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Multiple States of Dimeric Aggregates Formed by (Amido—ethynyl)helicene
Bidomain Compound and (Amido—ethynyl-amido)helicene Tridomain
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Abstract: An (amido-ethynyl)helicene
bidomain compound and an (amido—
ethynyl-amido)helicene tridomain
compound were synthesized. The mul-
tidomain compounds were designed on
the basis of previous findings that
amido and ethynyl oligomers form di-
meric aggregates with properties or-
thogonal to each other. Four aggregate
states of multidomain compounds,
namely, all-dimer, amido-dimer, ethyn-
yl-dimer, and random-coil states, were

(VPO);

Introduction

Proteins are organic macromolecules constructed by a linear
and sequential connection of amino acids; they fold into
programmed three-dimensional structures.!"! Folded proteins
contain domains with different structures and properties
such as a-helices and B-sheets. Each domain plays important
roles in maintaining the three-dimensional structures of pro-
teins and in exhibiting functions such as protein—protein in-
teractions or interactions with small molecules. It is there-
fore critical to understand the roles of all domains and their
combinations in biological functions. Protein folding, howev-
er, is a complex process, and its analysis is not straightfor-
ward. It is therefore interesting to examine synthetic multi-
domain compounds with well-defined structures and proper-
ties to understand how the combinations of domains can
affect the bulk properties of macromolecules. In addition,
such multidomain compounds can exhibit functions not ob-
served in single-domain compounds.

Synthetic bidomain compounds with oligomer structures
form layers,? particles,”” fibers,* and gels,®! which employ
conjugates of peptide/peptide, alkylcarboxylate/carbohy-
drate, carbohydrate/polymer, alkylcarboxyamide/peptide,
and peptide/polymer. In such cases one of the domains has
been used as a platform, and the other domain has shown
different aggregate properties from the corresponding
single-domain compounds. We noted that bidomain com-
pounds, in principle, have four structure states, as each
domain can contribute two states. When each domain aggre-
gates and disaggregates independently, multiple molecular-
switch systems, such as proteins that respond to external
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obtained in different solvents, which
were analyzed by circular dichroism
(CD), UV/Vis, 'HNMR, and IR spec-
troscopy; vapor pressure osmometry
dynamic
(DLS); and atomic force microscopy
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(AFM). The amido and ethynyl do-
mains independently aggregated and
disaggregated in a two-state manner.
Reversible structural changes occurred
for a tridomain compound between the
ethynyl-dimer/random-coil state and
the all-dimer/amido-dimer state with
heating and cooling. Two structural
change processes with different proper-
ties were obtained using a single com-
pound.

light scattering

helical

stimuli, can be obtained. Such synthetic compounds, howev-
er, are not easily obtained, because the structure at each
domain must be well-defined and not perturbed by other
domains. Partially cooperatively, various degrees of aggrega-
tion, intermediate formation in structural changes, and other
undetermined factors complicate structural analysis.

Dimeric aggregate formation, particularly double-helix
formation is considered attractive for the development of
such well-defined multidomain compounds. This is because
double helix formation occurs without forming higher aggre-
gates (selective dimerization). Note that the aggregation and
disaggregation of a double helix can occur in a two-state
manner, in which no partly aggregated molecular intermedi-
ates are formed (two-state structural change). These proper-
ties make the design and analysis of double-helix-forming
multidomain compounds straightforward. In addition, the
structural changes of dimeric aggregates have the advantag-
es of being 1) large, reaching several nanometers; 2) sensi-
tive to the environment; 3) detectable by various methods;
and 4) reversible. No such synthetic compounds with a mon-
odispersed multidomain, capable of forming dimeric aggre-
gates at each domain, were examined before.

We previously synthesized oligomers containing optically
active helicene and m-phenylene that form a double helix in
organic solvents. They disaggregate to a random coil with
heating, and their double-helix stability is affected by the
hardness and softness of aromatic solvents. Amidohelicene
oligomers, in which the helicene and m-phenylene are con-
nected by an amide linkage, also form dimeric aggregates.
They disaggregate in hydrogen-bond-breaking solvents such
as 2,22-trifluoroethanol or dimethylsulfoxide (DMSO).!
The stability of helix dimers, however, is not affected by
temperature changes. Two helix-dimer-forming compounds
that show properties orthogonal to each other were ob-
tained by changing the two-atom linkage from amido to
ethynyl groups. The differences were attributed to the differ-
ent driving forces for the aggregation, m—m interactions in
ethynylhelicene oligomers, and hydrogen bonding in amido-
helicene oligomers. Also note that these compounds do not
form higher aggregates, and aggregate/disaggregate in a
two-state manner.

Chem. Eur. J. 0000, 00, 0-0
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Figure 1. Molecular structure of bidomain 1, tridomain 2, amidohelicene
oligomer 3, and ethynylhelicene oligomers 4-6.

In this study, we examined multidomain compounds con-
taining an amido and an ethynyl domain (Figure 1). The bi-
domain compound 1 was synthesized by the coupling of an
amidohelicene tetramer and an ethynylhelicene heptamer,
and the tridomain compound 2 was obtained by the coupling
of two amidohelicene tetramers and an ethynylhelicene pen-
tamer. Both 1 and 2 formed four well-defined aggregate
states, namely, all-dimer, amido-dimer, ethynyl-dimer, and
random-coil states. In the all-dimer state, both the amido
and ethynyl domains formed dimeric aggregates. In the
amido-dimer state, only the amido domain formed dimeric
aggregate. In the ethynyl-dimer state, only the ethynyl
domain formed dimeric aggregate. The random-coil state
was monomeric. Four aggregate states were obtained in dif-
ferent solvents, which were analyzed by circular dichroism
(CD), UV/Vis, '"HNMR, and IR spectroscopy; vapor pres-
sure osmometry (VPO); dynamic light scattering (DLS);
and atomic force microscopy (AFM). In these multidomain
compounds, the amido and ethynyl domains independently
aggregated and disaggregated. On the basis of the results of
these studies, reversible structure switching between the
ethynyl-dimer/random-coil state and the all-dimer/amido-
dimer state were conducted for 2. Two different thermal re-
sponses appeared in nonpolar and polar solvents using the
single compound 2, which originated from the well-defined
aggregation and disaggregation properties of 2 at the amido
domain.

Results and Discussion
Design and synthesis of multidomain compounds: On the

basis of previous observations that the ethynylhelicene hep-
tamer 5 and the amidohelicene tetramer 3 formed helix
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dimers with orthogonal properties,®” the bidomain com-
pound 1 containing the ethynyl heptamer and amido tetram-
er domains was designed. The tridomain compound 2 with
an ethynyl pentamer domain at the central part and an
amido tetramer domain at both terminals was also designed.
The ethynyl pentamer domain in 2 should aggregate more
weakly than the ethynyl heptamer domain in 1. The design,
however, had the advantage of the amido tetramer and
ethynyl pentamer domains exhibit comparable Cotton ef-
fects with regard intensity, which facilitated the CD analysis
of different aggregate states of 2. It was also considered in-
teresting to induce thermal structural changes of 2 at the
central ethynyl pentamer domain without inducing a change
at the terminal amido domain.

Compounds 1 and 2 were synthesized by the Sonogashira
coupling of an amidohelicene oligomer and ethynylhelicene
oligomers. The synthesis of the iodo-terminated amidoheli-
cene tetramer 17 was conducted by a one-directional
method starting from iodobenzene 9,*! which in turn was
synthesized from the amine 7. Compound 9 was subjected
to a sequence of couplings with the acid chloride 10 fol-
lowed by deprotection, giving 17 (Scheme 1).

1) NaNO,, 2M HCI,
HoN NHBoc pMSO
@ 2)KI
R

7 8 31%
R = CO»-nC1oHa1

I\©,NHBOC CF3CO,H, CH,Cly I\©,NH2
R

R
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15 (n=3) 92% 10, NMP 16( 3) 100%
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© NMP = N-methylpyrrolidinone
10 R

Scheme 1. Synthesis of iodo-terminated amidohelicene oligomers 11-17.

Then, 1 was obtained by the coupling of an equimolar
amount of 17 and the ethynylhelicene heptamer 6! in 53 %
yield. Polymer 2 was synthesized by the coupling of the dia-
lkyne 18® and two equivalents of 17 in 71% yield
(Scheme 2).

The four aggregate states of bidomain compound 1: The bi-
domain compound 1 formed four aggregate states, that is,
all-dimer, amido-dimer, ethynyl-dimer, and random-coil
states, in different solvents (Figure 2). In this study, condi-
tions in which the equilibrium was shifted for each structure
were explored. For example, the all-dimer state containing
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Scheme 2. Synthesis of bidomain compound 1 and tridomain compound
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Figure 2. Four aggregate states of 1.

no amido-dimer, ethynyl-dimer, or random-coil state was ex-
amined, and such a state was denoted as the S-all-dimer
state (S =shifted).

Since both 3 and 5§ were in the random-coil state in
THEFE,®"! the random-coil state of 1 was examined in this sol-
vent. The CD spectrum (THF, 25°C, 2.5x107°m) of 1 (Fig-
ure Sla in the Supporting Information) coincided with the
calculated spectrum (Figure S2 in the Supporting Informa-
tion) obtained by adding the spectra of 3 (THF, 5x10°m,
25°C) and 5 (THF, 5x10°m, 25°C).*” The spectrum
showed no change with heating at 60°C or cooling at —5°C
(Figure Sla in the Supporting Information), and the same
spectrum was obtained at a higher concentration of 2.5x
10°m (Figure S1b in the Supporting Information). The in-
sensitivity of the CD spectra to temperature and concentra-
tion indicated that 1 was in the S-random-coil state in THF
at 25°C between 2.5x107° and 2.5x107°M. Then, the CD
spectrum obtained here was that of the S-random-coil state
of 1, not containing the all-dimer, amido-dimer, or ethynyl-
dimer state.

Trifluoromethylbenzene and fluorobenzene are solvents
that promote double-helix formation of the ethynyl heptam-
er 5.1 Moreover, the amidohelicene tetramer 3 exists in the
helix dimer state in trifluoromethylbenzene, fluorobenzene,
and chloroform (Figure S3 in the Supporting Information).”
The formation of the all-dimer state of 1, in which both
amido and ethynyl domains formed helix dimers, was exam-
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Figure 3. CD spectra of 1 at different a) temperatures (2.5x107%m, tri-
fluoromethylbenzene) and b) concentrations (25°C, trifluoromethylben-
zene and fluorobenzene). The calculated spectrum (Figure S4 in the Sup-
porting Information) is also shown.

ined by CD spectroscopy in these solvents. In trifluorome-
thylbenzene, the CD spectra (25°C, 2.5x107°m) of 1 (Fig-
ure 3a) are in good agreement with the calculated spectra
(Figure S4 in the Supporting Information) obtained by
adding the spectra of 3 (chloroform, 25°C, 5x107°m) and
the ethynyl heptamer 5 (trifluoromethylbenzene, 25°C, 5x
107°m), both of which formed helix dimers under the above-
mentioned conditions.®” The spectrum did not change by
heating at 100°C or cooling at —5°C. Since 1 was not solu-
ble in trifluoromethylbenzene concentrations higher than
2.5%107M, its CD spectrum at this concentration was ob-
tained in fluorobenzene, which coincided with that in tri-
fluoromethylbenzene at 2.5x107°m (Figure 3b). These re-
sults indicate that 1 is in the S-all-dimer state in trifluorome-
thylbenzene and fluorobenzene at 25°C between 2.5x 107
and 2.5x1075m.

The dimeric aggregation of 1 in the all-dimer state was ex-
amined by VPO in chloroform (1x107°m, 35°C, benzyl
standard). It was confirmed that the same structure was
formed in chloroform (1x10~*m, 25°C) and trifluoromethyl-
benzene (2.5x107%M, 25°C), as indicated in the CD spec-
trum (Figure S5 in the Supporting Information). The ob-
tained apparent molecular weight of 1.29x10* was in ac-
cordance with the calculated molecular weight of the dimer-
ic aggregate, that is, 1.319x10*. The experiment also con-
firmed the lack of higher-aggregate formation.

It was previously observed that the addition of DMSO
promoted the unfolding of the helix dimer of 3.7 Therefore,
a CD analysis of 1 in the ethynyl-dimer state was conducted
in 5% DMSO/trifluoromethylbenzene. The CD spectrum
(25°C, 2.5x1075Mm) of 1 in the mixed solvent (Figure 4) was
in good agreement with the calculated spectra (Figure S6 in
the Supporting Information) obtained by adding the spec-
trum of 3 in the random-coil state!” (THF, 25°C, 5x10~°m)
and of 5 in the helix dimer state!® (trifluoromethylbenzene,
25°C, 5x107°m). The CD spectra also did not change be-
tween 5 and 60°C, and the same spectrum was obtained at a
higher concentration of 2.5x10°m (Figure 4b). The spectra
did not change by adding DMSO between concentrations of
3 and 10% (Figure S7 in the Supporting Information). The
results indicate that 1 is in the S-ethynyl-dimer state in 5%
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Figure 4. CD spectra of 1 in 5% DMSO/trifluoromethylbenzene at differ-
ent a) temperatures (2.5x107°M) and b) concentrations (25°C). The cal-
culated spectrum (Figure S6 in the Supporting Information) is also
shown.

DMSO/trifluoromethylbenzene at 25°C at concentrations
between 2.5x 107 and 2.5x 107 M.

The amido-dimer state of 1 was examined in bromoben-
zene on the basis of our observations that the ethynylheli-
cene heptamer 5 was in the random-coil state!® and the ami-
dohelicene tetramer 3 was in the helix dimer!” in this sol-
vent (Figure S3 in the Supporting Information). The CD
spectrum of 1 (2.5x107%m, 25°C) (Figure 5) was similar to

500
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Figure 5. CD spectra of 1 in bromobenzene at different a) temperatures
(2.5x10°m) and b) concentrations (25°C). The calculated spectrum (Fig-
ure S8 in the Supporting Information) is also shown.

the calculated spectrum (Figure S8 in the Supporting Infor-
mation) obtained from the helix dimer of 3 (chloroform,
25°C, 5x107°m) and the random coil of 5 (THF, 25°C, 5x
10~m), with slight deviations between 320 and 390 nm. Sim-
ilar deviations in the experimental and calculated spectra
for the amido-dimer state were observed in the tridomain
compound 2 (vide infra), which could be due to some struc-
tural perturbation at the ethynyl domain caused by the
dimer formation at the amido domain. The CD spectra did
not change between 60 and —5°C, and the same spectra
were obtained at a higher concentration of 2.5x10°m (Fig-
ure 5b). Thus, it is considered that 1 in bromobenzene is in
the S-amido-dimer state under these conditions.

Two isomeric structures are conceivable in the amido-
dimer state: syn, in which the amido- and ethynyl domain
were arranged in the same direction and anti, in which the
two domains were arranged in the opposite direction
(Figure 6). The CD spectra of 1 in toluene (2.5x107%m)

Chem. Eur. J. 2012, 00, 0-0
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Figure 6. The syn-configuration of 1 in the all-dimer and amido-dimer
formation.

showed reversible change between all-dimer and amido-
dimer on heating and cooling (Figure S9 in the Supporting
Information). The all-dimer state should possess the syn
configuration. Therefore, the amido-dimer state, which inter-
converted with the all-dimer state, should be the syn config-
uration.

Four aggregate S-states of 1 were obtained in different
solvents exhibiting different CD spectra (Figure 7a). How-
ever, the spectrum of the S-ethynyl-dimer state in 5%

3000
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=
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Figure 7. Spectra of four aggregate S-states of 1 (2.5x107°m, 25°C): a)
CD and b) UV/Vis spectra.

DMSO/trifluoromethylbenzene was similar to that of the
S-all-dimer state in trifluoromethylbenzene, and small differ-
ences were observed only at the 290-320 nm region. Amido-
helicene oligomers showed changes in this region by aggre-
gation and disaggregation,”! and the small differences be-
tween the S-ethynyl-dimer and the S-all-dimer states were
due to the extremely strong Cotton effect of the ethynyl
heptamer domain on double-helix formation compared with
the Cotton effect of the amido tetramer domain. As will be
discussed later, apparently different CD spectra of four ag-
gregate S-states were obtained from the tridomain com-
pound 2, in which the ethynyl pentamer domain instead of
the ethynyl heptamer domain was employed to adjust CD
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intensity. Four aggregate S-states of 1 were also observed
from the UV/Vis spectra (Figure 7b). The absorptions at
about 340 nm for the S-amido-dimer (bromobenzene) and
S-random-coil (THF) states were enhanced compared with
those for the S-all-dimer (trifluoromethylbenzene) and
S-ethynyl-dimer (5% DMSO/trifluoromethylbenzene)
states. The results were ascribed to disaggregation at the
ethynyl domain, in accordance with our previous observa-
tions.[®!

Quite different '"H NMR spectra were obtained for 1 in
CDCl;, [Ds]bromobenzene, 20% [D¢]DMSO/CDCl;, and
[Dg]THF, which reflected different aggregate states
(Figure 8). In [Dg]JTHF (2x107*m, 25°C), 1 was in the

_Jj'u_____wJU A
A

(a) [Dg]THF

(b) CDCl3

(c) [Ds]PhBr

A

(d) 20% [Dg]DMSO/CDCly

A

? T f T T 1
ppm 10.5 10.0 9.5 9.0 8.5 8.0
Figure 8. '"H NMR spectra of 1 in different solvents (2x 10 *m, 25°C); a)
[Dg]THEF, b) CDCls, ¢) [Ds]PhBr, and d) 20 % [Dg]DMSO/CDCl,.

S-random-coil state, and, accordingly, two sharp amide pro-
tons at 0=10.0 and 10.2 ppm as well as well-resolved aro-
matic protons were observed owing to rapid molecular mo-
tions. In CDCl; (2x107*m, 25°C), 1 was in the S-all-dimer
state, as indicated by CD and VPO, and its '"H NMR spectra
showed a serious broadening of amide and aromatic protons,
which was attributed to restricted molecular motions.
Broadening was previously observed for the amido tetramer
3 (Figure S10 in the Supporting Information) and the ethyn-
yl heptamer 5 in CDCl; (1x10°m, 25°C). In
[Ds]bromobenzene (2x107*m, 25°C), an S-amido-dimer was
formed, and the amide protons were again broadened. In
20% [Dg]DMSO/CDCl; (2x107*m, 25°C), two relatively
sharp amide peaks were observed at 6 =10.3 and 10.5 ppm,
which were in accordance with the S-ethynyl-dimer forma-
tion observed by CD spectroscopy (Figure S11 in the Sup-
porting Information). The broadening of amide protons in
CDCl; and [Ds]bromobenzene was ascribed to hydrogen
bonding in helix dimer formation, which should be different
from hydrogen bonding in solvents such as in [Dg]THF and
[D¢]DMSO/CDCl;.
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IR analysis of 1 was conducted in solution (3x107°m) at
room temperature. The all-dimer in fluorobenzene and
amido-dimer in bromobenzene showed amide carbonyl ab-
sorptions at 1653 and 1648 cm™!, respectively (Figure S12a
and b in the Supporting Information). In THF, 1 was in
random-coil state, and provided a carbonyl absorption at
1682 cm ™' (Figure S12c in the Supporting Information). The
presence of such a hydrogen-bonded amide carbonyl in the
all-dimer and amido-dimer state was previously observed in
the helix-dimer formation of amidohelicene tetramer 3.
The aggregation of 1 at the amide domain was confirmed in
the all-dimer and amido-dimer states.

AFM analysis was conducted on the aggregates of 1. The
AFM images of the samples prepared from fluorobenzene
solution showed particles about 30 nm diameter for all-
dimer state. The samples prepared from bromobenzene sol-
ution provided 20-30 nm diameter for amido-dimer state
(Figure S13 in the Supporting Information). Particles of uni-
form sizes were formed in wide surfaces for both experi-
ments.

It is shown that four aggregate states, namely, S-all-dimer,
S-amido-dimer, S-ethynyl-dimer, and S-random-coil states,
were obtained for 1 by the judicious choice of solvents,
which indicated that the amido and ethynyl domains of 1 in-
dependently aggregated and disaggregated.

The four aggregate states of tridomain compound 2: Four
aggregate states of tridomain compound 2, namely, S-all-
dimer, S-amido-dimer, S-ethynyl-dimer, and S-random-coil
states, were examined by the same methods. (Figure 9)

VA R

Random coil Helix dimer Random coil Helix dimer

I

= S
= s > g
= é =
2 7 =
All-dimer  Amido-dimer Ethynyl-dimer Random coil
In PhF In PhBr In 12% DMSO/PhCF;  In THF
2

Figure 9. Four aggregate states of 2.

The CD spectrum of 2 (25°C, 2.5x107°m) in THF (Fig-
ure S14a in the Supporting Information) coincided with the
calculated spectrum (Figure S15 in the Supporting Informa-
tion) obtained by adding the spectra of the random-coil
amido tetramer 3" (THF, 5x107%m, 25°C) and the random-
coil ethynyl pentamer 4 (chloroform, 5x107°m, 25°C) in
2:1 ratio. The spectra did not change by heating at 60°C or
cooling at 5°C at a higher concentration of 2.5x10~°m (Fig-
ure S14b). Hence, compound 2 is in the S-random-coil state
in THF under the above-mentioned conditions.

Chem. Eur. J. 0000, 00, 0-0
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Figure 10. CD spectra of 2 in fluorobenzene at different a) temperatures
(2.5x107°m) and b) concentrations (25°C). The calculated spectrum (Fig-
ure S16 in the Supporting Information) is also shown.

Since 2 was not soluble enough in trifluoromethylbenzene
for CD analysis, the experiments on the all-dimer state were
conducted in fluorobenzene (25°C, 2.5x107°m). The CD
spectrum of 2 (Figure 10a) coincided with the calculated
spectrum (Figure S16 in the Supporting Information) ob-
tained by adding the spectra of 3 in the helix dimer state!”!
(chloroform, 25°C, 5x10™°m) and of 4 in the double helix
statel® (trifluoromethylbenzene, 25°C, 1x10~°m) in a ratio
of 2:1. The spectra did not change between —5 and 25°C.
However, when the mixture was heated at 80°C, the Cotton
effect was minimized, which is due to partial disaggregation
at the central ethynyl pentamer domain (Figure S17 in the
Supporting Information). The difference in thermal stability
between 1 (Figure 3) and 2 in ethynyl domain aggregation is
due to the weaker aggregate formation of the ethynyl pen-
tamer domain of 2 than of the heptamer domain of 1. The
same spectrum of 2 was obtained at concentrations of 2.5 x
107 and 2.5x 10> M (Figure 10b). The results indicated that
2 is in the S-all-dimer state in fluorobenzene at 25°C.

In DMSO/trifluoromethylbenzene, 2 is considered to be
in the ethynyl-dimer state. The CD spectrum of 2 (5x107°m,
25°C) in 12% DMSO/trifluoromethylbenzene (Figure 11a)
coincided in shape with the calculated spectrum (Figure S18
in the Supporting Information), which was obtained by
adding the spectra of the random coil of 3”1 (THF, 5x
107°m, 25°C) and the helix dimer of 4! (trifluoromethylben-
zene, 1x107°m, 25°C) in 2:1 ratio. The difference in intensi-
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(a (b)
1000
s
] e Y AT
N
< . 1.0X10%M
1000 2 G= 50X 10°M ==
25°C — :
80 °C == 25x105M =
p— -5
. Calcd 1.25x105 M

280 300 320 340 360 380 400
wavelength / nm

300 320 340 360 380 400 420
wavelength / nm

Figure 11. CD spectra of 2 in 12 % DMSO/trifluoromethylbenzene at dif-

ferent a) temperatures (5x 107> M) and b) concentrations (25°C). The cal-

culated spectrum (Figure S18 in the Supporting Information) is also

shown.
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ty between the experimental and calculated spectra may be
partly due to the relatively unstable nature of the helix
dimer of 4, which contains only five helicenes. The CD spec-
tra did not change between 25 and 5°C. The intensity, how-
ever, considerably decreased with heating at 80°C, which
then recovered with cooling to 5°C. The similar spectra
were obtained at concentrations up to 1x107*m (25°C) (Fig-
ure 11b). The DMSO content was changed from 6 to 16 %,
and essentially the same CD spectrum was obtained be-
tween 10 and 16 % (Figure S19 in the Supporting Informa-
tion). Since the amount of hydrogen-bonding-breaking sol-
vent had no effect on the CD spectra above 10%, the
amido domain should be fully disaggregated in these states.
The results indicate the S-ethynyl-dimer state of 2 under the
above-mentioned conditions.

In bromobenzene, the CD spectrum (2.5x 107%m, 25°C) of
2 (Figure 12a) was similar to the calculated spectrum (Fig-
ure S20) obtained by adding the spectra of the helix dimer

8001 ®

EN
o
o

Ag /et m!
o

5°C
25°C =
60 °C =
-800 Calcd ==
280 300 320 340 360 380 400
wavelength / nm

A
S

25x10%M
25x10°%M =

300 320 340 360 380 400 420
wavelength / nm

Figure 12. CD spectra of 2 in bromobenzene at different a) temperatures
(2.5x107°m) and b) concentrations (25°C). The calculated spectrum (Fig-
ure S20 in the Supporting Information) is also shown.

of 3" (chloroform, 25°C, 5x10~°m) and the random coil of
419 (chloroform, 25°C, 5x107°M) in 2:1 ratio. Some devia-
tions at 320 and 360 nm, however, were observed as for 1 in
bromobenzene (Figure 5a). The CD spectra did not change
between 5 and 60°C, and at a higher concentration at 2.5 x
107°m (Figure 12b). Compound 2 is in the S-amido-dimer
state in bromobenzene under these conditions.

The amido and ethynyl domains of 2 aggregated and dis-
aggregated in different solvents, and four aggregate S-states
were obtained (Figure 13). Compared with the case of 1,
quite different CD spectra were obtained for 2 in the four
S-states (Figure 13a), which were used for the reversible
structural changes, as will be described later. Different
UV/Vis spectra were also obtained for the four S-states
(Figure 13b). A characteristic absorption at about 340 nm
appeared for the S-random coil in THF and S-amido-dimer
in bromobenzene, in which the ethynyl domain was disag-
gregated. Stronger absorptions were observed at about
300 nm for the S-ethynyl-dimer in 12 % DMSO/trifluorome-
thylbenzene and the S-random coil in THF, which were dis-
aggregate states at the amido domain.

'HNMR analysis of 2 in [Dg]THF at 2x10~*m showed
sharp amide peaks at 6=10.0 and 10.2 ppm and well-re-
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Figure 13. Spectra of four aggregate S-states of 2 (25°C): a) CD and b)
UV/Vis spectra. Concentration of 2 in 12% DMSO/trifluoromethylben-
zene, 5x107°M, and in other solvents, 2.5x 10™°m.
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Figure 14. "H NMR spectra of 2 in different solvents (2x 107 m, 25°C): a)
[D4]THE, b) CDCL, ¢) [Ds]PhBr, and d) 12% [Ds]DMSO/[D;s]PhCF;.

solved aromatic peaks (Figure 14), which are due to the
rapid molecular motions. It was confirmed by CD that the
all-dimer state was formed in chloroform and fluorobenzene
(Figure 10 and Figure S21 in the Supporting Information).
In CDCI; and [Ds]bromobenzene, broad amide protons
were observed by 'HNMR spectroscopy. In 12%
[D¢]DMSO/[D;s]CF;Ph, in which CD (25°C, 1x107*m) anal-
ysis indicated ethynyl-dimer formation (Figure 11), the
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Figure 15. Size distributions of 2 by DLS experiments in different sol-
vents (5x107°m, 20°C).

amide peaks were sharp. The 'H NMR analysis of 2 exhibit-
ed the same trends as 1.

Four aggregate states of 2 were examined by DLS (20°C,
5.0x107°m) (Figure 15). In THF, an average diameter of
6 nm was obtained for the random-coil state. The ethynyl-
dimer state in 12 % DMSO/trifluoromethylbenzene showed
a 7nm diameter, similar to the random-coil state. The all-
dimer state in fluorobenzene gave a peak at 50 nm, and the
amido-dimer state in bromobenzene gave a peak at 35 nm.
The sizes of the random-coil monomer and ethynyl-dimer
states for 2 were 6-7 nm, and those of the amido-dimer and
all-dimer states were 35-50 nm. This may be due to the rod-
like rigid structure of the amido-dimer state, which in-
creased the apparent diameters of aggregates of the all-
dimer and amido-dimer states. A larger diameter was ob-
tained for the all-dimer state in fluorobenzene than for the
amido-dimer state in bromobenzene. This may be ascribed
to the folding of the latter at the disaggregated ethynyl
domain.

AFM analysis of the aggregates of 2 was conducted
(Figure 16). AFM images of the samples prepared from
chloroform showed dispersed particles of about 30 nm diam-
eter, which should indicate an all-dimer state. The samples
prepared from bromobenzene provided particles of an
amido-dimer of approximately 20 nm diameter. Particles of
uniform sizes were formed in wide surfaces for both experi-
ments. The results were in good accordance with those ob-
tained by DLS. The sizes were similar with the all-dimer of
1, which was confirmed to be dimeric by VPO (vide supra).
The observations are consistent with dimeric aggregate for-
mation of 2. The random-coil and ethynyl-dimer states of 2
prepared in THF and 12% DMSO/trifluoromethylbenzene
solution produced no evident particles, which may be due to
the small size of the particles and/or rapid molecular mo-
tions.

Compounds 1 and 2 formed four dimeric aggregate states,
and the ethynyl and amido domains independently aggregat-
ed and disaggregated. It was also noted that 1 and 2 aggre-
gated and disaggregated in a two-state manner. This is a no-
table example of synthetic multidomain compounds with
well-defined aggregate structures.

Structural change of tridomain compound: It was considered

interesting to examine the structural switch of 2 between
different states, particularly, the thermoresponding structural
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Figure 16. AFM images (height mode) of 2 on mica: a)—c) obtained in
chloroform (2.5x10*m), d)-f) obtained in bromobenzene (2.5x10 *m).
c) Section analysis along line A-B. f) Section analysis along line C-D.

change at the ethynyl domain. As noted in the experiment
using 12% DMSO/trifluoromethylbenzene, 2 changed its
structure between the ethynyl-dimer and random-coil mono-
mer states on heating (Figure 11), and this structural change
was examined in detail. At 5°C, 2 formed the S-ethynyl-
dimer, as indicated by the CD (5x107°m) with a Ae value at
367 nm of +1700 cm™'m™' (Figure 11a). When the solution
was heated at 80°C for 30 min, the Ae value decreased to
+80cm'm!'. A ratio of 2:8 of the ethynyl-dimer to the
random coil was estimated at 80°C on the basis of the Ae
value of 41730 cm 'm™' of the S-ethynyl-dimer (Figure 11)
and that of —221 cm~'m~' of the S-random coil (Figure S14
in the Supporting Information). The calculated CD spectra
obtained by adding those of the ethynyl-dimer and the
random coil in a 2:8 ratio was in good agreement with the
experimental spectra (Figure 17a). When the solution was
cooled to 5°C, the CD spectra returned to the S-ethynyl-
dimer state with a Ae value of 41700 cm~'m~!. The process
of heating at 80°C and cooling at 5°C was reversible and re-
producible, as indicated by the Ae time profiles (Fig-
ure 17b). The results indicate that the structural change in-
volved the ethynyl-dimer and random-coil states, and not
the all-dimer or amido-dimer state (Figure 18). In the polar
solvent, the amido domain of 2 remained disaggregated, and
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Figure 17.a) CD spectra (12% DMSO/trifluoromethylbenzene, 5.0x
10~°m) of 2 at 5 and 80°C. A calculated spectrum obtained by adding the
spectra of 2:10 of the ethynyl-dimer and 8:10 of the random coil is also
shown. b) The profiles of A¢ at 367 nm and the time of 2 (12% DMSO/
trifluoromethylbenzene, 5.0 x 10> m) for repeating cycles of 80/5°C every
15 min.
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Figure 18. Structure change of 2 between ethynyl-dimer and random coil.

only two of the four structural states of 2 were mutually
switched.

As noted before, 2 with the all-dimer state changed its
structure on heating (Figure S17 in the Supporting Informa-
tion). When 2 in fluorobenzene (2.5x107°M) was heated at
80°C and then cooled to 5°C, a Ae value of +720 cm™'m!
at 367 nm was obtained. Using the Ae values of the all-
dimer (+871cm™'mM™') and amido-dimer (—228cm~'m')
states, which were obtained from the CD spectra in fluoro-
benzene and bromobenzene, respectively (Figure 13), the
mixture was calculated to be an 8:2 mixture of the all-dimer
and amido-dimer states. The experimental CD spectra (2.5 x
107°m, 25°C) were in good agreement with the calculated
spectra obtained by adding those of the all-dimer and
amido-dimer states in an 8:2 ratio (Figure 19a). When the
mixture was heated to 80°C, the Ae value rapidly decreased,
reaching a steady state within 5 min with a Ae value of
+270 cm™'m~'. The equilibrium ratio of the all-dimer state
to the amido-dimer state was calculated to be 4:6, and the
calculated spectra were in good agreement with the experi-

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

M. Yamaguchi et al.

A EUROPEAN JOURNAL

1200

(a) Calcd All-dimer/Amido-dimer 8/2 mm
4/6
800
_ 400
s
"_E 0 |ommrmme g g LN
o
3 -400
-800 5°C m—
367 nm 80 °C s
-1200 :
280 300 320 340 360 380 400 420
wavelength / nm
1000 () 5°C
80 °C
s 750 E :
£ : : | '
2 1 : H 1
e 500 i E E i
c ' ' ' '
~ 1 ' H 1
8 1 i H 1
Ll [ S A A
(N ' 3 ' ' ' ' ' b
< 1 ! i i H ) 1 !
0 | ! : | . } : '
0O 15 30 45 60 75 90 105 120 135

time / min

Figure 19. a) CD spectra (fluorobenzene, 2.5x 10 °m) of 2 at 5 and 80°C.
The calculated spectra, obtained by adding the spectra of 8:10 of the all-
dimer state and 2:10 of the amido-dimer state, and 4:10 of the all-dimer
state and 6:10 of the amido-dimer state, are also shown. b) The profiles
of Ae at 367 nm and the time of 2 (fluorobenzene, 2.5 x 10 °m) for repeat-
ing cycles of 80/5°C every 15 min.

mental results (Figure 19a). The heating—cooling cycle be-
tween 80 and 5°C was repeated, and Ae/time profiles were
obtained in a reproducible manner (Figure 19b). The results
showed that the thermal process involved the all-dimer and
amido-dimer states, not the ethynyl-dimer or random-coil
state (Figure 20). The amido domain remained aggregated

All-dimer Amido-dimer

PhF 2

25x10%Mm
5°C 8:2
80°C 4:6

W

N

AN

Figure 20. Structure change of 2 between all-dimer and amido-dimer.

during the process in the nonpolar solvent. The all-dimer/
amido-dimer change is a switching phenomenon between
the double helix and random-coil states at the central
domain with aggregation at both terminal domains. As sug-
gested by the results of the DLS (Figure 15) and AFM
(Figure 16) measurements, this heating and cooling process
should induce the structure change of 2 on a 10 nm scale.
The ethynyl-dimer/random-coil switch in the polar solvent
(Figure 17) and all-dimer/amido-dimer switch in the nonpo-
lar solvent between 5 and 80°C (Figure 19) exhibited differ-
ent dynamic properties. The CD spectral changes in the
processes were quite different, and the thermal response
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rates, concentration effects, and aggregate sizes were also
different. In other words, two types of thermal response ap-
peared using a single compound, 2. The differences originat-
ed from the well-defined aggregate and disaggregate states
at the amido domain. It may be worth noting that these two
structural changes are orthogonal to each other, and that
each process proceeds only between two structures and does
not involve other structures.

Conclusion

In summary, the bidomain compound 1 and the tridomain
compound 2 were designed and synthesized. Both 1 and 2
form four well-defined aggregate states, namely, all-dimer,
amido-dimer, ethynyl-dimer, and random-coil states. The
domains in 1 and 2 independently aggregate and disaggre-
gate in a two-state manner. The reversible and reproducible
structural changes of 2 between the ethynyl-dimer/random-
coil state and the all-dimer/amido-dimer state occur with
heating and cooling. The well-defined aggregate and disag-
gregate states at the amido domain provide two different
thermal processes using a single compound, 2 (Figure 21).
Since ethynyl oligomers exhibit various phenomena such as
gelation and vesicle formation,!”! multidomain compounds
should exhibit various switch behavior in higher-assembly
formation.

2248

in nonpolar solvent in polar solvent

; —
= S| -~ qNV
= - ="

? cool /7 é cool M

= 74
All-dimer Amido-dimer| | Ethynyl-dimer Random coil
CD CD

Figure 21. Two structure change systems of 2 between all-dimer/amido-
dimer and ethynyl-dimer/random coil.

Experimental Section

Bidomain oligomer 1: Under an argon atmosphere, a mixture of 17
(9 mg, 0.0031 mmol), a tris(dibenzylideneacetone)dipalladium(0) chloro-
form adduct (0.81 mg, 0.00078 mmol), cuprous iodide (1.7 mg, 0.0093
mol), trimesitylphosphine (1.8 mg, 0.0047 mol), tetrabutylammonium
iodide (11 mg, 0.031 mmol), triethylamine (0.3 mL), and N,N-dimethyl-
formamide (3 mL) was also freeze-evacuated three times. A solution of 6
(12 mg, 0.0031 mmol) in THF (3 mL) was freeze-evacuated three times
and then added dropwise to the above solution. The mixture was stirred
for 9 h at 45°C. The reaction was quenched by adding saturated aqueous
ammonium chloride (20 mL), and the organic materials were extracted
with toluene (30 mL). The organic layer was washed with water (15 mL)
and brine (15 mL), and dried over magnesium sulfate. The solvents were
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evaporated under reduced pressure. Separation by recycling GPC and
silica gel chromatography gave 1 (11 mg, 0.0016 mmol, 53 %). M.p.: 222—
226°C (hexane/chloroform); [a]% = 42790 (¢=0.18 in chloroform within
1 h after dissolution); "H NMR (600 MHz, [Ds]THF, 1 mm at 60°C): 6 =
0.85 (t, J=6Hz, 33H), 1.27-1.53 (m, 154H), 1.75-1.87 (m, 22H), 1.98 (s,
66H), 3.91 (s, 3H), 4.27 (quint, J=6 Hz, 4H), 4.33 (m, 6H), 441 (m,
12H), 7.47 (d, J=5Hz, 8H), 7.51 (d, /=5 Hz, 14H), 7.60-7.74 (m, 22H),
7.89 (d, J=7Hz, 1H), 7.93 (s, 1H), 8.03 (d, /=7 Hz, 1H), 8.07 (s, 1H),
8.11 (s, 1H), 8.17-8.40 (m, 40H), 8.53 (d, /=8 Hz, 1H), 8.58 (d, /=8 Hz,
12H), 8.70 (s, 1H), 8.80 (s, 2H), 8.81 (d, /=9 Hz, 1H), 9.81 (s, 1H),
10.0 ppm (s, 8H); *CNMR (151 MHz, [Dg|THF): 6 =14.4, 23.4, 23.5 (2
peaks), 27.0, 27.8, 28.7, 29.7, 29.8, 30.2 (2 peaks), 30.3, 30.5, 32.8 (2
peaks), 52.3, 65.5, 65.7, 66.3, 80.0, 90.2, 93.7, 93.8, 115.4, 115.8, 115.8,
116.9, 120.9, 121.0, 124.1, 124.6, 125.4, (2 peaks) 127.7 (2 peaks), 127.9,
128.0, 128.4, 129.6, 129.7, 129.8, 130.9, 131.1, 131.2, 132.0, 132.2, 132.3,
132.6, 132.8, 133.0, 133.3, 136.2, 136.3 (3 peaks), 136.4 (2 peaks), 136.5
137.6 (2 peaks), 137.7, 137.8 (2 peaks), 138.9, 139.0, 141.2, 141.4, 141.6,
153.7, 165.4, 166.5 (2 peaks), 168.1 ppm; IR (KBr): 7=3284, 2922, 2852,
2206, 1724, 1681, 1651 cm™'; UV/Vis (trifluoromethylbenzene, 2.5 x
107°M): Amex (8)=310nm (3.8x10°cm 'm"); CD (trifluoromethylben-
zene, 2.5x107°m): 1 (Ae)=307 (-1519), 328 (-—1523), 366 nm
(42663 cm™'m7"); MS (MALDI-TOF, a-cyano-4-hydroxycinnamic acid):
mlz caled for "*Cus,"CH,3N,O5,: 6592.33; found: 6590.57 [M—H]"; ele-
mental analysis caled (%) for CyssHy3NoOs4: C 83.07, H 6.77, N 1.91;
found: C 82.95, H 6.96, N 2.07.

Tridomain oligomer 2: Under an argon atmosphere, a mixture of 17
(25 mg, 0.0086 mmol), a tris(dibenzylideneacetone)dipalladium(0) chloro-
form adduct (2.3 mg, 0.0043 mmol), cuprous iodide (4.8 mg, 0.052 mmol),
trimesitylphosphine (5.0 mg, 0.026 mmol), triphenylphosphine (3.4 mg,
0.026 mmol), tetrabutylammonium iodide (16 mg, 0.043 mmol), triethyla-
mine (0.1 mL), and N,N-dimethylformamide (1 mL) was freeze-evacuat-
ed three times. A solution of 6 (11 mg, 0.0043 mmol) in THF (1 mL) was
also freeze-evacuated three times and then added dropwise to the above
solution. The mixture was stirred for S5h at 45°C. The reaction was
quenched by adding saturated aqueous ammonium chloride (20 mL), and
the organic materials were extracted with ethyl acetate (20 mL) and tol-
uene (20 mL). The organic layer was washed with water (20 mL) and
brine (20 mL), and dried over magnesium sulfate. The solvents were
evaporated under reduced pressure. Separation by recycling GPC and
silica gel chromatography gave 2 (25 mg, 0.0031 mmol, 71 %). M.p.: 251—
255°C  (hexane/dichloromethane); [a]f=-349 (c=025 in THF);
'"H NMR (400 MHz, [Dg]THF): 6=0.84 (m, 42H), 1.27-1.51 (m, 196H),
1.76-1.89 (m, 28H), 1.96 (s, 39H), 1.97 (s, 39H), 4.26-4.43 (m, 28H),
7.48-7.55 (m, 26H), 7.62-7.70 (m, 16H), 7.71-7.78 (m, 10H), 7.97 (s,
2H), 8.10 (s, 2H), 8.11 (s, 2H), 8.22-8.45 (m, 66 H), 8.58-8.63 (m, 9H),
8.78-8.85 (m, 9H) 10.02 (s, 2H), 1020ppm (s, 16H); “CNMR
(100 MHz, [Dg4]THF): 6=14.4, 23.5, 23.5, 23.6, 27.0, 28.6, 29.7 (2 peaks),
29.8, 30.3 (2 peaks), 30.5, 32.8, 32.9, 65.5, 65.8, 66.0, 66.3, 80.0, 89.1, 90.1,
90.2, 93.7, 93.8, 94.8, 114.0, 115.1, 115.6, 116.7, 120.8, 120.9, 121.1, 121.4,
124.1, 124.6, 125.1, 125.4, 127.1, 127.5, 127.7 (2 peaks), 127.9, 128.0, 128.1,
128.2, 128.3, 128.4, 128.5, 129.8, 130.3, 130.7, 130.9, 131.0, 131.1 (2 peaks),
131.9, 132.1, 132.2, 132.3, 132.4, 132.6, 132.7, 132.8, 132.9, 133.0, 133.2 (2
peaks), 133.3, 135.8, 136.2 (2 peaks), 136.3, 137.5 (2 peaks), 137.8 (2
peaks), 139.0, 141.2, 141.4, 141.6, 153.6, 165.4, 165.8, 166.5 (2 peaks),
167.9, 168.1, 168.2 ppm; IR (KBr): 7=3319, 2924, 2852, 2207, 1724, 1681,
1652 cm™!; UV/Vis (fluorobenzene, 2.5x107°°M): A, (¢) =308 nm (5.3 x
10°ecm™'m™"); CD (fluorobenzene, 2.5x107°m): 1 (Ae)=300 (—980), 323
(—169), 337 (-365), 367nm (+871cm'm'); MS (MALDI-TOF,
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a-cyano-4-hydroxycinnamic acid): m/z caled for '2Cs3"CsHysyNigOys:
8111.16; found: 8110.47 [M—H] elemental analysis caled (%) for
CauHssiNOss: C 80.54, H 6.88, N 3.11; found: C 80.40, H 7.07, N 2.96.
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Multiple States of Dimeric Aggregates

Formed by (Amido—ethynyl)helicene
Bidomain Compound and (Amido-
ethynyl-amido)helicene Tridomain
Compound

in nonpolar solvent
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=
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Domain switching! An (amido-ethy-
nyl)helicene bidomain compound and
an (amido—ethynyl-amido)helicene tri-
domain compound were synthesized.
Four aggregate states of multidomain
compounds, namely, all-dimer, amido-
dimer, ethynyl-dimer, and random-coil
states, were obtained in different sol-

Amido-dimer Ethynyl-dimer

in polar solvent

heat

=\
é cool M
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vents. Each domain independently
aggregated and disaggregated in a two-
state manner. Two different reversible
structural changes occurred between
the ethynyl-dimer/random-coil and the
all-dimer/amido-dimer with heating
and cooling.
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F Heat
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-—
Cool
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Two-Switch System
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Amido dimer.
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Molecular Switching

B e

Tridomain compound

N

Well-defined aggregate formation of multidomain linear
oligomers is described by M. Yamaguchi et al. in their Full
Paper on page l M ff. Multidomain compounds designed
on the basis of amido and ethynyl oligomers to form
dimeric aggregates with properties orthogonal to each
other. Four aggregate states and two reversible structural
change processes were obtained using a single compound.
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