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Abstract: In Nature, chromophoric
groups play various roles, such as
oxygen carriers, electron donors, light
sensitizers, which are achieved in many
cases by control of their aggregation
modes in proteins. Host—guest chemis-
try between cyclodextrins and porphy-
rins has attracted great interest from
supramolecular chemists because of

It is really surprising, however, that to
date no detailed structural information
of these complexes has been obtained
from single-crystal analysis. In 2011, we
reported the first successful isolation of
a dye inclusion single crystal (DISC)
between 2,3,6-trimethyl-f3-cyclodextrin
(TMPCD) and 5,10,15,20-tetrapyridyl-
porphyrin (TPyP), and analyzed its
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X-ray crystal structure. The crystal
structure revealed not only the real
complex mode but also the attractive
orientation of TPyP in the DISC.
Herein, we present new strategies to
prepare DISCs of TMBCD for several
porphyrins and provide crystal struc-
tures, details of the complex modes,
and optical properties. We believe that

their unique structures and functions
that mimic those of proteins with chro-
mophoric prosthetic groups. To mimic
Nature’s contrivances, the host—guest
systems between cyclodextrins and por-
phyrins have frequently been studied.

guest systems

diffraction

Introduction

In the research into photon-to-electron conversion mediated
by dye molecules, we always meet one inevitable dilemma:
in general, high light-absorption efficiency is achieved with
densely packed dye assemblies, whereas the energy of the
photoexcited state is consumed by concentration quench-
ing.!! To avoid undesirable quenching phenomena, we have
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the present study has various important
implications not only for the basic crys-
tal analysis of inclusion complexes but
also for potential applications that use
these single crystals.

host—

to moderately dilute the density of dye molecules. The most
expeditious idea would be to dilute dye molecules by mixing
them with inert molecules. However, this simple idea fre-
quently suffers from phase separation to form self-sorting
dye assemblies. A more practical idea to solve this dilemma
has been offered by a synthetic approach to introduce bulky
substituents into the dye molecule through covalent
bonds;? owing to their bulkiness, the distance between dye
molecules is increased, but the fine tuning of this increase in
distance by substituents seems to be very difficult. As a
more sophisticated solution, one can employ a supramolec-
ular approach, that is, encapsulation of a dye molecule by a
host molecule. In this method, the dye molecules in the
complex are insulated from each other even in densely
packed complex assemblies. As examples for such encapsu-
lation, Fujita et al. synthesized networked molecular cages
as crystalline sponges for fullerenes and other guests.’! Simi-
larly, Garcia-Garibay et al. designed crystals called molecu-
lar gyroscopes, in which functional guests are encapsulated
by covalent bonds.! We also included fullerenes in a dimer-
ic homooxacalix[3]arene capsule and succeeded arranging
the complexes on an indium tin oxide surface to fabricate a
solar cell model.”! One may observe that Nature also adopts
this strategy in photosynthetic systems: the chlorophyll-
chlorophyll interaction is suppressed by encapsulation in
protein matrices and 35 chlorophylls are arranged in a de-
signed aggregation mode in Photosystem II (PSII), a mem-
brane protein complex composed of 19 protein subunits.!!
PSII can achieve, therefore, a highly efficient energy conver-
sion from light to chemical energy. Many researchers have
been inspired by this Nature-designed supramolecular
system and have so far constructed various artificial photo-
synthetic or light-to-electric current conversion systems, in
which the abilities inherent to porphyrins have played cen-
tral roles.”! In the opto-electrochemical research field, it is
well established that the insulation of each porphyrin and
the control of the aggregation mode are decisive factors that
improve the light-harvesting efficiency.®! Here, it occurred
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to us that the crystal phase of cyclodextrin (CD) inclusion
complexes might be a potential and expeditious alternative
to realize a variety of regularly oriented porphyrin assem-
blies, that is, our first idea was to moderately increase the
distance between porphyrins through formation of inclusion
complexes with CDs.

The host—guest complexes of CDs have been studied ex-
tensively over a long period.”’ In particular, the interaction
between p-cyclodextrins (§-CDs) and porphyrins has been
attractive research targets from the viewpoint of various bio-
mimetic models for hemoproteins, PSII, etc.'” We reported
an artificial photosynthetic system using porphyrins in which
the electron transfer efficiency is much improved by com-
plexation with B-CD.'!l These research ideas stem from the
fact that B-CD and its derivatives have a strong binding abil-
ity for water-soluble porphyrins.'>* In particular, 2,3,6-tri-
methyl-B-cyclodextrin (TMBCD) has a higher inclusion af-
finity for the meso-aryl group of tetraarylporphyrins
(K~10°m7") than other CDs.™! This difference is attributed
to the ring flexibility inherent to TMPCD, which originates
from the loss of the intramolecular hydrogen bonds between
OH groups. As a result, TMPBCD can undergo induced-fit-
type complexation with various guest molecules. Despite
their known properties in solution, to the best of our knowl-
edge there was no preceding report of a single-crystal analy-
sis of the inclusion complex between TMBCD and porphy-
rins until our communication appeared in 2011."! Since
1990, the complexes formed between $-CDs and porphyrins
have been proposed to be a 2:1 bicapped inclusion structure
in aqueous solution.™ In these reports, however, the struc-
tures of the complexes have been discussed only on the
basis of the spectral properties in solution and theoretical
calculations. It is really surprising that so far, nobody knows
the real complex structure determined from single-crystal
analysis, although the complexation modes have frequently
been discussed in the references. In our recent communica-
tion,' we reported the single-crystal structure for the inclu-

R R M
Ocoor—c 2H TCPP
R R ~©—503Na 2H  TsPP
7 N 2H  TRyP
) _
@ 2H TPP
@ Ni Ni-TPP
R'=R2=R3=-0H,n=6 «-CD
R'=R?2=R%=-OH,n=7 p-CD
R'=R?=R%®=-0H,n=8 y-CD
R'=R2=R3®=-OMe,n=7 TMBCD

R'=R3=-.OMe, R2=-OH,n=7 2,6-DMBCD

Figure 1. Structures of porphyrins and cyclodextrins.
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sion complex of 5,10,15,20-tetrapyridylporphyrin (TPyP) bi-
capped with TMBCD. It is the first successful example of a
dye inclusion single crystal (DISC) between CDs and por-
phyrins. The key points for the successful isolation of a high-
quality single crystal were: 1) a pH-dependent solubility
change for the porphyrin; 2)the flexibility of TMBCD,
which enabled an induced-fit-type guest inclusion ability;
and 3) a higher crystal-growth temperature, which is advan-
tageous for the hydrophobic force that acts as the driving
force of inclusion. Herein, we report DISCs for the TMBCD
complexes with five different porphyrins, including one me-
talloporphyrin (Figure 1), and their preparation, structural
characteristics, and optical properties. The results indicate
that these complexes possess significant potential for appli-
cation in new opto-electronic materials.

Results and Discussion

Preparation of porphyrin inclusion crystals: TPyP is scarcely
soluble in water. In this case, even though [3-CD solubilizes
porphyrins into water, the crystallization treatment results
in the porphyrin crystal dissociating from the complex.
However, TPyP becomes water-soluble under acidic condi-
tions owing to protonation of the meso-pyridyl groups. It is
known, however, that the cationic meso-pyridiniumporphyr-
in shows a weak interaction with $-CD.I'! This is attributed
primarily to the enhanced hydrophilicity of the meso-pyridi-
nium groups and secondly to the slightly positively polarized
interior cavity of the cyclodextrin. As a result, protonated
TPyP shows only a low affinity for CDs. One may expect,
therefore, that the binding constants would gradually in-
crease with neutralization of the meso-pyridinium groups
and that at some stage TPyP would become water-insoluble.
However, one can expect that TPyP would be still homoge-
neously dispersed in the presence of excess TMPCD.
Figure 2 shows the UV/Vis and circular dichroic spectra of
TPyP. In acidic solution, no circular dichroic signal was ob-
served, whereas induced circular dichroic signals clearly
appear in the pH-neutral solution in the presence of excess
TMBCD. It is clear, therefore, that TPyP is solubilized by
the strong binding ability of TMBCD toward the neutral
meso-pyridyl groups. In fact, an aqueous solution of TPyP
with TMBCD did not give any precipitate over one year.

A TPyP-TMBCD DISC was obtained from an aqueous so-
lution of TPyP with excess TMBCD at 60°C (Figure Sla in
the Supporting Information). It may be a little curious that
crystallization of the TMBCD-TPyP complex was performed
at such high temperature. In aqueous solution, CDs and
their derivatives are strongly solvated with water molecules
through hydrogen-bonding interactions. Under heating, it is
expected that the hydrogen bonds are cleaved and the hy-
drophobic nature becomes the stronger effect.l!”) In partic-
ular, TMBCD behaves as a more hydrophobic host molecule
than $-CD, and TMBCD complexes in water are more stabi-
lized at higher temperatures, which leads to advantageous
conditions for crystal growth. However, when 2,6-dimethyl-
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Figure 2. Circular dichroism (top; /=0.5mm) and visible (bottom; /=
0.1 mm) spectra of aqueous TPyP and TMBCD before (-----) and after
(—) neutralization. The concentrations of TPyP and TMBCD are same
as in the crystallization solution.

B-cyclodextrin (2,6-DMBCD) was used instead of TMBCD,
colorless crystals of 2,6-DMBCD and micro-crystals of TPyP
were obtained separately. Kano et al. reported that TMBCD
has the highest inclusion affinity for the hydrophobic meso-
aryl groups of tetraarylporphyrins (K~10°m ') of available
CDs and their methylated derivatives. In aqueous solution,
the binding constants between 2,6-DMBCD and porphyrins
are relatively large (K~10*m™"), but they are smaller by two
orders of magnitude than those of TMBCD.I'"! This differ-
ence can be explained by the rigidity of the cyclodextrin
rings. Results of NMR spectroscopy studies rationally ex-
plain the high inclusion ability of TMBCD, that is, induced-
fit-type complex formation is operative between TMBCD
and tetraarylporphyrins. However, $-CD and 2,6-DMBCD
are classified as rigid hosts, the complex structures of which
are more or less affected by the intramolecular hydrogen
bonding between the secondary hydroxyl groups. For these
reasons, it seems difficult to isolate pure single crystals of
the inclusion complexes of B-CD and 2,6-DMBCD from
aqueous solution. We now consider that the structural flexi-
bility of host molecules is an important factor in the growth
of single crystals of inclusion complexes.

We have succeeded in isolating DISCs from complexes
with other several porphyrins. 5,10,15,20-Tetrakis(4-carboxy-
phenyl)porphyrin (TCPP) is another water-soluble porphy-
rin that shows a pH-dependent solubility change similar to
TPyP, that is, TCPP can be solubilized into water by alkaline
dissociation of the carboxylic acid groups. In the solution
state, there are several preceding studies on the inclusion
complex between TMBCD and TCPP.'*!?l The association
constants are K;=1.7x10*m™! (for a 1:1 complex) and K,=
2.0x10°m™" (for a 1:2 bicapped complex) in aqueous buffer
solution at pH 7. We thought that gradual acid neutraliza-
tion of the dissociated carboxylate groups would further en-

Chem. Eur. J. 2012, 18, 456—465

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

hance the association constants. A DISC of TMBCD-TCPP
complex was obtained from an aqueous solution of TCPP
containing an excess amount of TMBCD at 50°C (Fig-
ure S1b in the Supporting Information). The TMBCD-TCPP
DISC appeared as hexagonal platelet crystals that grew into
hexagonal rod-like crystals with further incubation. The rod-
like crystals obtained by isolation from the crystalline solu-
tion were easily decomposed along the crystal-growth direc-
tion to give platelet crystals (Figure S2 in the Supporting In-
formation). The crystal structure of the hexagonal platelet
could not be analyzed clearly because of its low resolution.
Herein, this kind of transitional crystal growth was observed
only for the TCPP complex, but not for other DISCs. For
the highly water-soluble 5,10,15,20-tetrakis(4-sulfonatophe-
nyl)porphyrin (TSPP), it was difficult to isolate the DISC by
using the same procedure. Thus, we prepared a high salt
concentration solution from which a powder of the inclusion
complex could be isolated above 80°C. However, the crystal
quality was not sufficient for X-ray analysis.

Because 5,10,15,20-tetraphenylporphyrin (TPP) with hy-
drophobic meso-phenyl groups is sparingly soluble in water,
it seems difficult to form an inclusion complex according to
the procedure described above. However, it occurred to us
that the preparation method for formation of a host—guest
complex between y-cyclodextrin (y-CD) and hydrophobic
fullerene C4 might be applicable to our system. Komatsu
etal. reported that supramolecular complexation of ful-
lerenes with y-CD was possible by mechanical shaking.'¥!
We thus applied this mechanochemical method to the prepa-
ration of an inclusion complex with hydrophobic porphyrins.
Microcrystals of TPP and excess TMPCD were finely
ground in an agate mortar. After dispersing the ground mix-
ture into water with stirring, the cloudy solution was filtered
to obtain a clear solution that contained the inclusion com-
plex. Then, the TMBCD-TPP DISC was obtained by keeping
the solution at 50°C (Figure S1c in the Supporting Informa-
tion). The Ni'-coordinated TPP (Ni-TPP) DISC was also
obtained by using this procedure (Figure S1d in the Sup-
porting Information). The results imply that this method is
widely applicable to complex formation between CDs and
hydrophobic guests.

Structural considerations of inclusion crystals: The crystal
structures of the TMPCD-porphyrin complexes are shown in
Figure 3. Regardless of the difference in the meso-aryl
groups, all complex structures consist of one porphyrin
capped with two TMBCD molecules. In addition, two meso-
aryl groups of the guest porphyrins penetrate into the
TMPBCD cavity from the O2, O3 side to the O6 side. This
feature of the bicapped host-guest complex structures is
consistent with that proposed, so far, for the solution com-
plexes on the basis of the spectral studies.'>* Table 1 shows
the details of the crystal parameters. It can be seen that the
crystal system of the TMPBCD-TCPP complex is different to
the other three porphyrins. DISCs of TPyP, TPP, and Ni-
TPP complexes commonly adopt triclinic crystalline systems
that are remarkably similar to one another, whereas
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Figure 3. Crystal structures of the unit cells of a) TMBCD-TPyP, b) TMBCD-TCPP, c) TMBCD-TPP, and
d) TMBCD:Ni-TPP DISCs. Hydrogen atoms are omitted for clarity. Water molecules of crystallization are il-
lustrated as light blue ellipsoids (occ.=1.0) or balls (occ. <0.5). Molecular packing of e) TMBCD-TPyP,
f) TMBCD-TCPP, g) TMBCD-TPP, and h) TMBCD-Ni-TPP DISCs viewed along the (111) or (100) plane. Hy-

drogen atoms and water molecules of crystallization are omitted for clarity.

Table 1. Details of the crystal structures of DISCs between TMBCD and various por-

phyrins.

TMBCD-TPyP TMBCD-TCPP TMBCD-TPP TMPBCD-Ni-TPP
M, 347777 3745.90 3473.86 3530.55
crystal color, habit red, platelet red, platelet red, platelet  red, platelet
crystal system triclinic monoclinic triclinic triclinic
space group P1 P2, P1 P1
zZ 1 2 1 1
total water of 1 6 3 1.4
crystallization!®!
found water 5 6 11 7
molecules!®!
a[A] 16.864(4) 16.983(2) 16.8100 16.782(3)
b[A] 17.532(4) 28.298(3) 17.9010 17.880(3)
c[A] 17.17.712(4) 20.715(2) 17.7910 17.794(3)
a[] 98.9688(10) 98.0900 98.078(2)
AN 103.336(3) 104.018(2) 102.3700 102.593(2)
v [°] 112.9167(2) 114.4900 114.384(2)
V[AY 4514(2) 9659(2) 4597.4571 4583.5(12)
Peatea [gem ™) 1.279 1.288 1.255 1.279
twist angle of 7.3 7.3 7.3 9.1
porphyrin! [°]
decomposition 198-202 183-190 197-205 184-186

point!¥! [°C]

[a] Total number of water molecules of crystallization determined from their occupa-
tion probabilities in the unit cell. [b] Number of found water molecules determined
from their occupation probabilities in the unit cell. [c] The twist angles of the porphy-
rins were measured from the top view of the crystal structure of their DISCs. [d] De-
composition points were determined by visual observation method by using melting-

point apparatus.

TMBCD-TCPP complex has a
twofold rotational symmetry.
We considered that this unique
alternate orientation stems
from the hydrogen-bonding
framework that extends be-
tween the carboxyl groups of
TCPP, the water molecules,
and the methoxy group oxygen
atoms of TMBCD. In fact, we
note the presence of six water
molecules in the
TMPBCD-TCPP complex struc-
ture (Figure 3). Their respec-
tive occupation probability is
1.0, whereas the respective oc-
cupation probabilities of all
water molecules in other three
complexes are much lower
(<0.5) than this value. Figure 4
shows the results of differential scanning calorime-
try for the crystals of TMPBCD-TCPP and
TMBCD-TPyP. For TMBCD-TPyP, an endothermic
peak is observed at 195°C, which is assigned to a
decomposition point of this complex. In contrast,
TMPBCD-TCPP shows an additional peak at 45°C,
in addition to a decomposition point at 182°C. In
the thermogravimetric analysis measurement, a
crystal weight decrease of 4% was observed at
around 45°C. With heating above 75°C, the crys-
tals of TMBCD-TCPP crumbled to powder and the
color changed from brown to dark red. The room-
temperature IR spectrum of TMBCD-TCPP shows
a broad peak at 3430 cm™' that was assigned to O—
H stretching. After heating above 75°C, however,
no peak appears in this region (Figure S3 in the
Supporting Information). These results consistently
indicate that water molecules play an important
role in the formation of a well-arranged
TMPBCD-TCPP crystal structure.

The decomposition point of TMBCD-TCPP ap-
pears in a lower temperature region with a peak
sharper than that of TMPCD-TPyP. We can ratio-
nalize this difference as follows: as the crystal
structure of TMBCD-TCPP is partly disordered by
dehydration and changes to the powder, TMCD
acquires more freedom even in the solid phase. In
contrast, TMBCD-TPyP is very well stabilized not

TMPBCD-TCPP DISCs have a monoclinic crystalline system.
In addition, the volume of the TMBCD-TCPP crystal lattice
was estimated to be two times larger than those of other
three porphyrin complexes. Careful examination of the crys-
tal structures (Figure 3e-h) reveals the origin of this differ-
ence: in TPyP, TPP, and Ni-TPP complexes, the porphyrins
are arranged unidirectionally and maintain a periodical dis-
tance, whereas the TMPBCD-TCPP complex adopts an alter-
nate orientation. Thus, the crystal structure of the

460 —— www.chemeurj.org
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only by the complex formation energy but also by the crys-
tal packing. Thus, the decomposition point of
TMPCD-TCPP appears at a lower temperature than that of
TMBCD-TPyP. However, the decomposition point of
TMPBCD:Ni-TPP was lower than that of TMBCD-TPP. This
shift is ascribed to the larger twisted angle of Ni-TPP in the
solid state compared with TPP and TPyP (see below).

Chem. Eur. J. 2012, 18, 456—-465
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Figure 4. a) Differential scanning calorimetry of TMPCD-TPyP (——)
and TMBCD-TCPP (—) DISCs.

Structural considerations of cyclodextrin—porphyrin inclu-
sion complexes: So far, the structure of cyclodextrin—por-
phyrin complexes has been
proposed only for the solution
state on the basis of the spec-
troscopic studies.> For ex-
ample, Kano etal. reported
that a stronger interaction op-
erates between porphyrins and
B-CD, which consists of seven
glucose units, than between
porphyrins and a-CD or y-CD,
which consist of six or eight
glucose units, respectively.*! In
particular, O-methylation of
secondary hydroxyl groups in
B-CD further intensifies its
guest-binding ability. An ex-
planation of this change on the
basis of C NMR spectral data
is that formation of the inclu-
sion complex is facilitated by a
induced-fit-type host-guest in-
teraction because the loss of
intramolecular hydrogen bond-
ing through O-methylation
makes the CD ring considera-
bly more flexible and the
NMR signals are significantly
shifted upon guest inclusion.
We presume that this induced-
fit is associated with distortion
of the B-CD ring with respect
to the m plane of the included
porphyrin. In our structural

analysis, it is not so clear from  omitted for clarity.

Chem. Eur. J. 2012, 18, 456 —465

220

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

the top view (Figure 5) whether or not TMBCD is signifi-
cantly distorted along the porphyrin. More obvious is the
finding that the m system of the porphyrin ring is twisted to
the left by 7.3°, which is a general trend for all free-base
porphyrin complexes. Interestingly, the twisted angle of Ni-
TPP is increased up to 9.1°. However, the significant differ-
ence in the crystal packing between TMBCD-TPP and
TMPBCD:Ni-TPP was not observed, except for the twist
angle of porphyrins (Table 1). It is known that certain metal-
loporphyrin planes, such as Ni-TPP, are more distorted than
free-base porphyrins.'”! This trend can be further empha-
sized in the DISC.

Moreover, we noticed a significant structural difference
between TMBCD-TCPP and the other complexes. The posi-
tion of glucose units in TMBCD with respect to the included
porphyrin could be assigned by using the position of gluco-
side oxygen atoms linking the glucose units together. In
TMPBCD-TPyP and TMBCD-TPP, the glucose units on upper
and lower TMBCDs occupy almost regularly aligned posi-
tions between the two TMBCDs in the top view. Conversely,
their positions in TMCD-TCPP are not aligned but rather
appear to alternate. However, all free-base porphyrins are
equally twisted to the left by 7.3° in their DISCs. So far, it

Figure 5. Crystal structures of TMBCD-TPyP, TMBCD-TCPP, TMBCD-TPP, and TMBCD-Ni-TPP DISCs (left—
right); a) top view, b) top view with the oxygen atoms of the glycoside bond shown as red balls, c) side view
with C1 and C4 atoms shown as orange and green balls, respectively, d) front view with C1 and C4 atoms
shown as orange and green balls, respectively. Hydrogen atoms and water molecules of crystallization are

— 461
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was noted that the twisted m system of porphyrins is induced
by steric crowding that arises from the positional relation-
ship between the porphyrin and the glucoses of TMBCD.!"®!
However, this is not always correct. We find an alternate,
very important common structural characteristic of the in-
clusion complexes in the side view and front view. These
structures are illustrated in Figure 5, and emphasize the C1
and C4 atoms connected to the glucoside oxygen atoms.
One can clearly see that strains in the glucose ring belt
occur. Probably, this type of strain is more advantageous
than cyclodextrin ring strain along the porphyrin to enhance
the hydrophobic contact with porphyrins. This bent structure
is commonly seen for all inclusion complexes. Thus, we now
consider that this is the essential character of induced-fit-
type interactions. In addition, Kano et al. reported that the
bent structure of permethylated CDs that have no OH
groups plays an important role in chiral recognition.”” It is
reasonable to consider, therefore, that the considerably bent
structure of each glucose ring belt should induce chiral
twisting of the porphyrin ;t system, which eventually leads
to chiral recognition.

Optical properties of porphyrin inclusion crystals: We found
that the DISC of TMBCD-TPyP shows unique optical aniso-
tropy (Figure 6). The oblique extinction was observed under

Figure 6. Microscope images of the TMPBCD-TPyP DISC; a) bright-field
image, b) crossed Nicols polarized image (0-90°), c) crossed Nicols polar-
ized image (45-135°), d) fluorescent image, e) fluorescent image with po-
larizer (60°), and f) fluorescent image with polarizer (150°).

crossed Nicol prisms. The extinction angle used for this ex-
periment was 45°. In one Nicol observation, the extinction
of polarized light was observed at 135° with respect to the
major axis of the crystal. This angle lies approximately
evenly between the major and minor axes. More interesting-
ly, when the fluorescence was observed through the polariz-
er, the fluorescence intensity was minimized at around 60°
and maximized at around 150° for the major axis of the
crystal. These findings can be explained rationally by the
neat arrangement of TPyP molecules in the crystal. Figure 7
shows the arrangement of porphyrin molecules viewed
along the (001) plane (see Figure S4 in the Supporting Infor-
mation for the relationship between the crystalline lattice
and the reciprocal lattice). It is easily observed that the
angles of the meso-axis of TPyP with respect to the a axis

462 —— www.chemeurj.org
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Figure 7. Arrangement of TPyP molecules in the TMBCD-TPyP DISC
viewed along the (001) plane. a) meso-Axis of TPyP that provides the
maximum polarized fluorescence. b) meso-Axis of TPyP that provides
the minimum polarized fluorescence.

are similar to the angles of maximum and minimum intensi-
ty of the liner polarized fluorescence with respect to the
major axis of the crystal. If one meso-axis has an angle of
55° with respect to the major axis of the crystal, TPyP is
tilted around 56° towards the (001) plane. In contrast, if the
other meso-axis has an angle of 145° with respect to the
major axis of the crystal, TPyP is arranged almost parallel
(<2°). In addition, the DISC of TPP, which has a crystal
structure similar to the DISC of TPyP, showed the same op-
tical properties (Figure S5 in the Supporting Information).
This characteristic alignment of porphyrins should be mainly
associated with linearly polarized luminescence properties.
The DISC of Ni-TPP, which is known to be nonfluorescent,
showed the same optical anisotropy. On the other hand, sig-
nificant optical anisotropy was not observed for
TMPBCD-TCPP. This difference is likely to be associated
with the difference in the arrangement of porphyrins in the
DISC, that is, whether they are unidirectional or not.

Emission / a. u.

Wavelength/ nm

Figure 8. Fluorescence spectra of TMBCD-TPyP in aqueous solution
(----- ; 2TMBCD-TPyP]=6.6 um) and DISC (—); A, =510 nm.
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Figure 8 shows the fluorescence spectra of TMBCD-TPyP
in the aqueous solution phase and in the DISC phase. The
fluorescence quantum yields were estimated to be 5.2 and
3.5%, respectively. In the solution phase, the fluorescence
intensity ratio of the higher peak (A.,=704nm) versus
lower peak (A.,=647 nm) was 0.22. Conversely, the peak
ratio in the DISC phase was 0.47 (1.,=695 and 650 nm).
One may consider that the change in the fluorescence peak
ratio and the shift are induced by the porphyrin structure
being fixed in the CD cavity. To obtain further insight into
the association mode, we measured the fluorescence lifetime
of TMBCD-TPyP in the aqueous solution phase and the
DISC phase (Figure 9). Table 2 shows the results obtained

10000
1000
100
10 |
1 4 1 1
0 20 40 60 80
Time / ns

Figure 9. Fluorescence decay curves of TMPBCD-TPyP complex in aque-
ous solution ([2TMBCD-TPyP]=6.6 um) and DISC at 1 =705 nm.

Table 2. Fluorescence lifetimes of TMCD-TPyP.

State A [nm] t, [ns] t, [ns] D [%]

aqueous solution® 650 11.8 2.7 5.200
705 13.2 1.3

DISC 650 9.9 - 3.51
705 10.3 -

Ref. [20] 650 12.5 0.5 -
705 12.5 0.03

[a] 1000 times more dilute than the crystallization solution

([2TMBCD-TPyP]=6.6 um). [b] Total light quantum yield was measured
in the range of A1=594-768 nm with monochromatic light excitation
(A=510 nm, range: 1=500-520 nm).

by monitoring at A=650 and 705 nm. Clearly, the fluores-
cence lifetime in the DISC phase is shorter than that of the
solution phase. Takagi et al. previously reported that por-
phyrins can be regularly arranged on a clay sheet to act as
an inorganic host.’” In their study, the distance between
porphyrins was estimated to be about 2.4 nm. Importantly,
they found that the energy transfer between porphyrins can
take place very efficiently. In the TMPBCD-TPyP DISC, the
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distance from one porphyrin to neighboring porphyrins is
estimated to be between 1.7 and 2.9 nm. However, all por-
phyrins can be connected, in a stepwise manner, by less than
1.8 nm."’ One may propose from these reasons that the
shorter fluorescence lifetime of the DISC phase is rational-
ized in terms of the energy transfer between neighboring
porphyrins.

Conclusion

Herein, we demonstrate a new strategy to isolate DISCs
formed between TMBCD and several porphyrins with differ-
ent meso-aryl groups or a coordinated metal. We obtained
high-quality DISCs regardless of the water solubility of the
porphyrin used. The key points in this preparation method
are the flexibility of TMBCD, which enables induced-fit-type
guest inclusion, and a high-temperature crystallization,
which is advantageous for the hydrophobic force to domi-
nate. We have examined the structural characteristics of
these induced-fit-type complexation modes in the DISC
phase for the first time. Particularly important is our finding
that complexation induces bending of the glucose ring belt
structure in the cyclodextrin but not strain of the cyclodex-
trin ring structure itself along the & plane of the included
porphyrin, as predicted from solution studies. The bent
structure of the CDs was not significantly affected by differ-
ent meso-aryl groups on the porphyrin. In TCPP, the hydro-
gen bonds between TMBCD, water molecules, and carboxyl
groups play an important role in forming the crystal struc-
ture. As a result, only TMBCD-TCPP was oriented in a
nested structure in the DISC, whereas other porphyrin com-
plexes were oriented unidirectionally. Thus, the molecular
orientation in the crystals should be controlled by the
nature of the meso-aryl groups. In addition, we found that
the bent structure in the complexes results in a chirally
twisted 7 plane in the guest porphyrins. This twisting angle
could be also controlled by introduction of metals into the
porphyrins because the twisting angle of the Ni-TPP com-
plex is significantly larger (by 1.8°) than those of other free-
base porphyrins. Furthermore, we have demonstrated the
potential application of DISCs in electrochemical and opto-
electronic materials. We thus believe that the present study
has various important implications not only for basic crystal
analysis of inclusion complexes but also for applied research
that uses the concept of supramolecular chemistry.

Experimental Section

General information: The porphyrins were purchased from Sigma-Al-
drich or Tokyo Chemical Industry and used without further purification.
The cyclodextrins were purchased from Wako Pure Chemical Industries
and used as received without further purification.

Preparation of TMBCD-TCPP DISCs: TCPP (79 mg, 0.1 mmol) and
TMBCD (572 mg, 0.4 mmol) were dissolved in aqueous NaOH (5 mL;
1 moldm~). After neutralizing with aqueous HCI (5mL, 1 moldm™?),
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the volume of the solution was adjusted to 15 mL by addition of water.
The DISC was obtained by incubation at 50°C for 3 d.

Preparation of DISCs of TMBCD and hydrophobic porphyrins: TPP
(31 mg, 0.05 mmol) or Ni-TPP (33.6 mg, 0.05 mmol) was finely ground in
an agate mortar with excess TMBCD (429 mg, 0.3 mmol). After dispers-
ing the ground mixture into water with stirring, the cloudy solution was
filtered to obtain a clear solution that contained the inclusion complex.
The DISCs corresponding each porphyrin inclusion complex were ob-
tained by incubation at 50°C for 3 d.

Instruments: UV/Vis spectra were measured by using a JASCO V-670
spectrophotometer. Circular dichromism spectra were measured by using
a JASCO J-720WI spectropolarimeter. DSC thermograms were recorded
by using a Seiko Instruments SSC 5200 (type DSC 220C) thermal analy-
sis system. Fluorescence spectra were measured by using a Perkin—Elmer
LS 55 luminescence spectrometer. Quantum yields were recorded by
using an integrating sphere and a Hamamatsu Photonics C10027 photonic
multi-channel analyzer. The fluorescence decay measurements were car-
ried out by using the time-correlated single-photon counting technique
by using a Horiba—Jobin—-Yvon FluoroCube 3000U lifetime spectrofluor-
ometer system equipped with a Horiba Scientific Nano-LED-375L
pulsed diode light source.

X-ray crystallography: X-ray analytical data were collected by using a
Saturn 7244 diffractometer with multilayer mirror monochromated
Mok, radiation (Rigaku). The reflection data were collected and pro-
cessed by using CrystalClear (Rigaku). The structures were solved by
direct methods and expanded by using Fourier techniques. Some nonhy-
drogen atoms were refined anisotropically, whereas the rest of the atoms
were refined isotropically. Hydrogen atoms were refined by using a
riding model. The final cycle of full-matrix least-squares refinement on F*
based on unique reflections was employed, in which the unweighted and
weighted agreement factors of R=X| | F,|—|F.| |/Z|F,| (I>2.000(])) and
WR=[Ew(F2—F*)*=w(F2)*]"* were used. All calculations were performed
by using the CrystalStructure®! crystallographic software package except
for refinement, which was performed by using SHELXL-97.12¥

Crystal data for TMBCD-TPyP: C,,H,5\NgO; (TPyP-2TMBCD); M,
3477.77; crystal size 0.9x0.3x0.1 mm; triclinic; a=16.864(4), b=
17.532(4), ¢=17712(4) A;  a«=98.9688(10), B=103.336(3), y=
112.917(2)°; V=4514(2) A%, T=123(3) K; space group Pl; Z=1; puea=
1.279 gem™?; Fyyy=1870.00; A=0.71070 A; u(Moy,)=1.002 cm™"; 26,,.,=
55.0°; reflections collected: 36129, independent reflections: 19721 (R, =
0.0198); final R indices (/>2.000(/)) R,=0.0552 and wR,=0.1383; R in-
dices (all data) R,=0.0677 and wR,=0.1567 with GOF=1.059; largest
diff. peaks and holes: 1.02 and —0.32 e A,

Crystal data for TMBCD-TCPP: C,;,H,5\N,Oq, (TCPP-2TMBCD); M,
3745.90; crystal size 0.160x0.120x0.060 mm; monoclinic; a=16.983(2),
bh=28298(3), ¢=20.715(2) A; B=104.018(2)°; V=9659(2) A’>; T=
193(1) K; space group P2;; Z=2; Peea=1.288 gem™; Fy0=3996.00; 1=
0.71075 A; u(Mog,)=1.027 cm™; 20,,,,=54.9°; reflections collected:
66789, independent reflections: 17319 (R;,,=0.0350); final R indices (/>
2.000(1)) R,=0.0666 and wR,=0.1850; R indices (all data) R,=0.0710
and wR,=0.1908 with GOF=1.034; largest diff. peaks and holes: 0.72
and —0.50 e A=,

Crystal data for TMPCD-TPP: C,;H,,N,O; (TPP2TMPCD); M,
3473.86; crystal size 0.150x0.120x0.050 mm; triclinic; a=16.8100, b=
17.9010, ¢=17.7910 A; a=98.0900, f=102.3700, y=114.4900°; V=
4597.4571 A%, T=113(1) K; space group Pl; Z=1; pa=1255gem;
Fo=1862.00; 1=0.71075 A; u(Moy,)=0.970 cm™"; 20,,,.=58.2°; reflec-
tions collected: 84580, independent reflections: 21063 (R;,,=0.043); final
R indices (I>2.000(1)) R,=0.0506 and wR,=0.1053; R indices (all data)
R=0.0651 and wR,=0.1152 with GOF=0.963; largest diff. peaks and
holes: 0.87 and —0.33 e A2,

Crystal data for TMBCD-Ni-TPP: C,,\H,;,N,NiO,, (Ni-TPP-2TMBCD);
M, 3530.55; crystal size 0.200x0.200x0.200 mm; triclinic; a=16.782(3),
b=17.880(3), ¢=17.7943)A; a=98.078(2), L=102593(2), y=
114.384(2)°; V=4583.5(12) A>; T=93(1)K; space group Pl; Z=1;
Peaca=1.279 gem™; Fy=1888.00; 1=0.71075 A; u(Moy,)=1.970 cm™";
20, =62.0°; reflections collected: 82886, independent reflections: 35088
(Rir=0.0309); final R indices (/>2.000(I)) R;=0.0426 and wR,=0.1128;
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R indices (all data) R=0.0466 and wR,=0.1171 with GOF =1.034; larg-
est diff. peaks and holes: 1.11 and —0.48 e A3,

CCDC-802112 (TMBCD-TPyP), CCDC-832805 (TMBCD-TCPP), CCDC-
832806 (TMPBCD-TPP), and CCDC-832807 (TMPBCD-Ni-TPP) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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