, 151 MHz):90.0, 14.2, 22.7, 25.8, 29.2, 31.6, 68.7, 95.9, 103.5, 113.9, 124.3, 125.3,
126.9, 137.8, 159.6, 191.8R-FAB-MS (NBA): m/zcalcd for GgH2>70,Si: 303.1780; found:
303.1789; Elemental analysis (%) calcd forgldzcO.Si: C 71.47 H 8.66; found: C 71.49 H

8.74.

Synthesis of 5,15Bis[3-hexyloxy-5-(trimethylsilylethynyl)phenyl] -10,20di[4-pyridyl] -

porphine (3)

OCegHy3
1) TFA, CH,Cl,

CHO 2)DDQ

AN

™S

A solution of2 (1.72 g, 5.7 mmol) anthese(4-pyridyl)dipyrromethan¥ (1.27 g, 5.7 mmol)

in 600 mL CHCI, was degassed with a stream offir 30 min. To the resulting solution,
trifluoroacetic acid (5.1 mL, 69 mmol) was added and stirred ungatrilosphere. After 30
min, 2,3dichloro-5,6-dicyaro-1,4-benzoquinone (1.94 g, 8.5 mmol) dissolved in THF was

added and stirred for an hour. The reaction was finally quenchedNEith (10 mL, 72
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mmol) and the mixture was purified by column chromatography (sigta CHCE then
CHCI/THF = 40/1 v/v). Thecrude product was recrystallized from §&HY/MeOH to give
the product as a purple solid (475 mg, 17%).

'H NMR (CDCk, 500 MHz):%E2.92 (bes, 2H,ENH), 0.26 (s, 18HESI(CHs)s), 0.90 (t,
J=6.9 Hz, 6HB(CH,)sCH3), 1.321.38 (m, 8HE(CH,)3(CH2).CHz), 1.51 (quind = 7.6 Hz,
4H, B(CHy)2CH2(CH,)2CHs), 1.87 (quin,d = 6.9 Hz, 4HBCH,CH,(CH,)sCHs), 4.16 (t,J =
6.5 Hz, 4HBCH,(CH,)4CHs), 7.44 (m, 2H, AEH), 7.71 (d,J = 2.3 Hz, 2H, ABH), 7.91 (dJ
= 7.9 Hz, 2H, AEH), 8.16 (dd,J = 1.5 Hz, 2.3 Hz, 4H, AH), 8.81 (d,J = 4.6 Hz, 4H,
pyrrole &H), 8.94 (d,J = 4.6 Hz, 4H, pyrrole®EH), 9.05 (d,J = 6.1 Hz, 4H, ABH); °C
NMR (CDCk, 151 MHz):%0.1, 14.2, 22.725.9 29.4, 29.4, 31.7, 68.7, 94.5, 105.1, 117.2,
117.3, 119.9, 122.5, 129.5, 130.8, 143.1, 148.5, 150.3, 13R-5FAB-MS (NBA): m/zcalcd
for CgsHesNsO2Sh: 1008.4942; found: 1008.4897; Elemental analysis (%) calcd for
Cos4HesNgO2Sk: C 76.15 H 6.79 N 8.33ptind: C 76.05 H 6.80 N 8.12; WBVis (CHCh): #nax
($ e M™) 420 (447800), 515 (19500), 549 (5700), 588 (5900), 646 (2700); IR (KBr):
3318, 2955, 2930, 2870, 2158, 1591, 1475, 1421, 1354, 1249, 1159, 976, 928, 855, 801, 760,

730, 660 crit.
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Synthesis of {5,15-Bis[3-hexyloxy-5-(trimethylsilylethynyl) -phenyl]-10,20di[4-pyridyl] -

porphinato}zinc(ll) (4)

Zn(OAc),42H,0

CH,Cl,

Zn(OAc)"2H,0 (0.90 g, 4.1 mmol) dissolved in MeOH was added to a soluti8r{4if0 mg,
0.41 mmol) in 200 mL CECl,. The resulting mixture varefluxed under Natmosphere for
2 hours and cooled to room temperature. The reaction mixture was washed with water (200
mL, 2 times), dried over N8Q,, and evaporated. The residue was purified by column
chromatography (silicgel, CHCHEtOH = 100/1 W). The crude product was recrystallized
from CH,Cl,/MeOH to give the product as a purple solid (0.41 g, 94 %).

'H NMR (pyridine-ds, 500 MHz):%0.32 (s, 18HESI(CHs)s), 0.79 (ddJ = 1.5 Hz, 5.4
Hz, 6H, E(CH,)sCHs3), 1.211.22 (m, 8H, B(CHy)3(CH,).CHs), 1.40B1.43 (m, 4H, D
(CHy)2CH4(CH,),CHs), 1.79 (quin, = 7.1 Hz, 4HBCH,CH,(CH,)sCHs), 4.12 (t,J = 6.9 Hz,
4H, BCH,(CH,)4CHs), 7.81 (bBs, 2H, AEH), 8.1F8.15 (m, 2H, ABH), 8.32 (dd,J = 1.5 Hz,
2.3 Hz, 4H, AEH), 8.34 (d,J = 3.8 Hz, 2H, ABH), 9.07 (d,J = 4.6 Hz, 4H, pyrrole&&EH),
9.18 (d,J = 6.0 Hz, 4H, AEH), 9.26 (d,J = 4.6 Hz, 4H, pyrrol&EH); *C NMR (pyridineds,
151 MHz):9%0.0, 14.2, 22.8, 26.0, 29.5, 31.7, 68.7, 94.6, 106.3, 117.2, 117.2, 118.7, 120.7,
122.7, 130.1, 131.5, 132.1, 132.8, 145.2, 148.7, 149.8, 150.7, 151.4, HR/FAB-MS
(NBA): m/zcalcd for GsHgsNeO2SiZn: 1070.4077; found: 1070.4080; Elemental analysis

(%) calcd for GaHeeNsO2SiZn"0.5CHO: C 71.15 H 6.30 N 7.72; found: C 71.20 H 6.21 N
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7.67; UMBVis (CHCE): #nax ($ e M) 425 (455800), 554 (18000), 595 (3500); IR (KBr):
' = 2955, 2931, 2157, 1592, 1419, 1346, 1249, 1161, 1072, 998, 945, 855, 795, 760, 718, 667

cm?™,

Synthesis of {5,15Bis[3-ethynyl-5-(hexyloxy)phenyl}10,20di[4-pyridyl]porphinato} -

zinc(ll) (5)

A solution of4 (111 mg, 0.1 mmol) and KEH,O (68 mg, 0.72nmol) in 5 mL of DMF/THF
= 4/1 was stirred overnight undep Btmosphere. The reaction mixture was washed with H
(15 mL, 2 times), dried over MaQy, and evaporated. The crude product was recrystallized
from CHCL/i-PrOH to give the product as a purpldid (92 mg, 96 %).

'H NMR (pyridineds, 500 MHz):%0.80 (t,J = 6.9 Hz, 6H;5(CHy)sCH3), 1.2201.23
(m, 8H,EX{CH,)3(CH2).CHj3), 1.44 (quinJ = 7.2 Hz, 4HB(CH>)2,CH2(CH,).CHz), 1.81 (quin,
J=7.2 Hz, 4HPCH,CH»(CHy)3CHzy), 4.13 (t,J = 6.3 Hz, 4HBCH,(CH,)4CHs), 4.28 (s, 2H,
BC&CH), 7.77 (bBs, 2H, AEH), 8.15 (d,J = 6.3 Hz, 2H, AEH), 8.3@8.33 (m, 6H, AEH),
9.10 (d,J = 4.6 Hz, 4H, pyrrol&EH), 9.18 (dJ = 5.2 Hz, 4H, AEH), 9.26 (d,J = 4.6 Hz, 4H,
pyrrole &H); *C NMR (pyridineds, 151 MHz):%14.2, 22.8, 26.0, 29.6, 31.8, 68.7, 79.6,
84.6, 117.5, 117.6, 118.8, 120.7, 122.0, 130.1, 131.6, 132.2, 132.9, 145.3, 148.7, 149.8, 150.7,

151.4, 157.9HR-FAB-MS (NBA): m/zcalcd for GgHsoNsO2Zn: 926.3287; found: 926.3279;
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Elemental analysis (%) calddr CsgHsoNsO2ZNn"0.5CH,O: C 74.39 H 5.55 N 8.90; found: C
74.33 H 5.36 N 8.84; UBlis (CHCh): #nax (3 cn™ M™) 425 (463000), 553 (18300), 594
(3500); IR (KBr):' = 2952, 2929, 2869, 1592, 1419, 1344, 1322, 1204, 1180, 1144, 1072,

998, 938, 795, 718, 676N,

Synthesis oH 4-CPDpy(OC6)

H4-CPDpy (OCe)

The free base dimer was prepared frbril86 mg, 0.2 mmol) according to the reported
procedure® The crude product was purified by flash column chromatography (siica
CHCI/EtOH = 200/1 v/v) and recrystallizédom CHCU/i-PrOH to give the product as a
purple solid (42 mg, 24 %).

'H NMR (CDCk, 500 MHz): %£8.04 (bes, 4H,ENH), 0.94 (t,J = 6.9 Hz, 12HD
(CHy)sCH3), 1.3@1.45 (m, 16H, B(CHy)3(CH,).CHs), 1.5%1.59 (m, 8H, D
(CH2)2CH2(CH,).CHs), 1.96 (quinJ = 6.9 Hz, 8HBPCH,CH,(CH>)3CHj3), 4.25 (t,J = 6.9 Hz,
8H, BCH2(CH,)4CHs), 6.91 (s, 4H, AEH), 7.22 (s, 4H, AEH), 7.96 (bBs, 8H, AEH), 8.26 (s,
4H, ArEH), 8.66 (d,J = 3.8 Hz, 8H, pyrrol&EH), 8.78 (d,J = 3.1 Hz, 8H, pyrrol&EH), 9.00
(brBs, 8H, AEH); *C NMR (CDCE, 151 MHz):%14.2, 22.8, 26.0, 29.5, 31.8, 68.9, 74.4,

83.2, 114.9, 117.1, 118.8, 120.2, 120.8, 129.3, 135.0, 143.0, 148.4, 149.9, 158.0;



35

HR-FAB-MS (NBA): m/zcalcd for GigH100N1204: 1724.7991; found: 1724.7997; Elemental
analysis (%)xalcd for GieH100N1204"C3HgO: C 80.01 H 6.09 N 9.41; found: C 80.12 H 5.90
N 9.44; UMBvis (CHCE): #nax (& cnt™ M™) 419 (845300), 515 (36100), 549 (9200), 589
(10800), 646 (4300); IR (KBr): = 2953, 2928, 2869, 1590, 1475, 1417, 1370, 1195, 1171,

1056,976, 799, 728, 660 c¢th

Synthesis 0fNio-CPDpy(OCg)

Ni(OAC),&H,0

CHCl5/toluene (3/1)

H4-CPDpy(OCg) Ni,-CPDp, (OCg)
y y

H4-CPDyy(OCs) (29.5 mg, 17 mmol) and excess amount of Ni(QAd).O dissolved in
MeOH were refluxed in 17 mL CHgtoluene (3/2v/v) under N atmosphere. After 5 days,
the reaction mixture was washed witl® M HCI, saturated aqueous solution of NaHCO
and water. The orange organic layer was dried oveb®isand evaporated. The residue was
purified by flash column chromatography (sikgal, CHCI/EtOH = 250/1 v/v). The crude
product was recrystallized from CHEGHPrOH to give the product as a orange solid (25.0 mg,
80 %).

'H NMR (CDCk, 500 MHz):%0.94 (t,J = 6.9 Hz, 12HHCH,)sCH3), 1.371.44 (m,
16H, E{CH,)3(CH,)2CHs), 1.5601.59 (m, 8HE(CH,)2,CH2(CHy).CHs), 1.95 (quinJ = 7.1 Hz,
8H, BCH,CH,(CHy)sCHz3), 4.22 (t,J = 6.5 Hz, 8H,BCH,(CH,)4CHj3), 6.60 (s, 4H, AEH),

7.21 (s, 4H, ABH), 7.81 (bBs, 8H, AEH), 8.19 (s, 4H, ABH), 8.56 (d,J = 4.6 Hz, 8H,
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pyrrole &H), 8.68 (d,J = 5.4 Hz, 8H, pyrrole%eH), 8.88 (d,J = 5.4 Hz, 8H, AEH); °C

NMR (CDCl, 151 MHz):%14.2 22.8, 26.0, 29.4, 31.8, 68.9, 73.9, 81.8, 115.8, 115.9, 117.1,
120.6, 121.1, 128.5, 132.1, 132.2, 133.0, 141.11, 1415, 141.9, 148.6, 148.7, 158.2;
HR-FAB-MS (NBA): m/z calcd for GigHoeN120O4Nio: 1836.6384; found: 1836.6384;
Elemental analysis (%) calcd for fHosN1204Ni2"0.5GHgO: C 75.48 H 5.39 N 8.99; found:

C 75.30 H 5.11 N 9.02; UBis (CHC): #nax (& cn> M™) 415 (464000), 532 (30000); IR

(KBr): ' = 2952, 2928, 2869, 1593, 1418, 1372, 1182, 1009, 796, 713, 671 cm

2.7. Supporting Information
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H4-CPDp, (OCy)

Figure S18 *C NMR spectrum of,-CPDp,(OCq) in CDCl.
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Figure S19 'H NMR spectrum oNi,-CPDpy(OCg) in CDCl.
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Ni,-CPDpy (OCg)

Figure SX20. °C NMR spectrum oNi,-CPDp,(OCg) in CDCl.
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3. Linear Assembly of a PorphyrinBCgs, Complex Confined in Vertical Nanocylinders

of Amphiphilic Block Copolymer Films

3.1. Introduction

Porphyrin derivatives, which have a planat -Hectron system and strong absorption bands
in UV to visible region, are genehgalgood electron donors in their photoexcited st&f&8.
Meanwhile, fullerenes, which have a spheritatlectron system, are excellent electron
acceptors due to their favourable reduction potential and small reorganization energy in
electron transfer eetions’** Thus, supramolecular complexes composed of porphyrins and
fullerenes have been extensively explored as artificial models for the &epgrtion in the
reaction centre of photosynthesis and as promising materials applicable for orgaaic phot
voltaics (OPVs)> From this viewpointthe authorOs groajso ha prepared cyclic porphyrin
dimers (CPDs) that can include fullerene derivatives as guest molétlil@he resulting
inclusion complexes undergo photoinduced electron transfer fronpdhghyrins to the
fullerenes to afford londjved chargeseparated states and photoelectric conver&dn.

In order to realize high efficiency of photoelectric conversion, a -erelkred
integration of a don@acceptor (@A) complex is required. Free atges derived from
photoinduced chargeeparation of a PA complex should be transported rapidly to an
electrode without quenching by unfavourable charge recombination. Hence, a linear
arrangement of aBA complex is one of the ideal morphologies for srhao&ansportation of
charges to an electrode. However, it has been rather difficult to control integratiorbaf a D
complex by a rationally designable procedure, although there have recently been few

examples for linear arrays offB complexes in photovolia systems?
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One simple attractive method to build linear arrays BARomplexes is to confine
them into onadimensional (1D) nanostructures of templates, such as vertical nanocylinders
of organic €.g.block copolymer}’ and/or inorganic materialg .@g.aluminum oxide§° This
method has the following merits: (i) flexibility of molecular design of donors and acceptors is
extended due to reduced need for-seffanizing ability of molecules, (ii) size of integrated
arrays can be controlled readily by detier and length of nanocylinders in applied templates.
In this studythe authoremployed amphiphilic liquid crystalline block copolymers REH®D
PMA(Az), (m and n mean degrees of polymerization of PEO and PMA, respectively)
(Scheme?) as template materglfor confining the inclusion complex of CPD angh @
nanocylinders. PE@b-PMA(Az), copolymers consist of hydrophilic poly(ethylene oxide)
(PEO) and hydrophobic liquid crystalline poly(methacrylate) (PMA) with azobenzene (Az)
mesogens in the side chaimlBEQ,-b-PMA(Az), films formed on substrates have hexa

gonally-arranged vertical nanocylinders of PEO domains surroundétM#(Az) matrix.*

(@]
Br
(0]
J( V\%o) PMA(AZ),
m n
PEO,, o o(CHz)HON\\
NO(CH2)3CH3

PEO,,-b-PMA(AZ),,

TEO= O~~~ O

Zn,-CPDpp,(TEO)

Scheme?. Chemical structures of PE&-PMA(AZ2),, Cso, and Zn-CPD:TEO).
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Diameter and interval of the cylindal domains can be finely controlled by the degrees of
polymerization of PEO and PMA, respectively. Moreover, the PEO cylindrical domains are
in supercooled liquid phase at room temperature, which is suitable for introduction of
molecules, metal nanopites, and ions’>"® Prof. lyoda and cavorker have recently shown

that PEQ-b-PMA(Az), copolymers function as templates for controlling arrangements of
various molecules, metals, ions and polynfétéerein,the authorepors formation of linear
assembes of a porphyriBCso complex in cylindrical PEO domains of PROG-PMA(AZz),

films by a simple methodSchemes).

&
1) Spin coating
2) Thermal annealing
|
CHCI In.
/ 3 soln PEO,-b-PMA(AZ),, film

e
© é(CHZ)ll@NN{ )—(CH,)sCH
2)3’ 3

PEO,-b-PMA(AZ),

\

~ >

1) Spin coating

2) Thermal annealing
CHClj3 soln.

SchemeB. Schematic illustration of the film preparation.

3.2. Supramolecular Formation in Mixed Films

Because porphyrin derivatives have gergrabor solubility in hydrophilic solventshe
authorhas designed and synthesized a new CPD modified with four triethylene oxide (TEO)
chains on thanesephenyl groups (ZRCPD-({TEO), Schemé’) to improve the solubility
according to the reported procedy(Scheme9).”® As a central metal of the porphyrin,

zinc(ll) ion was employed to determine the distribution of the inclusion complex composed



64

OH TEO TEO TEO

0] (if) (iif)
—_— —_— —_——
. . 82 % 80 % 89 % CHO
r r

Br Br Br CHO
T™MS
6 7 8

AN

TMS = trimethylsilyl

(iv), (v), (vi) i 8 % (3 steps)

TEO

(vii) -
Zn,-CPDph(TEO) 94 % 10: M =Zn

Scheme9. Synthetic pathway for ZRCPD-(TEO). (i) 1-Bromo-2-(2-ethoxyethoxy)ethane, KOs,
2-butanone; (i n-butyllithium, DMF, THF; (iii) trimethylsilylacetylene, Pd(OAg)PPh, NE#&; (iv)
mese6 phenyldipyrromethane, zinp-tert-butylbenzoate, TFA, DDQ, Ci€l;; (v) KF'2H,O, DMF;

(vi) TFA, CHCI; (vii) Zn(OAc),"2H,0, CH,Cly; and (viii) CuCl, pyridine, air.

of Ceo and Zn-CPD-|(TEO) (Gso! Zn,-CPD-TEOQ)) in the mixed films with PE@Db-
PMA(Az), by energy dispersive -xay (EDX) spectroscopy. Zinc ion emits characteristic
fluorescent Xray which is not observed for light elements ab, &Zn-CPD-{TEO) and
PEQq-b-PMA(AZ),..%° Fluorescent Xay of zinc detected in EDX images is expected to
indicate the location of & Zn,-CPD-TEO) in the microphasseparated PERbL-
PMA(Az), films. Furthermore, zinc porphyrins are known to work as good electron donors in
photoindwed electron transfer reactioiig.

The inclusion complex &' Zn,-CPD-(TEO) was prepared by mixing equal amount of
Ceo in a toluene solution and ACPD-(TEO) in a CHG solution and then drying. The

residual purple solid was readily dissolved in CH&d well as THF, both of which are poor



65

solvents for G without inclusion by host compounds such as CPDs. On the basis of the
photometric titration of ZRCPD-{{TEO) with Gy in toluene at 27;C, the association

constant Kasso) of Cso! Zn,-CPDe(TEO) wasdetermined to be 6.8 10° M™ (Fig. 11).%°

@ [Ceo] ® 00
425 0 uM
Kassoc = 6.0 # 104 M®1
161 P0.2 9 R =0.9999
§ 8 35uM 3 \y
© © )
2 < 0.8t 2 .
S 2 < poaf
2 < o
(o]
i
00500 420 440 N
Wavelength / nm 0.6 ®o
M L l " 1 1 1
500 600 700 800 0 1 2 3 4
Wavelength / nm [Ceol /10P5M

Figure 11. (a) UVbvis absorption changes of ZBPD-{(TEO) in the course of titration withggin
toluene at 27 iC. [ZACPD-(TEO)] = 2.0# 10P° M. The inset shows the Soret band region. (b)

Changes in the Ubvis absorbance' Abg at 424 nm. The curve was fitted by using the eq. in3@&f.

in the main text.

This high KassocValue even in toluene, which is a good solvent feg, @ieans that & is
included byZn,-CPD-(TEO) in hydrophilic medium such as the PEO domains of RBO
PMA(Az),. UVbris absorption spectrum of a thermally annealed mixed film ¢gf Zh,-
CPD-(TEO) in PEQi+b-PMA(AZ)4s (content = 1/3) showed characteristic absorption
bands at 326 and 439 nm (Fig), which are attributed to theBl absorption of thdiquid
crystalline Az mesogen (Fig21 in Sl) and the Soret band ofsdC Zn,-CPD-{(TEO) (the

blue line of Fig 11), respectively. Based on the absorbance in the film and the extinction
coefficient in solution of the Soret band, although the spectrum imitked film is slightly

broaden, the number of moles per unit aféa,f) of Ceo! Zn,-CPDo(TEO) in the PEQ-b-
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mixed film
326 —— PEO;14-b-PMA(AZ) 15 film

blackblue
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439

Absorbance
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Figure 12. UV rvis absorption spectra of (black) mixed film ofs0CZn,-CPDo(TEQO) with
PEQ1+7b-PMA(AZ)43, (blue) PEQ.+b-PMA(AZ)4; film, and(red) difference between the mixed film
and PEQ@usb-PMA(AZ)43 film at room temperature. (black) content = 1/3. Thicknessaheofilms

were 100 nm.

PMA(AZ)43 (content = 1/3) film is estimated to be*11G™° mole/cnt.?® Similarly, theNmole

of the inclsion complex in the PE@-b-PMA(Az)¢6 film (content = 1/2) is calculated to be

2 # 10™ mole/cnf. The mixed films ofZn,-CPD-{TEO) in PEOL14b-PMA(AZ)43 with

various amounts of 4 were analyzed by UBNis absorption spectroscopy (Fifj3). The
maximum vavelength (may Of the Soret band of dgfree Zn,-CPD-TEO) was 430 nm just

after film preparation by spin coating. As the amount gf iGcreased, the Soret band was
redshifted to 440 nm and decreased in intensity with an isosbestic potat 488 nm

Similar spectral changes were also observed for the mixed films after annealing as well as for
the toluene solution. These results suggestZhaiCPD-(TEO) in the PEQ-b-PMA(AZ),

films surely includes g in the molecular cavity, as shown in the caystructures othe

authorOs group@svious inclusion complexé§.
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(a) Just after film preparation (b) After thermal annealing
04 0.25
I CoofZn,CPDey(TEO) = Co0/Zn-CPDpy(TEO) =
0.20 | N
03 430 ‘ 0.15 429
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Figure 13. UVbvis absorption changes of the mixed films coated on quartz plates,«ER,
(TEO) with PEQi1+b-PMA(AZ)43 in the course of mixing of & The insets show the Soretna
region. (a) Justfter film preparatrion and (b) after thermal annealing. The concentrations,of Zn
CPD-((TEO) were fixed so thatGsp + Zn-CPD:( TEO)}(PEO block) =1/3 (w/w) when Gy/Zny-
CPD-((TEO) = 1/1 (mol/mol). Thicknesses of the films were h®Q. The all spectral data were not

corrected except background (an 1 mm thicknes quartz plate) adjustment.

3.3. Capacity of Nanocylinders

The maximum contents ofs@ Zn,-CPDo( TEO) in PEQy-b-PMA(AZ), films for keeping

the original nanocylinder structures wetetermined by atomic force microscopy (AFM)
measurements. AFM phase images of thermal annealed films coated on quartz plates are
shownin Fig. 14. The wellordered hexagonal alignment of the cylindrical PEO domains
surrounded by PMA(Az) matrix was obsernacer a wide area for all mixed films. However,

in the cases of the ratios above 1/3 REQ14-b-PMA(AZz)43 and 1/1.5 for PE&Qb-
PMA(Az)gs (Fig. 14b and14d), some domains without cylindrical structure were observed.
From these resultghe authordetemined the maximum contents to be 1/3 REOQ 14b-

PMA(Az)43 and 1/1.5 for PEQ-b-PMA(AZz)ee. It is reasonable that the long@EO domain
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(a) PEO114-b-PMA(AZ) 43 (content: 1/3) (b) PEO114-b-PMA(AZ) 45 (content: 1/2)

(c) PEO,75-b-PMA(AZ)og (content: 1/1.5) (d) PEO »75-b-PMA(AZ)g (content: 1/1)

Figure 14. AFM phase images of the mixed films 0fCZn,-CPD-((TEO) with (a,b) PEO114-
PMA(Az)4; and (c,d) PEQ@,-b-PMA(Az)gs. The contents of & Zn,- CPD(TEO) and PEQ-b-
PMA(AZz), are (a) 1/3, (b) 1/2, (c) 1/1.8nd (d) 1/1.

can accommodate relatively larger amount of the inclusion complex. On the basis of the
AFM phase images, the average diameters of thedridal PEO domains were determined

to be ca. 15 and 19 nm for the mixed films of PE®@b-PMA(Az)4s and PEQ;xb-
PMA(AZ)gs, respectively’? In addition, the AFM height profiles indicated that the average
thicknesses of the mixed films were 100 nm fothdalock copolymers. The formation of the
microphaseseparated nanocylinder structure in the mixed films was also confirmed by

grazing incidence smadingle %ray scattering (GISAXS) measureme(fsg. 15).”* The in
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Cgo! ZN,-CPDp(TEQ) in PEO114-b-PMA(AZ),43 (content: 1/3)
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Figure 15. GISAXS (a,d) 2D imagesp(e) inplane profiles, and (c,f) owtf-plane profiles of the
thermal annealed mixed films ofeC Zn,-CPD-(TEO) with (&) PEQi4+b-PMA(AZ)4; or (cEf)
PEQy-b-PMA(AZ)gs. The contents are ) 1/3 and (8f) 1/1.5. Thicknesses of the films were 130

nm.

plane profiles showed two peaks withy/1 in g-scale indicating a hexagonally arranged
structure of the nanocylindefBhe average distances between two neighboring cylin®@rs (
were calculated to be 26 nm for PE&b-PMA(Az)43 and 40 nm for PEQ-b-PMA(AZ) g6
based on the values. The numbers of cylindrical PEO domain per unit axeg) (vere
determined to be 1.# 10" for PEQ14+b-PMA(AZ)43 and 7.2# 10" cm® for PEQy2b-

PMA(AZz)¢6.”° Therefore, the amount ofs€ Zn,-CPDs{ TEO) confined in one nanocylinder
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was calculated by using the above data. One nanocylinder of the mixed filmg @ng&
CPD-(TEO) contains 8 1072 mole (400 molecules) of the inclusion complex for RE®-
PMA(AZz).s film (content = 1/3, Rj. 14a) and 3% 10! mole (2000 molecules) for PE@-b-
PMA(AZz)g6 film (content = 1/2, Figl4c). Further, on the basis of the average volumes of the
nanocylinders, the pseudoconcentrations of the inclusion complex in the cylinder are
considered to be 48nd 100 mM for PEQ+b-PMA(AZz)43 (content = 1/3) and PE&-b-
PMA(AZz)gs film (content = 1/2), respectively. These concentrations are three orders higher
than the reciprocal of the association constdlits{s)™ = 1.7 # 10 M), assuring the

inclusionof Cgo by Zn-CPD-(TEO) in the mixed films.

3.4. Linear Assembly in Mixed Films

The distribution of &' Zn-CPD-((TEO) in the microphasseparated mixed films was
analyzed by transmission electron microscopy (TEM) measurements. The hexagonally
arranged cylidrical structures were clearly observed in the TEM images of the-Raed
mixed films of bothPEQ1-b-PMA(AZz)43 and PEGQ;2>b-PMA(Az)gs (Fig. 16). Moreover, it

is notable that the microphaseparated structures were also confirmed in the images of the
unstained mixed films (Figl7). These results indicate that heavy atoms exist in the
cylindrical domains. In other words, the inclusion complex that contains zinc ion is
introduced selectively into the cylindrical PEO domains in the micropbeysaratednixed

films. However, contrary tthe authorOsxpectation, signalsfainc ions were not detected

by EDX spectroscopy for the PEO domains nor PMA(Az) matrix of the mixed films. On the
other hand, zinc signals were clearly detected in all areas of thd filire containing large

excess of ! Zn-CPD-(TEO) (Fig S23 in Sl). The absence dinc signals for the mixed
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@)
©

(b)

(d)
®

(e)

Figure 16. (a,d) TEM and (b,e) HAADFSTEM images, and (c,f) EDX spectra of the Rsained
mixed films mounted on Mo micrgrids. Analytical areas of EDX spectra are identiih the fields
of the corresponding HAADISTEM images. The block copolymersb{a PEQ14b-PMA(AZz)43 and

(dEX) PEGy,7-b-PMA(AZ)g6, the contents: ) 1/3 and (8Y) 1/1; the acceleration voltage: 200 kV.
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Figure 17. (a,d) TEM and (b,e) HAADFSTEM images, and (c,f) EDX spectra of the unstained
mixed films mounted on Mo micrgrids. Analytical areas of EDX spectra are identical with the fields
of the corresponding HAADISTEM images. The block copolymersb{a PEQ1+b-PMA(AZ)43 and

(dEX) PEGy,7-b-PMA(AZ)g6 the contents: @) 1/3 and (8Y) 1/1; the acceleration voltage: 200 kV.
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films of the appropriate content ofs¢C Zn,-CPD-{ TEO) would be due to the fact that the
intensity of fluorescent Xay of zinc was at enough for the EDX analysis.

We thereforeapplied thermal analysis as another method to confirm the selective
introduction of Go! Zn,-CPDs((TEO) into PEO domains in the microphasparated mixed
films. On cooling processes, both PEED-PMA(Az)43 and PEGy72-b-PMA(AZ)9s have the
following phaserainsitions: (i) from an isomeric phase (Iso) to a smectic A phase (SmA) of
the PMA(Az) matrix atca. 120 iC, (ii) from a smectic C phase (SmC) to an unknown
smectic phase (SmX) of the PMA(Az) matrix at 80 jC, (iii) freezing transitions of the PEO
domains &ca. 30 andER0 C (Fig.S24 in S)).”® We have carried out differential scanning
calorimetry (DSC) analysis of the mixed films to investigate effects of the inclusion complex
on these phase transitions. Obtained results are shown .ili&@nd 19. The tansition
temperatures of the PEO domains decreased clearly as the increggeZobCPD-{TEO).

On the other hand, the Isa SmA and SmC$ SmX transition temperatures of the
PMA(Az) matrix indicated only slight changes indepenidof the content. Thes®ntrastive
results strongly suggest that the inclusion complex exists selectively in the cylindrical PEO

domains of the mixed films rather than the PMA(Az) matrix.

3.5. Conclusion

The author has demonstrated formation of linear assemblies of the inclusiplexaiGs

and oligoethesubstituted cyclic porphyrin dimer in vertical cylindrical PEO domains in the
microphaseseparated PE@b-PMA(Az), films by a simple method. The method consists of
only spin coating of the mixed solution and thermal annealingd AGISAXS, and TEM

measurements revealed that the inclusion complex can be incorporated into thé-PEO
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PMA(Az), films with keeping the original nanocylinder structures under the conditions of
within the appropriate contents, which were 1/3 REOQ 1-b-PMA(AZ)43 and 1/1.5 for

PEQy-b-PMA(AZ)¢6. In addition, TEM and DSC analysis confirmed the selective confine

(a) CGOH an-CPDph(TEO) + PE0114-b-PMA(AZ)43 (b) CGO“ an-CPDph(TEO) + PE0114-b-PMA(AZ)43
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Figure 18. Transition temperature changes of (a,c) the freezing transitions of the PEO domains and
(b,d) the Iso$ SmA and the Sm@ SmX transitions of the PMA(Az) matrix on the 1st cooling
process in the course of mixing o§CZn,-CPD-(TEO) into PEQ-b-PMA(AZ),. The ranges of the
contents were (a,b) 0/1 ~ 1/1 and (c,d) 0/1 ~ 1/0.5. The lacks of data points are due to the absence of
clear transition peaks. The temperatures and the standard deviations were calculated from three

measurements for every sample.
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(a) CGOH an-CPDph(TEO) + PE0114-b-PMA(AZ)43

Heat flow / mJ mg&t

Heat flow / mJ mg&t

PEO I
P15 -
P10 I
ps |2 I
0
0/1 1/10 1/5 1/3 1/2 1/1
Content
(C) Ceo“ an-CPDph(TEO) + PE0272-b-PMA(AZ)96
P20
PEO
P15
P10
b5 |
x
O 1 1 1 1 1 1
0/1 1/10 1/5 1/2 1/1 1/0.5
Content

(b) CGOH an-CPDph(TEO) + PEOll4-b-PMA(AZ)43
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Figure 19. Transitionenthalpychanges of (a,c) the freezing transitions of the PEO domains and (b,d)

the Iso$ SmA and the Sm@& SmX transitions of the PMA(Az) matrix on the 1st cooling process in

the course of mixing of & Zn,-CPD-{TEO) into PEQ-b-PMA(Az),. The ranges of the comtes

were (a,b) 0/1 ~ 1/1 and (c,d) 0/1 ~ 1/0.5. The lacks of data points are due to the absence of clear

transition peaks. The enthalpies and the standard deviations were calculated from three measurements

for every sample.

ment of the inclusion complex ithe cylindrical PEO domains in the mixed films. These

successful results offer promise for the template method to buildovagted onalimen

sional arrays of organic photovoltaic materials.
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3.6. Experimental Section
Generalinformation
Reagents and solvenof best grade available were purchased from commercial suppliers and
were used without further purification unless otherwise noted. Diidedimethylformamide
(DMF) was obtained by distillation from Caldnder a reduced pressuBxied triethylamine
(NEt;) was obtained by distillation from Caldnder a N atmosphere after being stirred with
KOH for overnight. Dried tetrahydrofuran (THF) was obtained by distillation from Na and
benzophenone under a Btmosphere.

Nuclear magnetic resonance (NMR) speatrere recorded onnaAVANCE Il 600
spectromete(Bruker, Germany)The resonance frequencies &@0 and 151 MHz forH
and *C, respectively Chemical shifts were reported 4svalues in ppm relative to tetra
methylsilane. Highresolution fast atom bomidment mass spectra (HRAB-MS) were
measured with -Bitrobenzyl alcohol (NBA) as a matrix and recorded on an iAS110
spectrometer (JEOL, Japan). Ultravidlasible (UVBvis) absorption and fluorescence
spectra were recorded on an {2800PC or a RB30MPC spectrometer (Shimadzu, Japan),
respectively. Infrared (IR) absorption spectra were recorded on a FTS6000 spectrophotometer

(Bio-Rad, USA). Differential scanning calorimetry (DSC) measurements were carried out at
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a rate of 10.0 C/min under aldtmosplere by using an EXSTAR-®SC7000 calorimeter

(Hitachi High-Tech Science, Japan).

Characterization of the films

Atomic force microscopy (AFM) measurement was carried out to observe the topographies
of the thin films by using a Cypher scanning probe mi@psdAsylum Research, USA) in

an AC modei(e. tapping mode) with an AC55TS or an AC160TS micro cantilever (Olympus,
Japan).

Grazing incidence smadingle Xray scattering (GISAXS) was measured using a
NancViewer setup with a twalimensional detector PILRUS (Rigaku, Japan). The-bay
experiment was performed using a Cd Kadiation beam!( = 1.541 ), which was
converged and monochmatized by a Confocal Max Flax (CMF) mirror. Theray
generator was a Micro7 rotating anode generator (Rigaku, Japanpulfhé current and
voltage were set for 40 kV and 30 mA, respectively. The diameter of tfey Yeam
controlled by a threslit optical system was set to 250 mm. The incidence angle of-tag X
was set taca. 0.2 to obtain irplane signals effectivelyDetails can be found in relc.

Transmission electron microscopyfEM), high angle annular dark-field scanning
transmission electron microscopy (HAAESTEM) observationsand energy dispersive
X-ray (EDX) spectroscopyanalyses were carried out by usingiE&v-2100 (JEOL, dpan

with dry SD30GV(JEOL, Japangletector. The acceleration voltage was 200 kV.

Thermodynamics measurement

Differential scanning calorimetry (DSC) measurements were carried out at a rate of
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10.0 jC/min under a Natmosphere by using &XSTAR X-DSC7000 calorimeter (Hitachi
High-Tech Science, Japan). The samples were prepared by drying og €bl@ions of

PEQn-b-PMA(AZ), with Cgo! Zn,-CPD-(TEO) on aluminium pans.

Sample preparation

A series of PE@Db-PMA(Az), block copolymers were sigsnatically synthesized using
atom transfer radical polymerization (ATRP) from a RE®acroinitiator (n = 114 or 272)
based onProf. lyoda and cavorkerOgrevious work* The molecular weightMy) and
polydispersity §./M,) were determined fromH NMR and GPC measurementsespect
tively.

The mixed films were prepared by the spin coating on GM@kheequartz plates or
flesh surfaces of mica substrates from CH€MWlutions of PE@-b-PMA(Az), with Zn,-
CPD-(TEO) or Go! Zn,-CPDs(TEO) for 30 sec at rates of 1000 or 2000 rpm for GISAXS
or except GISAXS, respectively. The concentration of RE®MA(Az), was 1/100 (g/mL).

The film thicknesses werea. 130 (1000 rpm) and 100 nm (2000 rpm). The thermal
annealing was carrienut at 140 jC for 2 hours in vacuo. After heating, the films were cooled
to 120 jC slowly oveca.20 min in vacuo and then cooled to room temperature rapidly under
an air atmosphere.

The samples for TEM analysis were prepared subject to the followingdunax The
thermal annealed mixed films on mica substrates easily peeled from the substrates by soaked
in water, transferred onto supporting membieoated Mo micregrids (Nissin EM, Japan),

and then exposed on Ry@apor using 0.5 wt% Rufaqueous solubh at room temperature.
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Synthesis of 1,Dibromo-5-[2-(2-ethoxyethoxy)ethoxy]benzeneq)

OH TEO

K,CO3 _. .0 o

+ /\O/\/O\/\Br - s TEO—\{ TN TN
2-butanone

Br Br

Br Br
6

3,5-Dibromophend¥ (23.1 g, 91.7 mmol),-bromo2-(2-ethoxyethoxy)etharfa(15.8 g, 80.2
mmol), and ground ¥COs; (28 g, 0.20 mol) were refluxed inlfutanone (200nL) under a N
atmosphere for 24 hours. After confirming the disappearance-lwbrihc2-(2-ethoxy
ethoxy)ethane byH NMR, 1-bromohexane (4.2 mL, 30 mmol) was added and the reaction
mixture was refluxed again for 2 hours. The resulted mixture was paureatér (500 mL)
and extracted with C}l, (150 mL# 3). Combined organic layer was dried oven3a,
and then evaporated. The crude product was purified by column chromatographgésilica
n-hexane/acetone = 10/1) to give the target compound as are@iaf24.1 g, 82 %).

'H NMR (DMSO-ds, 600 MHz):" 1.09 (t,J = 7.2 Hz, 3H,80(CH,CH,0),CH,CH),
3.42 (9, J = 7.2 Hz, 2H, BO(CH,CH,O),CH,CHs), 3.48 (t, J = 4.8 Hz, 2H,D
O(CH,),O0CH,CH,0C;Hs), 3.56 (t,J = 4.8 Hz, 2H,B0(CH,),OCH,CH,0OC;Hs), 3.71 (t,J =
4.8 Hz, 2H,BOCH,CH,O(CH,),0CHs), 4.15 (t,J = 4.2 Hz, 2H,BOCH,CH,O(CH,) OC:Hs),
7.21 (d,J = 1.2 Hz, 2H, AEH), 7.37 (brs, 1H, AEH); *C NMR (DMSOds, 151 MHz):"
15.1, 65.6, 68.1, 68.7, 69.2, 69.9, 117.1, 122.8, 125.6, 160-EABRMS (NBA): nVz calcd
for CioH17Br,0s: 366.9544; found: 366.9582; IR (pil$ = 3079, 2974, 2929, 2878, 2360,

1585, 1559, 1437, 1420, 1298, 1257, 1232, 1112, 1058, 988, 956, 832, 7447669 cm

Synthesis of3-Bromo-5-[2-(2-ethoxyethoxy)ethoxy]benzaldehyde?)

TEO TEO

1) n-BuLi, THF
—_—
2) DMF
Br Br Br CHO

3) H,0
6 7
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The dibromides (12.3 g, 33.4 mmol) was added into a thneekedroundbottomflask and
the flask was charged with,NThen, dried THF (330 mL) was added into the flask under a
N, atmosphere and the resulted solution was coold/8iC. To this solutionnp-butyl-
lithium (2.69 M solution inn-hexane, 12.4 mL, 33.4 mmolas added dropwise over few
minutes. An hour later, excess dried DMF (20 mL, 0.26 mol) was added to the resulted
mixture. After warming the solution to room temperature, the reaction mixture was quenched
with water, poured to water, and extracted withGIH100 mL # 2). Combined organic
layer was dried over N8O, and then evaporated. The crude product was purified by column
chromatography (silicgel, n-hexane/EtOAc = 3/1) to give the target compound as a yellow
oil (8.50 g, 80 %).

'H NMR (DMSO-ds, 600MHz): " 1.09 (t,J = 7.2 Hz, 3H,B0(CH,CH,0),CH,CH3),
3.42 (9, J = 7.2 Hz, 2H, BO(CH,CH,O),CH,CHs), 3.49 (t, J = 4.8 Hz, 2H,D
O(CH,),O0CH,CH,0C;Hs), 3.58 (t,J = 4.8 Hz, 2H,B0(CH,),OCH,CH,0OC;Hs), 3.75 (t,J =
4.8 Hz, 2H,;B0CH,CH,0O(CH,),0CHs), 4.21 (t,J = 4.8 Hz, 2H,BOCH,CH,0(CH,)OC;Hs),
7.46 (brs, 1H, ArH), 7.52 (brs, 1H, AEH), 7.65 (brs, 1H, AEH), 9.93 (s, 1HPCHO); *C
NMR (DMSO-ds, 600 MHz):" 15.1, 65.6, 68.1, 68.7, 69.2, 70.0, 114.1, 122.9, 123.3, 124 .4,
138.8, 159.9, 191.8; HRAB-MS (NBA): nVz cdcd for C3Hi1sBrO4: 317.0388; found:
317.0356; IR (oil):$ = 3385, 3076, 2974, 2930, 2876, 2727, 2362, 1702, 1592, 1571, 1448,

1385, 1317, 1272, 1113, 1060, 994, 948, 886, 849, 795, 681 cm
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Synthesis of3-[2-(2-Ethoxyethoxy)ethoxy}5-[2-(trimethylsilyl )ethynyl]benzaldehyde 8)

TEO

TEO
Pd(OAC),, PPh;
+ H—=—TMS
NEt3 H
Br CHO & cHO
8

T™S

A solution of7 (9.58 g, 30.2 mmol), palladium(ll) acetate (68 mg, 0.30 mmol), and triphenyl
phosphine (0.17 g, 0.66 mmol) in dried triethylamine (30 mL) was degassed with a stream of
N, for 30 min. Then, trimethylsilylacetyler{(6é.2 mL, 45 mmol) was added. The mixture was
heated rapidly to 80 jC, and then stirred for 18 hours under @rbsphere. The resulted
mixture was cooled to room temperature and the white precipitation was removed by
filtration. The dark brown filtrate as evaporated and then purified by coluamomate
graphy (silicagel, n-hexane/EtOAc = 3/1) to furnish the product as a thick brown oil (9.01 g,
89 %).

'H NMR (DMSO-ds, 600 MHz):" 0.25 (s, 9HESi(CH3)3), 1.09 (t,J = 7.2 Hz, 3HD
O(CH,CH,0),CH,CHs), 342 (q,J = 7.2 Hz, 2HB0(CH,CH,0),CH,CHs), 3.48 (t,J = 4.8
Hz, 2H, BO(CH,),OCH,CH,OCHs), 3.58 (t,J = 4.8 Hz, 2H,BO(CH,),OCH,CH,OC;Hs),
3.75 (t, J = 4.8 Hz, 2H, BOCH,CH,O(CH,),0OCHs), 4.20 (t,J = 4.8 Hz, 2H,D
OCH,CH,O(CH,)OC;Hs), 7.387.33 (m, 1H, ArH), 7.447.45 (m, 1H, ABH), 7.57 (t,J =
1.2 Hz, 1H, AEH), 9.95 (s, IHECHO); **C NMR (DMSQOds, 151 MHz):" £0.3, 15.1, 65.6,
67.9, 68.8, 69.2, 70.0, 95.6, 103.6, 115.2, 122.7, 124.2, 125.7, 137.8, 159.0, 192.3,;
HR-FAB-MS (NBA): myz calcd for GgH,704Si: 335.1679; found: 335.1674; IR (0i.=
3387, 2962, 2872, 2728, 2340, 2330, 2162, 1705, 1588, 1457, 1381,1299, 1251, 1169,

1117, 1067, 847, 794, 763, 679%m
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Synthesis of 5,15Di{3-[2-(2-ethoxyethoxy)ethoxy}5-ethynylphenyl}-10,20diphehyl-
porphine (9)

TEO
1) zinc p-tert-butylbenzoate, TFA, CH,Cl,

2) DDQ

KF&2H0 TFA
——> M=Zn,R=H — M=H, R=H
DMF CHCl,
10 9

M =2Zn,R =TMS
11

A solution of 8 (1.03 g, 3.08 mmol)mesephenyldipyrrometharié (667 mg, 3.00 mmol),
and zincp-tert-butylbenzoate (2.52 g, 6.00 mmol) in &H, (600 mL) was degassed with a
stream of N for 40 min. To the solution, trifluoroacetic acid (0.54 mL, 7.2 mmol) was added
and stirred under af\itmosphere under a dark. After 3 hours;d¢hloro-5,6-dicyanc 1,4
benzoquinone (1.02 g, 4.49 mmol) was added and the mixtures was stirred for an hour. After
neutralization with NEt(1.2 mL, 7.5 mmol), the resulted mixture was diluted with GHCI
(300 mL), poured to water (500 mL), and then extracted with €HZDO mL # 2).
Combined organic layer was dried over.8@ and then evaporated. The scrambled
porphyrin derivatives were removed by column chromatography (géaCHCEEtOAC =
50/1 to 1/1) and then flash column chromatography (sijjedla CHCE) gave the crude
{5,15-bis{3-[2-(2-ethoxyethoxy)ethoxyb-[2-(trimethylsilyl)-ethynyl]phenyl} 10,20 diphen
ylporphininato}zinc(ll) @1) as a purple solid.

To remove the trimethylsilyl groups, the crutie and KF2H,O (0.25 g, 2.7 mmol)

were dissolved in DMF (15 n)l. and the solution was stirred overnight under a N
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atmosphere. The resulted mixture was diluted with benzene (200 mL) and then washed with
water (150 mL# 3). The organic layer was dried over,N@y and then evaporated to give

the crude {5,150is{3-[2-(2-ethoxyethoxy)ethoxyb-ethynylphenyl}10,2Gdiphehytporpht
nato}zinc(ll) (10) as a purple solid.

To removethe zinc ions of the porphyrin, trifluoroacetic acid (3.5 mL, 47 mmol) was
added to the solution of the crud® in CHCk (100 mL) and then stirceunder a N
atmosphere for an hour. After quenching with NEO mL, 72 mmol), the resulted mixture
was diluted with CHGI (50 mL) and then washed with water (200 #l2). The organic
layer was dried over N8O, and then evaporated. The residue was jeariby column
chromatography (ADs;, CHCL) and then recrystallized from GEI,/MeOH to give the
terminal acetylensubstituted fredase porphyrin monoméras a purple powder (118 mg,
8%).%

'H NMR (CDCkL, 600 MHz):" £2.80 (bks, 2H, ENH), 1.22 (t,J = 7.2 Hz, 6H,D
O(CH,CH,0),CH,CH3), 3.18 (s, 2H, BC¥CH), 355 (q,J = 7.2 Hz, 4H, b
O(CH,CH,0),CH,CHg), 3.66 (t,J = 4.8 Hz, 2HBPO(CH,),OCH,CH,OC,Hs), 3.79 (t,J = 4.8
Hz, 2H, BO(CH;),OCH,CH,OC;Hs), 3.99 (t,J = 4.8 Hz, 2H,BOCH,CH,0(CH,),OC,Hs),
4.38 (t,J = 4.8 Hz, 2H,BOCH,CH,O(CH,)OC;Hs), 7.52 (s, 2H, AH), 7.797.84 (m, 8H,
ArEH), 8.01 (s, 2H, AEH), 8.25 (d,J = 7.2 Hz, 4H, AEH), 8.90 (brs, 8H, pyrrole?&H); *C
NMR (CDCk, 151 MHz):" 15.3, 66.9, 68.1, 69.9, 70.0, 71.2, 83.8, 117.6, 118.8, 120.5,
121.4, 122.6, 126.9, 127.9, 131.3, 134.7, 142.1, 143.7, 157 -EABRMS (NBA): n/z calcd
for CeoHs4OsN4: 926.4043; found: 926.4038; WVis (CHCE): ! max (& cnf™ M™) = 420
(401000), 516 (17000), 550 (6200), 590 (5100), 645 (2900) nm; IR (¥Br)3291, 338,

2971, 2921, 2867, 1581, 1474, 1441, 1420, 1351, 1320, 1296, 1242, 1194, 1173, 1113, 1066,
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1031, 1000, 972, 921, 869, 802, 760, 733, 702, 658.cm

Synthesis of {5,15Di{3-[2-(2-ethoxyethoxy)ethoxy}5-ethynylphenyl}-10,20diphehyl-

porphinato}-zinc(ll) (10)

CH,Cl,

Zn(OAc)"2H,0 (0.12 g, 0.50 mmol) dissolved in MeOH (2 mL) was added to a solut@n of
(49 mg, 50 mmol) in CkCl, (50 mL). The resulted solution was refluxed under a N
atmosphere for 2 hours and then cooled to room temperature. The reaction mixture was
diluted with CHCI; (100 mL), washed with water (100 nit 3), dried over Ng5Oy, and
then evaporated. The residue was purified by column chromatography -¢glic&€HC}/
EtOAc = 100/1 v/v). The combined eluate was evaporated to give the product as a purple
solid (48 mg, 92 %).

'H NMR (CDCk, 600 MHz):" 1.16 (t,J = 7.2 Hz, 6HB0(CH,CH,0),CH,CHs), 3.12
(s, 2H,BCUCH), 3.50 (gJ = 7.2 Hz, 4HBPO(CH,CH,0),CH,CHs), 3.60 (t,J = 4.8 Hz, 4HP
O(CH,)20CH,CH,0CHs), 3.74 (t,J = 4.8 Hz, 4HB0(CH,),0CH,CH,0C,Hs), 3.93 (t,J =
4.8 Hz, 4HBOCH,CH,O(CH,),OCHs), 4.33 (t,J = 4.8 Hz, 4HBOCH,CH,O(CH2)OCoHs),
7.47 (s, 2H, ABH), 7.747.80 (m, 8H, ABH), 7.96 (brs, 2H, AEH), 8.21 (dJ= 7.8 Hz, 4 H,
ArgH), 8.948.95 (m, 8H,pyrrole %H); **C NMR (CDC}, 151 MHz):" 15.2, 66.8, 68.1,

69.9, 70.0, 71.1, 83.9, 117.5, 119.8, 121.2, 121.5, 122.4, 12677, 131.3, 132.0, 132.4,
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134.6, 134.6, 134.6, 142.8, 144.4, 150.0, 150.5, 157.0FABRMS (NBA): mvz calcd for
CeoHs206NsZn: 988.3178; found: 988.3218; WMs (THF): !max (& cnf™ M®) = 425
(593000), 556 (22000), 595 (6300) nm; IR (KBB)= 3441, 328, 2971, 2925, 2869, 1580,

1486, 1419, 1342, 1180, 1112, 1071, 1002, 938, 872, 820, 799, 767, 720, 7027663 cm

Synthesis 0fZn,-CPDpr(TEO)

TEO TEO
W
—_—
Q pyridine, air

Vi W
N
g

10

H

Zn,-CPDpy(TEO)

Copper(l) chloride (4.0 g, 40 mmol) was added to a solutidit0@¢i35 mg, 0.136 mmol) in
pyridine (600 mL) wih continuous stirring. The reaction mixture was stirred overnight at
80 jC under an air atmosphere. After cooling to room temperature, aqueous ammonia (14 %,
200 mL) was added and then, @as bubbled into the mixture for 30 min. The resultant
mixture was duted with CHC} (300 mL), washed with aqueous ammonia (14 %, 30G4mL
2), dried over Ng5Qy, and then the solvent was evaporated. The purple residue was purified
by GPC (BieBeads, CHCL) and then recrystallized from GEl/MeOH to give the
product as aurple powder (24 mg, 18 %).

'H NMR (CDCk, 600 MHz):" 1.18 (t,J = 7.2 Hz, 12HPO(CH,CH;0),CH,CH3), 3.52
(g, J = 7.2 Hz, 4H, BO(CH,.CH,O),CH,CHs), 3.63 (t, J = 4.8 Hz, 2H, D
O(CH,),0CH,CH,0C;Hs), 3.76 (t,J = 4.6 Hz, 2H,BO(CH,),OCH,CH,0OC;Hs), 3.98 (t,J =

4.8 HZ, 2H,mCH2CﬂgO(CH2)20C2H5), 4.39 (t,J =4.8 HZ, 2H,mCHgCH20(CH2)OC2H5),
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7.04 (s, 4H, AEH), 7.21 (s, 4H, AEH), 7.65 (t,J = 7.2 Hz, 4H, AEH), 7.7(67.76 (m, 8H,
ArEH), 7.94 (d,J = 6.6 Hz, 4H, AEH), 8.07 (d,J = 6.6 Hz, 4H, AEH), 8.17 (s, 4H, AEH),
8.7F8.75 (m, 16Hpyrrole%H); **C NMR (CDds;, 151 MHz):" 15.3, 66.9, 68.2, 70.0, 70.0,

71.2, 74.5, 83.6, 114.4, 119.0, 120.2, 120.5, 121.2, 126.6, 127.6, 131.8, 132.3, 134.4, 135.9,
142.6, 144.2, 149.6, 150.1, 157.5; #fRB-MS (NBA): m/z calcd for GaogH100012NsZny:
1972.6044; found: 1972.6105; Wvis (THF): ! max (& cnP M™) = 424 (1015000), 557
(40000), 597 (10500) nm; IR (KBr§ = 3436, 2971, 2928, 2871, 1579, 1415, 1323, 1296,

1229, 1197, 1178, 1112, 1069, 1003, 959, 872, 819, 720, 781 cm

3.7. Supporting Information

I'5
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Figure S21. UVBvis absorfion changes of (black) PEQ-b-PMA(Az)s;; and (red) PEQ.b-

PMA(AZz)gs films by thermal annealing. Thicknesses of the films were 100 nm. Deep color: just after

film preparation; light color: after thermal annealing.
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() Ceo" ZNy-CPDpy(TEO) in PEO;4-b-PMA(AZ) 43 (b) Cgo" ZN,-CPDpp(TEO) in PEO 57,-b-PMA(AZ)os
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Figure S22. UVBvis absorption chamg by thermal annealing of mixed films s Zny-
CPD-{TEO) with (a) PEQirb-PMA(AZ),; and (b) PE@,-b-PMA(AZz)gs that made by various
content ofCeo! ZNn,-CPDs(TEO) and PEO blocKrhicknesses of the films were 100 nm. Deep color:

just after film preparation; light color: after thermal annealinge Tcontents are shown in the

maghnified spectra.
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@)
©

(b)

(d)
®

(e)

Figure S23. (a,d) TEM and (b,e) HAADFSTEM images, and (c,f) EDX spectra of the Re@ined
mixed films mounted on Mo micrgrids. Analytical areas of EDX spectra are identical with the fields
of the coresponding HAADFSTEM images. The block copolymers:dpPEQ;+b-PMA(AZ),43 and

(d-f) PEOGy7-b-PMA(AZ)gs; the contents: (&) 10/3 and (ef) 10/1; the acceleration voltage: 200 kV.
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(a) PEO]_14-b-PMA(AZ)43 (b) PE0272-b-PMA(AZ)96
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Figure S24. DSC 1st cooling curves of a) PE@b-PMA(Az)4; and b) PEG-b-PMA(AZz)e. The
cooling rate was 10.0 {C/min. and & denote the $s0SmA and SmCF SmX transition of the

PMA(Az) matrix, respectively. * denotes the freezing transition of the PEO domain.



Figure S25. *H NMR spectrum ofl in DMSO-ds at 25 iC.
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Figure S26. *C NMR spectrum of in DMSO-ds at 25 C.



Figure S27. *HB'H COSY spectrum of in DMSO-dg at 25 C.
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Figure S28. *H NMR spectrum of2 in DMSO-ds at 25 iC.
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Figure S29. *C NMR spectrum of in DMSO-ds at 25 C.
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Figure S30. *HB'H COSY spectrum of in DMSO-dg at 25 iC.
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Figure S31. *H NMR spectrum o3 in DMSO-ds at 25 iC.
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Figure S32. *C NMR spectrum o8 in DMSO-ds at 25 C.



Figure S33. *HB'H COSY spectrum o8 in DMSO-dg at 25 C.
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Figure S34. 'H NMR spectrum o# in CDCl at 25 iC.
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Figure S35. *C NMR spectrum oft in CDCl at 25 iC.
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Figure S36. *HB'H COSY spectrum of in CDCl at 25 iC.



Figure S37. *H NMR spectrum of in CDCl at 25 iC.
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Figure S38. *C NMR spectrum o6 in CDClL at 25 C.
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Figure S39. 'HB'H COSY spectrum ob in CDCk at 25 C.
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Figure $40. *H NMR spectrum ofZn,-CPDpp(TEO) in CDCk at 25 iC.
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Figure $41. *C NMR spectrum oZn,-CPDp,(TEO) in CDCk at 25 C.
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Figure $42. *"HB'H COSY spectrum oZn,-CPDpr(TEO) in CDCl; at 25 iC.
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14K (A+ x)#\/a; K oo A+ X)E 24K AX
2K__A

assoc

I Abs=L"

whereA and X are [Host} and [Guest], respectivel; L is &Absat 100 % complexatiori; and

Kassocare treated as fitting parameters.

The content of ¢! Zn,-CPD-{TEO) in the polymer films is expressed as the mixing weight
ratio of the inclusion complex to the PEO domdies{Cgy Zn,-CPD-TEO)}{PEO block in

PEQ,-b-PMA(AZ),} (w/w).

The number of moles per urteaof Cgo! Zn,-CPDo( TEO) in the mixed film(Nmote, mole/cr‘r’f)
is estimated by the following equation:

N — Ab%ilm
mole 11 10°

where Absin, IS maximum absorbance of the Soret band of the mixed ®lmf Cg! Zn,-

CPD-{TEO)in solution isca.5 # 10° cm™ M#.
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_ 2 10"
31 D2

whereD (nm) is the average distance between two neighbouring cylinders.
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of 4in MeOH at the recrystallization.
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4. Conclusion

In these studies, the author h@ged photodynamics property improvements alivtear
integration with nanocylindricalblock copolymer templates of inclusion complexes
composed of fullerenes and cyclic porphyrin din{&ts-CPD, M = H or Ni).

Recently reported inclusion complex composed of pristing &d H-CPDsy
(Cea! Hs-CPDyy) underwent electron transfer (ET) from the fbeese porphyrin to the
included Go by the photoexcitation. However, the lifetime of the resultant chsegarated
(CS) state !I(CS)) was very short (0.47 ns) probably because its energy E\@E), 1.83
eV) is higher than i of triplet excited state of each chromophara. (.5 eV). On the other
hand, the inclusion complex composed of pristigga®d Nb-CPDyy (Ceo! Ni-CPDry) did
not show the expected CS state in contrasIetb H,-CPDyy. Possible reasons why the CS
state was not formed are that E&CS) (1.98 eV) is still higher timathat of triplet excited
stateof each chromophore similar tosdC Hs-CPDyy, and the singlet excited state of the
nickel porphyrin immediately gives rise to the triplet excited state by the rapid intersystem
crossing kisc > 102 s7), followed by ET to &brd the lowenergy triplet excited states of
Cso-

To extend the CS lifetimes, the author employed a lithium cation encapsulated C
(Li*@Gs0) instead of pristine £, which has a stronger electron accepting ability fhréstine
Cso Whereas the energy level of its triplet excited st&i¢ i6 same agristine Ceo. Li* @ Cso
successfully included within both 4#CPD,(OCs) and Np-CPD-(OCs) in benzonitrile
(PhCN). Electrochemical measurements revealed that the estimated CS enerdies of

inclusion complexes (L@Cso! Hs-CPD(OCs) and Li@Ced! Ni-CPDy(OGCs)) are lower
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than the triplet excited statef each chromophoreBoth Li'@GCso! Hs-CPD-(OCs) and
Li"@GCso! Ni-CPDp(OCs) underwent photoinduced ET am(CS) were determined to be
0.50 and0.67 ms, respectively, by using transient absorption spectroscope$(CS) of
Li"@GCso! Hs-CPDry(OCs) Was 16 times longer than that dEe! H4-CPDyy (vide infra).
These remarkable lonGS lifetimes are the longest valuesver reported for nenovalent
porphyrirEfullerene supramolecules in solution atind lower CS energies than the triplet
energy of each chromophore.

On the other handhe authorOs groupsh@ecently reported that single crystal of
Ceo! Ha-CPDryy gives a onalimensional zigzag array ofg§through van der Waals contacts.
Similarly, a single crystal of g! Ni-CPDsy givesa selfassembled nanotube of MCP Dby
and a linear array of o These elegantrystal structures are suitable fothe charge
transportation on organic photovoltai®©PVs). However,it is difficult and costly thatan
OPV devise igprepared which paved witimanysmall singlecrystals.Therefore, the author
employed a template methoditdegrate the inclusion complegadilyon a large area

As the templateamphiphilic block copolymer PEQ-b-PMA(Az), were employed.
PEQ.-b-PMA(Az), copolymers consist of hydrophilic poly(ethylene oxide) (PEO) and
hydrophobic liquid crystalline poly(methacrylate) (PMA) with azobenzene (Az) mesogens in
the side chains. PEEb-PMA(AZz), films formed on substrates have hexagonatianged
vertical nanoclnders of PEO domains surrounded by PMA(Az) matkboreover, the PEO
cylindrical domains are in supercooled liquid phase at room temperature, which is suitable
for introduction of molecules, metal nanopatrticles, and ions.

To introduce the inclusion congdes composed of CPD and fullerenaso the

cylindrical PEO domainghe author has designed and prepareatew CPD modified with
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four triethylene oxide (TEO) chains (Z€PD-(TEO)). Cso was efficiency included within
Zny-CPD(TEO) not only in solutiorbut also the mixed films with PEEb-PMA(AZz),, and
the resultant inclusion complex (€ Zn,-CPD-{(TEO)) had good solubility in THF
Ceo! Zn-CPDo((TEO) can be incorporated into the RE®PMA(Az), films with keeping
the original nanocylinder structuresder the conditions of within the appropriate contents.
Additionally, Gso! Zn,-CPD-(TEO) was selectively introducenhto the cylindrical PEO
domains in the microphaseparated mixed film3he mixed filmscan be prepared by a very
simple method.

The autlor expects thathese successfuésultscontribute tothe practical usef OPV

devises.
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Cydic nickd andfree-base porphiyr dimers (No-CPDsy and H-CPDyy) indudefull erene Gy bothin sdution and
in the crystks. Based on théC NMR spectrain sdution, theinduded G moecue indde the caity of Nip-CPDby
shows both end-on anddg-on oientatons, whereas the;gmalecue within H;-CPDyy has oty a dde-on orentaton
toward the porphyn rings. X-ray crysthography revdad bothGend-orDandGide-orOorientatons d Cyqin the crysth
structure 6 the induson compex d Ni»-CPDsy and Go. This is the brst exampe o an X-ray crysthograplic
deterninaion for an end-on dentaton o C;g cocrystdized wth porphyins. On the other hand, gna dde-on
orientaton d C;owas observeih the crysthstructure bthe compex o Hs-CPDsy and Go. Further, aigzag array bCrq
madecudes through van der Weacontacts wh each others formed #ong the mondcenic b axis in thelatter crysta

Since the @scovery and praiatd synthess of Cgg and Gyt
much atteribn has been pd to thefullerenefamily in saéence
and techntogy? Next to G Cro (Scheme 1)is the most
stabbe and abundarfullerene. However, compared tgyCthe
symmetry & C;g is loweredfrom I, to Dy, with an dli psadd
shape b the longer (ca. 8.8) and shorter (ca. 74) axes.
There has been a graaterestin the réationshp between the
anisotropc structure anéhteracitons d C;q, becauselectronc
states b nano-carbon matets are genetly domnated by
forms and mutdanteracions d their | planes® For examge,
some reports suggest that carbon nanotirmbsding dli psa-

Ni,-CPDpy: M = Ni
H4'CPDpy M= HZ

Scheme 1.Molecuar structures foCz and cydic porphyin
dimersin this study.

dd C;o mdecuesinsde thér one-dmensond channés (so-
cdled (peapod) have dl erent éectronic states depeiug
upon the &le-on and end-on @ntatons d encapslated Go.*
However,it is stll di" cult to contrd the ofentaton o C7gin
ddiberate manner, becausey,@s composed foonly carbon
atoms and has nfunciond groups.

One sdution for this probem is to appy host guest
chenistry; thatis, use b a sutabde hostbxing G, Porphyin
deiivatives are partularly attracive components the deiggn
of host mdecues for fullerenes. Many crysté structures b
C;o cocrystdlized with porphyin monomers have been
reported, and theyllahave shown isle-on orentatons d Cg
toward porphyin rings® This tendencyis oliginatedfrom a
resut of maxmizing the! !'! interacion between the curved
I planes 6 C;o and theRRat! planes 6 porphyins. On the
other hand, therés no crysth structurefor C;o indudedin
porphyin dimers excepfor the so-cled jaws porphyns/
adthough dmers genetly have potentls to contrd the
geometry & C;o due to thé cavties d inherent shapes and
sizes® There has been bnone report with demonstrated an
end-oninduson d C;o with aniridium porphym dimerin
sdution?®

Recenly, we reportedinduson compexes composedfo
cydic porphyin dmers (CPB,, Scheme 1) and &.**** The
distance between the centerstbe two porphyin rings in
the cydic nickd porphyin dimer (Np-CPDsy, 11.635A,
Scheme 1)s comparale to thelonger outer ihmeter & C;o
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Figure 1. Absorpton spectrichanges ba) Ni,-CPDby and
b) Hs;-CPDysy upon ttraton with Cyo in CHO4/ toluene
(1:1) at room temperature. ThHeset shows the Soret
band regon. [CPD»]= 4.0010 °M, [C;]= 1.1©
10°11.20 10'5M.

(about 11.2\), and the correspoimyy dstancein the cytic
free-base porphiyr dimer (H-CPDby, 10.785A, Scheme 1)s
comparale to the shorter outeiameter & C,o (about 10.3).
Hence thénduson o Cygindde the caity of Ni,-CPDs, and
H;-CPDyy is dso expected. We hearereport supramecuar
structures D the induson compexes & Ni-CPDsy, and
H4-CPD:y with C7o.

Resuts and Discus$on

Inclusion of C7o by CPDpy in Sdution. Similardy to our
previous study?®'*we observed UWis absorgbn spectri
changes diing an adition o Cygto the séution o Ni,-CPDby
or Hy-CPDpy in CHOg/toluene (11) at room temperature
(Figure 1). The Soret absorpt bands were red-gted and
decreasedn intensty in both cases. The Joldgp (415nm)
upon mxing o Ni-CPDsy and Go disdayed a typcd
signature patterfor theformaton o a 1:1 hodtguest comfex
(C76a Ni-CPDyy).'? The same ot of a mixture composedfo
H;-CPDsy and G also exlibited the formaton o a 1:1
comgex (God Hs-CPDyy).*2 On the bais o the ftraion o
Nip-CPDpy with G the assdaton constant Kasso) was

a) *

c d

a b e
b *
) c d
a e
b
C) C d *
a ) e

"

Figure 2. 13CNMR spectra b a) 3C-eniched G
(2.0mM), b) a nxture d Ni-CPDby (2.0mM) and**C-
eniched Go (2.0mM), and c) a mture d Hs-CPDpy
(2.0mM) and®*C-eniched Gy (2.0mM) in CDd4/ CS,
(1:1) at 20iC. Astésked $gnds olginate from °C-
eniiched Gg as a contammaiton.

evduated to be 1.® 16°M" 122 This vdue is very dose to
that (1.20 10°M" 1) of the cydic nickd porphyin dimer
linked by ! O(CH,)¢O! spacers rather than by buitaayl
groups® and amost one order fomagritude larger than that
(20010°M" Y for Cs in NiprCPDpy!%? The Kassoc Of
C7084 Hs-CPDsy was deterrimed to be 3.9 10°M" ! by the
same metho®? This vdue is dmost one order fomagritude
larger than that (9.© 10*M" %) for Cgo in Hy-CPDby ! These
higher & nities d CPDyy for Co thanfor Csp is astgned to
thelarger! plane ¢ C;o. However, the ‘anity of Hi-CPDsy
for Czois much smiker than that (2.® 10’'M" 1) of the cydic
free-base porphiyr dimer with | O(CH,)sO! spacer§? prob-
ady due to the smiker cavty of Hs;-CPDpy,. Electrospray
ionizaion mass spectra (ESI-MS)f d&C;¢a Nio-CPDyy and
C70a H4-CPDyy in CH,Cly/ MeOH CH;COOH (5050/0.2)
reveded peak lusters atm/z 2281.0 ([N-CPDsy+ Cyq]™)
and 1140.3 ([N-CPDsy+ C70]?"), and atnVz 2165.8 ([H-
CPDsy+ Crg*) and 1083.9 ([#CPDsy + C7*"), respedve-
ly.r? Additiondly, both two spectra coriteed no peaks fo
free CPDRy and Go. All these spectroscup data indicate
the su cient stabity of the 1:1 comfexaton between CPR)
and Gy,.

Both Gga Nip-CPDpy and Gea Hs-CPDsy show lighly
symmetic 'HNMR spectrain CDO4/ benzenads (1/1) at
room temperature (see Expeentd secton). It means that the
induded Go mdecue woud osdll atein the caity muchfaster
than the NMR itme scée andor woud be paced above the
center @ the porphyim ringin sdution. **C NMR spectroscopy
is very informatve o the Gy geometies wth respect to
porphyin rings in C;ea Ni-CPDyy and Goea Ha-CPDby in
sdution. The pistine 3C-eniched Gy in CDO4/ CS; (1/1) at
20iC (Fgure 2a) showsve inequvaent 3C NMR sgnds
at U,= 150.27,(,= 147.08,( = 147.75,(y = 145.01,( =
130.55 (#phabeicd labdings areindicated in Scheme 1).
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Figure 3. Chenicd shft changed Uof signds de o Cyqo
(2.0mM) in 13C NMR measurementsitar induson with
Nip-CPDby (2.0mM, drcles) and HBCPDb, (2.0mM,
squares) at 40 to 20 jCin CDd4/ CS; (1:1).

When¥C-eniched Gowas nixed with Ni-CPDsy in CDOy/
CS (/1) at 20iC, # the Gg signds shifted upbed
(Figures 2b and 3,! (,="154, ' ,="1.65, ! (.=
"1.65 ! (4= "1.68, ! (=" 1.73), because fothe ing
current & ect d the porphym rings. In the geneflacases b
side-on Gg orientaton with respect to porphyr rings, the
up-beld shifts are more pronouncddr the equatea carbon
atoms tharfor those at the pges, $nce the carbons at equasbr
postions d C;g are nearer to the porphgrrings than those at

the pde postions’® The reverse phenomenon occurs, when

C70 adopts an end-on i@ntaton. However,in the case fo
Cr0a Nip-CPDsy, the upbeld stifts for the bve dgnds were
amost eqivalent. Theréore we conluded that theénduded
Croinsde the caity of Ni-CP Dby has both &le-on and end-on
orientatonsin sdution. On the other handor the nmixture d
13C-eniched Gg and H-CPDsy, the d! erences bthe uppeld
shfts o the Go signds were muchlarger than thosefo
C7aNi-CPDby (Figures 2¢ and 3,! (,="1.90, ! (,=
"218, 1 ="239, ! (4="266, ! 0= " 2.76)° The
more enment upbeld shiftsfor the equatea carbonsndicate
that the carbons at the equagpostions d theinduded Gq
are doser to the porphim rings than those at the [ggpostions
and that the mia speées d Cypa Hs-CPDyy in sdution has a
side-on G orientaton with respect to porphyr rings’?®
Based on théd3C NMR spectra and the crystatructures b
theseinduson compexes (vde infra), it is thought that the
behavors d theinduded Gy mdecues are mialy governed
by the caity sizes d the porphyin dimers. The center-to-
center dstances bthe porphyin ringsin the crysthstructures
are asfollows: Np-CPDby (11.635(1)A),1%% C7¢a Nip-CPDsy
(11.960(1) 12.557(2)A), Hs-CPDyy (10.785A),M and Gea Ha-
CPDp, (11.140A). In the larger caity of Ni»CPDby, the
induded Go mdecde has a kgher freedom & orientaton.
These trends fo'3CNMR spectra b C;04 Nip-CPDs, and
Cr04 Hs-CPDyy reman uponloweling temperature t6 40{C
and d the s$gnds are graddly more upkeld sthifted
(Figure 3).

Crystal Structure of the Incluson Compex o Cso and
Ni-CPDpy.  We succedslly reveded the supranmtecuar
structures b Cyga Nip-CPDyy by X-ray crystdography. Red
singe crystés d a 1:1 compex d Cyo with Ni,-CPDb, were
obtaned by $sow di! uson o hexaneinto a CHQ3/ toluene
sdution o a 1:1 mxture d C;o and N,-CPDb, at room
temperature. Interéagly, C;¢a Nio-CPDyy shows crystapoly-
morphism, and there are twd!cerent crystis (crysthA and¢,
as shownin Fgure 4). Furthermore, each crystantans two
crystdl ograpficdly inequvalentinduson compexes. Hera,
the compexesin crystda A were named conipx A and B
(Figures 585f), and the comigxesin crystd ¢ were named
comdex C and D (kgure S6in the Supppoimg Informa-
tion)1? It is remarkale that the G moecue in compex A
shows an end-on i@ntaton toward the porphim rings, wiile
comgexes B, C, and D haveide-on Gg orientatons. The
crystd structure 6 comgex A is thebrst exampe o an X-ray
crystdl ograpfic deternmnaion for an end-on gentaton o C;q
cocrystdli zed with porphyins. Although # the Gy mdecues
were treated assbrdered structure, theientatons d the two
disordered & mdecuesin each comigx were &most the
same. It means that theduded Go mdecues can edly rotate
around thi longer axegnsgde the caity of Ni-CPDyy, and the
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a) b)
d) e)
9) h)

c)

f)

Figure 5. ORTEP ¢ a c) compex A (Goa Ni,-CPDyy), d! f) comdex B (Goa Ni-CPDyy), and g)i) Crod Ha-CPDyy with 50%
probalili ty thermé elli psads. Dsordered rimor structures, $eent mdecues, and hydrogen atoms areitiedfor daiity. a), d), g)

front view; b), e), h) &le view; c),f), i) top view.

rotaion around thie shorter axes needs moreiaaion energy.
In compaison wth the $de-on orentaton compexes B, C,
and D, the NENi distancein compex A was §ghtly larger
and the dstance between theidpants d butadyne maetes
in compex A was fightly smdler probaby due toits end-on
Cyo orientaton (Tabbe 1). In the presentlacompexes, the &
moaecue is notlocated above the centerthe porphyin urit,
because theim d the caity is not large enough to
accommodate £ at the center. Thamilar d -centedocaton
of thefullerene mbtecue was observeth the crysthstructure
of the induson compex o Cgp With Ni-CPDsy (Csot Nio-
CPDsy).1%2The dosestnteracionsin C;o4 Ni-CPDsy are! !!
stackng between the £ suiface and theis-memberedings

composed D a pyidyl-subsituted meso carbon atom, two
pyrrde A-carbon atoms, two pyrte ritrogen atoms, and iN
ion. For examie, in compex A, these !! interacions have
center-to-centeristances ©4.225 and 3.61A, and dhedra
andes d 29.67 and 13.34 (lgure 6). The ignilar interacitons
were so corPrmedin the casefoCspd Nip-CPDby.2%In dll the
comgexes, the dnersindude Gy mdecdes wth a damshé-
like corformaton, in which the porphyin rings are Bghty
tilted with respect to each other. large number fol ow-spn
four-coordnate N" metdl oporphyins have been charadtazd
by X-ray crystdography to show ignibcanty ru# ed con-
formatons!* Similady al the porphyins in the crysth
structures DCrpa Nip-CPDby arein ru# ed coriormatons wth
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Table 1. Summary 6 the CrysthStructures HCroa Ni,-CPDyy

Bul. Chem. Soc. Jpn. V084, No. 12 (2011) 1325

Comgex A Compex B Compex C Compex D
C;o orientaton End-on ®le-on $de-on $de-on
Ni£ Ni/ A 12.557(2) 12.089(2) 11.960(1) 12.110(2)
Butadynef butadyne®y A 12.952 13.232 13.387 13.194
3.58(1), 3.589(8)

3.57(1), 3.45(1)

Nif carbon & C;o (majorf¥ A
3.66(2), 3.70(3)

Nif carbon & Cyo (minorP’ A

3.35(1), 3.660(9)
3.31(2), 3.71(2)

3.60(1), 3.575(8)

3.56(3), 3.64(4) 3.55(2), 3.72(2)

I'11 interacton dstance (majofy A 4.225, 3.614 3.649, 3.597 3.648, 3.511 3.608, 3.674
I 11 interacton dstance (rimorf/ A 3.848, 3.565 3.648, 3.862 3.721, 3.960 3.920, 3.735
'l interacton dhedrd ande (majorﬁ)/i 29.67, 13.34 12.27, 11.32 8.36, 8.51 9.31, 11.77
I'11 interacton dhedrd ande (minorf; 18.60, 6.14 13.09, 11.28 10.69, 20.79 20.48, 13.16
Occupancy bmajor Go 0.693(4) 0.777(5) 0.683(4) 0.758(4)

a) The dstance betweenigipdnts d butadyne maeties. b) The shortesistances betweeni Nons and carbon atoms$ o
the Gomadecues. ¢) The shorteststances between the centette $x-memberedingin the Gomadecues and the center
of the $x-membereding composed foa pyiidyl-subsituted meso carbon atom, two pyled\-carbon atoms, two pyri®
nitrogen atoms, andiNonin the porphyin rings. d) The thedrd andes between the meaiape ¢ the $x-membereding

in the Go mdecues and the mearigne ¢ the $x-membereding composedfoa pyiidyl-subsituted meso carbon atom,
two pyrrde A-carbon atoms, two pyrie ritrogen atoms, andiNon in the porphyin rings.

i
HIVIIIIIIIIIIIIIIIIIII [/
1

Figure 6. Detdls d the noncovkent interactons between
Nio-CPDsy and Go in compex A. Disordered nmor
structures and hydrogen atoms areitted for darity.
N: blue; N: green; C: gray.

o-dichlorobenzene dotion o a 1:1 mxture d C; and

H,-CPDyy at room temperature. X-ray crytgraphy revead

a 1:linduson compex d C;owith Hi-CPDyy (Figures 5¢5i).
Theinduded Go mdecue shows aigle-on orentaton toward

the porphyin rings as coprmedin sdution. Thefeatures b
this crysta structure are imilar to those b the induson
comgex o Cgo with Hs-CPDby (Cgod Hs-CPDsy).t The
porphyin rings d Cy¢a Hs-CPDby show a ligher panaity
than Gga Nip-CPDyy; the dspgacements fothe meso carbon
atomsfrom thefour-ritrogen mean lane are' 0.228, 0.177,
" 0.305, " 0.023, " 0.294, " 0.113, " 0.193, and" 0.014A
(postive vdues meammg outward). The idner htes the Gq
molecde in a damshé#é-like corformaton, in which the Rat
porphyin rings are itted with respect to each other. The
dihedrd ande and the center-to-centerstdnce 6 the two
porphyin planes are 51.57j and 11.1A0 respedvely. This
large dhedrd ande reslts in the dose proxmity of the two
pyridyl groupsin the oppose sde d the G indudon ste
(Figure S8)t? The shortest carbboarbon dstance bthe two
pyridyl groupsis 3.51(1)A. Ther steic hindrance wold li mit
the dhedrd ande and the center-to-centesthnce to hamper
an end-on dentaton o the induded Go mdecuel® The

dternaing dspacements fomeso carbon atoms above anddistance between theidpants d the butadyne maetes, that

bdow the mean faneformed by thefour ritrogen atoms®
which is the samdeature as thatfoCspd Nip-CPDsy.1% The
meso carbon atomsith the pyrdyl substtuents are iddaced
outward and the other meso carbon atoms isgatedinward.
But there are somelear d!erences D the porphyin
corformatonin the crysthstructures between;g Ni>-CPDby
and Goa Ni-CPDp,. In dl the crysthstructures HCyga Nio-

is, the wdth o the cawty is 14.009. These structuta
parameters are verylose to those fo Cgpa Hs-CPDpy (the
dihedra ande: 52.38i, the center-to-centeasthnce: 11.124,
the shortest OC distance b Py: 3.778(7A, the caity width
13.915A).1 The shortest separas between the carbon atoms
of Cy and the porphyn centers are 2.990 and 2.851
(Figure 7). These Vaes represerfirly strong! !! interac-

CPDyy, the two porphyin rings are not rotated around the tions between the porpligs and Go.

center-to-center & (Figures 5c, § S6¢, and S§,'2 and the

Moreover, the @ mdecdesform a 2gzag chan dong the

butadyne maeties are colanar (Fgures 5b, 5e, S6b, and crystdlograplic b axisin the crysthpackng (Fgure 8). In tls

S6e)2 whereas the two porphyrringsin Cged Ni-CPDyy are
rotated around the center-to-centésdoy 24.3; with respect to
each other and the two butgde mdeties are not cdpnar®?
Crystal Structure of the Incluson Compex o C;o and
H4-CPDpy.  Black snde crystés d Croa Hs-CPDyy were
prepared by Isw d! uson d hexaneinto a CHCly/

chan, thelonger axes oC;o maecues are Bmost parlel to
the axs o the Zgzag array. Theidtance between the centefs o
the adjacent g mdecues &ong the kgzag array (arrow An
Figure 8a)is 10.63%A. This vdueis comparale to the shorter
outer dameter & Cyo (ca. 10.3A). In other words, the &
molecues have van der Wemacontacts wh each otherlang





















































































































































































































