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ABSTRACT: A 1:1 mixture of pseudoenantiomeric amino-
methylenehelicene (P)-tetramer and (M)-pentamer formed
three states, namely, the heterodouble helices B and C and the
random coil A. At high temperatures, A is the most stable. At
low temperatures, C is the most stable, and the structural
changes from A to the metastable state B to the product C
occur, where B and C have pseudoenantiomeric helical
structures. Heating then converts C to A. Essentially, all the
molecules change their structure from A to B to C to A.
Various nonequilibrium reversible thermodynamic responses
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appeared depending on thermal conditions: The metastable states A and B can be interconverted with thermal hysteresis without
forming C in a far-from-equilibrium manner; three-state hysteresis occurs; states A and B can be frozen at low temperatures and
defrosted by warming. An energy and population model for the three-state switching is given, involving inversion of

thermodynamic stability and thermal hysteresis.

B INTRODUCTION

Molecular switching is a reversible function for changing
molecular states in response to external stimuli or energy
changes, and many exam})les of switching between two
molecular states are known.” Multiple-state switching between
three or more states using a single molecular substance is
attractive for molecular devices and machines, because it can
provide more information than two-state systems.””> Such
multiple-state switching systems exist in molecular motors of
biological cells, and work on the mechanics during the multiple-
state molecular transformation using external chemical
energy.lf_h To understand biological phenomena and to
develop related molecular devices and machines, synthetic
molecular systems with such switching properties have been
examine d.2c—f,h,i,k,3b,c,e,f,h,i

Three-state switching is the basis of the above multiple-state
switching systems, where three states, i.e., A, B, and C, can be
taken in response to external stimuli. In addition, along with a
reversible change of states from A to B to C to A, changes
between two states can also occur in the A to B to A mode or A
to C to A mode depending on the stimulation conditions.”*&*"
Conventional three-state switching entails two or three stimuli
with large energies using light, an acid, a base, an oxidant, a
reductant, a metal ion, or another chemical reagent in order to
induce covalent bond rearrangement (Figure 1a,b). One reason
for supplying a large energy is to make each state
thermodynamically stable in a reversible three-state system
with the A to B to C to A reaction.

Heat is a convenient source of energy and usually has a
smaller energy under close to ambient conditions than chemical
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and light energies. Thus, it is interesting to develop a molecular
three-state switching system, i.e, A to B to C to A, induced by a
single thermal stimulus, which saves energy. Although two-state
switching using a single thermal stimulus is known,* it is not
straightforward to consider three-state switching in a closed
system, where there is no exchange of chemical substances. For
example, in the case that B is a kinetic product® and C is a
thermodynamic product, the A to B to C reaction occurs. The
relative thermodynamic stability, however, increases in the
order A < B < C, and the C to A reaction is thermodynamically
unfavorable.

In this work, we describe a three-state switching system in
solution induced by a single cycle of heating and cooling.
Essentially all the molecules change their states from A to B to
C to A, where A is the stable form at high temperatures and C
is the stable form at low temperatures (Figure lc). One
advantage of this system is that various thermal responses
appear during the changes of the three states depending on the
conditions and history of the thermal stimulus, which are noted
as reversible nonequilibrium thermodynamic processes.®

B RESULTS AND DISCUSSION

Three-State Change A to B to C to A. We have recently
synthesized aminomethylenehelicene oligomers and showed
their homodouble-helix formation.” In this study, the
heterodouble-helix formation® of a 1:1 mixture of pseudoe-
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Figure 1. Schematic presentation of models for three-state structural change. (a) High-energy/three-stimulus mode. Three high-energy external
stimuli E, E,, and E; are provided. (b) High-energy/two-stimulus mode. Two high-energy external stimuli E; and E, are provided. See also ref le,
page 98 for the related discussion. (c) Low-energy/single-stimulus mode. (d) The structures of (P)-1 and (M)-2. (e) Three-state change of A to B to

C to A using (P)-1/(M)-2 system.

nantiomeric helicene tetramer (P)-1 and pentamer (M)-2
containing an aminomethylene linker was examined (Figure
1d), which exhibited a three-state change in solution between
the random coil A, the heterodouble helix B, and the
heterodouble helix C (Figure le). A is in a high-energy state
at low temperatures, and B and C, possessing a pseudoenantio-
meric nature, are in metastable® and stable states, respectively
(Figure 1c). Then, a structural change occurs by A to B to C. C
thus formed is dissociated to A by heating, which contains an
inversion of the relative thermodynamic stability of A and C.°
Essentially, all the molecules then undergo the overall three-
state change from A to B to C to A with a single cooling/
heating operation, which contains thermal hysteresis.'®

Three states were obtained for a 1:1 mixture of
pseudoenantiomeric (P)-1 and (M)-2 (total concentration 5.0
X 107* M) in fluorobenzene during heating and cooling. At 70
°C, both compounds are A, which is determined by the

7973

coincidence of the experimental CD and UV—vis spectra with
the calculated spectra obtained from the random coil of (P)-1
and (M)-2 (blue and red lines in Figure 2a,b, and Supporting
Information, (SI) S1). VPO analysis (60 °C, 5.0 X 10™* M)
provided the average molecular weight of the two compounds
[(2.8 + 0.1) X 10° (calcd. 3071)], and DLS (70 °C, 1.0 X 1073
M) gave an average diameter of 1 nm for the substances in
solution (SI Figure S2). Thus, essentially all the molecules are
A without other aggregates, and the equilibrium-shifted state
was noted to be the S-random coil A in this study.

When the solution was cooled to 25 °C and allowed to settle
for 20 min, the CD spectra reached a state with strong positive
and negative Cotton effects at 300 and 315 nm, respectively
(green line in Figures 2a and SI S4a) with two isosbestic points
at 308 and 355 nm. The above results indicated the formation
of an ordered structure, that is, the heterodouble helix B from
the random coil A. UV—vis analysis showed a long-wavelength
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Figure 2. CD spectra (a, ¢, e) and UV—vis spectra (b, d, f) (total concentration, 5.0 X 10™* M; fluorobenzene) of (P)-1/(M)-2 (1:1) mixture in the
A to B to C to A process. (a, b) The solution was heated at 70 °C (20 min) and cooled to 25 °C (20 min). The calculated spectrum was obtained by
adding the spectra of (P)-1 and (M)-2 (fluorobenzene, 5.0 X 10™* M; 70 °C) and dividing the sum by two. (c, d) The solution (a, b) was allowed to
settle at 25 °C for the time indicated, and CD and UV—vis spectra were obtained. (e, f) The solution (c, d) was heated to 70 °C for 20 min.

shift of the absorption maximum from 298 to 307 nm (Figures
2b and SI $4b). DLS (25 °C, 1.0 X 10~* M) showed an average
diameter of 6 nm for the particles, which was much larger than
that of the random coil A (SI Figure SS). VPO (40 °C, 1.5 X
107 M, within 60 min) provided an apparent molecular weight
of (62 + 02)x10° (caled. 6141), which indicated the
heteroaggregate formation of (P)-1 and (M)-2. The Job plots
experiment (50 °C, total concentration 1.0 X 107> M) showed
the formation of a 1:1 complex (SI Figure S6). The CD spectra
were obtained at different temperatures and concentrations and
exhibited a convergence to a single spectrum at lower
temperatures and higher concentrations, ie., 25 °C (5.0 X
107" M), 5/25 °C (1.0 X 10~ M), and 40 °C (1.5 X 107> M)

7974

(SI Figure S4). The spectrum was then assigned to the S-
heterodouble helix B, which had no other aggregates. As
previously noted for pseudoenantiomeric ethynylhelicene
oligomers,® pseudoenantiomeric aminomethylenehelicene
oligomers with another two-atom linker form strong hetero-
double helices.

A slow inversion of the CD spectra occurred by allowing the
solution (5.0 X 10™* M) of the S-heterodouble helix B to stand
at 25 °C for 3360 min, which was accompanied by two
isosbestic points at 308 and 356 nm (Figure 2c). The S-
heterodouble helix C was thermodynamically stable at 25 °C
and showed no change after reaching the steady state (SI
Figures $26 and S27). The UV—vis spectra showed no change
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Figure 3. A¢ (315 nm)/time profile (a) of (P)-1/(M)-2 (1:1, total concentration, 1.0 X 107> M; fluorobenzene) for repeated cycles of heating at 70
°C (red line), and cooling at 25 °C (green line). Part (b) shows the expansion of the profile between 3050 and 3200 min.

during the process (Figure 2d). The VPO (40 °C, total
concentration 1.5 X 107> M) of the resulting solution showed
heteroaggregate formation [(6.0 + 0.3) X 10 (caled 6141)],
and DLS (25 °C, 1.0 X 107> M) provided an average diameter
of 6 nm for the substances (SI Figure S9). The Job plots
experiment (fluorobenzene, 1.0 X 107> M) showed a 1:1
complex formation (SI Figure S10). Thus, another hetero-
double helix, C, was formed after 40 h at 25 °C, and the
heterodouble helices B and C turned out to be pseudoenantio-
meric. The helicenes in (P)-1 and (M)-2 do not racemize
below 200 °C."* It is then due to the pseudoenantiomeric
nature of the three-dimensional structures of double helices
that the CD spectra of the heterodouble helix B and the
heterodouble helix C appear in mirror-image.

Kinetic study indicated the monomolecular nature of the
reaction with a rate constant k = (8.7 = 0.1) X 107 min™!
(fluorobenzene, 25 °C, 5.0 X 107* M) (SI Figures S11 and
S12). The isosbestic points in the CD spectra (Figure 2C) and
the apparent first-order kinetics are consistent with the
structural change between two states of heterodouble helix C
and heterodouble helix B. With regard to molecular mechanism
in the B to C reaction, dissociation of B to A may be contained.

The convergence of CD spectra was observed for the
heterodouble helix C by analysis at different concentrations and
temperatures (SI Figure S8), and the spectrum was assigned to
the S-heterodouble helix C without other aggregates. Thus,
essentially all the molecules changed their structure from A to
B to C. It may also be worth noting that the inversion of the
helical sense contained in the B to C process occurs
spontaneously without external stimuli. It is different from
most known helical-sense inversion of oligomers and
polymers,">"? induced generally by external stimuli of temper-
ature, solvent, light, and additives.

C was converted to A by heating the fluorobenzene solution
(5.0 X 107* M) to 70 °C, as indicated by the decrease in CD
intensity with two isosbestic points at 309 and 355 nm (Figure
2e). UV—vis spectra showed a shift in absorption maxima to a
shorter wavelength (Figure 2f). Kinetic study on this process
also indicated the monomolecular nature of the reaction with a
rate constant k = (1.59 & 0.01) X 1072 s™" (fluorobenzene, 60
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°C, 50 X 107* M) (SI Figures S13 and S14). The results
indicated that essentially all the molecules were converted from
C to A during the heating process. The overall process
provided a three-state change from A to B to C to A, induced
by a single cooling/heating operation (Figure le). The single
stimulus nature of the process is clearly shown by the repeated
switching experiment, in which a mixture of (P)-1/(M)-2 in
fluorobenzene (total 1.0 X 107> M) was heated at 70 °C (30
min), cooled to 25 °C (51 h), heated at 70 °C (30 min), cooled
to 25 °C (63 h), and heated at 70 °C (30 min) (Figure 3).

Constant-Rate Temperature Change Experiments. To
compare the nonequilibrium process of the three-state change,
equilibrium states were determined by heating the solution (5
°C, 5.0 X 107* M) of the S-heterodouble helix C to 25, 40, 45,
50, 55, 60, and 70 °C in this order, and obtaining its CD
spectrum in the steady state at each temperature (SI Figure
S15). The results were rearranged to a Ae (315 nm)/
temperature profile, which showed the formation of A above 60
°C under equilibrium, and C below 25 °C (purple lines in
Figure 4)."*

Constant-rate temperature change experiments were con-
ducted by analyzing the Ae at 315 nm in the mixture of (P)-1
and (M)-2 (total concentration, 5.0 X 10™* M) in
fluorobenzene, which exhibited a different responses depending
on thermal conditions. The Ag¢ values of 3, —430, and 440
M lem™! were used for those of the S-random coil A, the S-
heterodouble helix B, and the S-heterodouble helix C,
respectively (SI Figures S1, S4, and S8). The change from C
to A to B was achieved by increasing the temperature from 5 to
70 °C and then decreasing it from 70 to S °C at a rate of 2 K/
min (Figure 4a). During heating from 30 to 60 °C, Ae
decreased from 440 to 3 M 'cm™, and remained constant
above 60 °C. The heating curve was similar to the equilibrium
curve noted above. Notably, cooling from 70 to 5 °C followed
quite a different process, and Ae decreased from 3 to —430
M'em™, yielding B. The C to A to B reaction induced by
heating and cooling exhibits thermal hysteresis.

Another constant-rate experiment was conducted starting
from the S-random coil A at 70 °C. The solution was cooled
from 70 to S °C and then heated to 70 °C at a rate of 1.5 or 2
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Figure 4. Ae (315 nm)/temperature profiles of (P)-1 and (M)-2 (1:1) in fluorobenzene (5.0 X 10™* M) at heating/cooling rates of 1.5 and 2 K/
min, and three-state thermal hysteresis shown by Ae (315 nm)/temperature profiles. (a) Ae (315 nm)/temperature profiles of (P)-1 and (M)-2
(1:1) in fluorobenzene (5.0 X 10~* M) at heating/cooling rate of 2 K/min. Temperature was increased from 5 to 70 °C and then decreased from 70
to S °C. The arrow shows the experiment in Figures 2a and 2c. A¢ values in equilibrium were obtained (SI Figure S15a), and purple lines are drawn
between their points. See SI Figure $20 for UV—vis analysis. (b) A& (315 nm)/temperature profiles of (P)-1 and (M)-2 (1:1) in fluorobenzene (5.0
x 107" M) at heating/cooling rates of 1.5 and 2 K/min. Temperature was decreased from 70 to 5 °C and then increased from $ to 70 °C. The
equilibrium curve is also shown. See SI Figure S22 for UV—vis analysis. (c) Three-state thermal hysteresis shown by Ag¢ (315 nm)/temperature
profiles of (P)-1/(M)-2 (1:1) in fluorobenzene (5.0 X 10~* M) at a cooling rate of 2 K/min and heating rate of 0.1 K/min. Temperature was
decreased from 60 to S °C (blue line) and then increased from S to 60 °C (red line). See SI Figure S23 for UV—vis analysis. (d) Another three-state
thermal hysteresis. (P)-1 and (M)-2 (1:1) in fluorobenzene (5.0 X 10™* M) was cooled from 70 to 42 °C at a rate of 1 K/min, and then to 5 °C at a
rate of 0.067 K/min, and heated from S to 70 °C at a rate of 1 K/min. See SI Figure S24 for UV—vis analysis.

K/min, where Ae changed between —430 and 3 M™'cm™
(Figure 4b). Thermal hysteresis was observed in the change
between A and B. Note that, starting from A, the system
spontaneously departed from equilibrium upon cooling and
interconverted with B. The process did not show any sign of
the formation of C, despite C being thermodynamically most
stable at low temperatures, which is a far-from equilibrium
thermodynamic phenomenon.'®

No formation of C was observed under the above conditions
because of the relatively high heating rate. When heating was
conducted at a low rate of 0.1 K/min, C formation was
observed during heating, as indicated by the inflated upward
curve, showing three-state hysteresis between A, B, and C
(Figure 4c).

Another three-state hysteresis curve close to equilibrium was
obtained under a different temperature change. The fluoro-
benzene solution (5.0 X 10™* M) of the S-random coil A at 70
°C was cooled to 42 °C at a rate of 1 K/min and then to 5§ °C
at a rate of 0.067 K/min, and heated to 70 °C at a rate of 1 K/
min (Figure 4d). The change from A to B to C was observed,
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as indicated by a downward spike in Ae of —138 M™'cm™
40.8 °C followed by an increase in Ae to 410 M~ 'em™.
These are from molecular thermal hysteresis,10 in which the
molecular state spontaneously departs from equilibrium upon
cooling.® Although thermal hysteresis containing metastable
states is known for bulk materials'® such as condensed phases
of polymer aggregates, gels, and crystals, molecular thermal
hysteresis in solution is rare, as noted in our previous study.'®
Frozen/Defrost Experiments. It was found that the
metastable S-heterodouble helix B and the S-random coil A
could be frozen at low temperatures by appropriate thermal
treatments (Figure Sa,d). This indicates that three S-states of
the molecules in solution can be stored. B was frozen by
decreasing the temperature from 70 to —10 °C at a rate of 2 K/
min, and the state was stable for at least 8 h (SI Figures $S28 and
$29). When the frozen solution at —10 °C was warmed to 25
°C (defrost), a slow conversion to C occurred (Figures Sb,c
and SI $30, S31, and S32). In another experiment, A was frozen
by the snap cooling of the solution from 70 to —3S5 °C, and
then to —30 °C, and the CD spectra did not change for 15 min
at —30 °C (Figures Se and SI $33). A at —30 °C was defrosted

dx.doi.org/10.1021/ja502009f | J. Am. Chem. Soc. 2014, 136, 7972—7980
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Figure S. Frozen/defrost experiments of A and B. Schemes for the frozen/defrost experiments of A (a) and B (d). CD spectra of (b) frozen and (c)
defrosted S-heterodouble helices B of (P)-1/(M)-2 (1:1) (total concentration, 5.0 X 10~* M; fluorobenzene); CD spectra of (e) frozen and (f)
defrosted S-random coils A of (P)-1/(M)-2 (1:1) (total concentration, 5.0 X 10™* M; fluorobenzene). (b, c¢) The solution was cooled from 70 to
—10 °C at a rate of 2 K/min, allowed to settle at —10 °C for 3 h, warmed to 25 °C, and again allowed to settle at 25 °C for 84 h. (e, f) The solution
was cooled from 70 to —35 °C, allowed to settle at —35 °C for 5 min, warmed to —30 °C, allowed to settle at —30 °C for 15 min, warmed to 25 °C,
and finally allowed to settle at 25 °C for 8 h. Also see SI Figures S28—S3S.

by warming to 25 °C, which induced a structural change to B
and then to C (Figures Sf and SI S34 and $3S). Unlike
conventional dimeric aggregate formation, which occurs at
lower temperatures, the aggregates B and C are formed by
warming the frozen A.

To summarize the experiments, the (P)-1/(M)-2 system
provides a novel experiment system of nonequilibrium
thermodynamics at the molecular level. Under controlled
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conditions, the A to B to C to A changes between the S-states
took place. During a relatively fast temperature change, A and B
interconverted with each other without forming C, being at the
global energy minimum. Three-state hysteresis was observed
under slow-temperature-change conditions. The frozen states A
and B, having local energy minima, were obtained at low
temperatures, which could be defrosted by warming to give C.
Depending on the cooling/heating rate and thermal history, the
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barrier path is open (self-catalysis). See ref 10 for details of the switching in the transition states in the thermal hysteresis. The model explains the
energy/polpulation of the three-state switching A to B to C to A, and not the molecular mechanism.

(P)-1/(M)-2 system exhibits various thermal responses, and
the results provide experimental insights into reversible
nonequilibrium thermodynamic systems, which are common
and very complex in the real world but not well-known at the
molecular level.

Model of Three-State Switching. On the basis of the
results of the above experiments and our recent discussions of
inversion of the relative thermodynamic stability” and two-state
thermal hysteresis,10 the three-state switching A to B to C to A
was explained by a model on the basis of four assumptions: (1)
The relative thermodynamic stability remains C > B. (2) The
relative thermodynamic stability of A changes between A > C >
B at high temperatures and C > B > A at low temperatures.”’
(3) The coordinates of reaction between C and A contain high-
and low-barrier paths due to thermal hysteresis.'® (4) The
coordinates of reaction between A and B also contain high- and
low-barrier paths due to thermal hysteresis.'’

At high temperatures, A is thermodynamically the most
stable, and all the molecules remain as the S-random coil A
(Figure 6, state I). As the temperature decreases, the
thermodynamic stability changes to C > B > A, but the
molecules remain as A because of thermal hysteresis (state II).
It is due to the presence of a high-energy barrier for forming C
from A and for forming B from A, where the low-barrier paths
are closed. Since the barrier is lower for the formation of B than
of C, molecules are slowly converted to B (state III). Then, a
low-barrier path opens after an induction period, which
converts all the molecules to B likely via self-catalysis, i.e., B
catalyzes the formation of B from A" (state IV). A slow change
from the metastable S-heterodouble helix B to the S-
heterodouble helix C follows (state V). Heating converts all
the molecules of C to A by changing thermodynamic stability
to A > C > B (states VI and I). Nonequilibrium
thermodynamics implies the inconsistency of the relative
energy levels and the Boltzmann distribution of molecular

populations (see, state II), and vice versa, equilibrium
thermodynamics.

B CONCLUSIONS

In summary, a 1:1 mixture of a pseudoenantiomeric amino-
methylenehelicene (P)-tetramer and an (M)-pentamer formed
three S-states, namely, the heterodouble helices B and C and
the random coil A, in fluorobenzene, which thermally
interconverted into each other. At high temperatures, A is
most stable, and both the tetramer and the pentamer remain in
the random coil state. At low temperatures, C is the most
stable, and the structural change from A to C takes place via the
metastable intermediate B. The heterodouble helices B and C
have pseudoenantiomeric structures with regard to their helical
nature. The overall transformation provides a three-state
switching, A to B to C to A in a closed system. Various
thermal responses appear, depending on the conditions and
history (time dependent) of thermal stimuli, which are notable
in the experiments on nonequilibrium thermodynamic
processes at the molecular level. An energy and population
model for explaining the phenomenon is given, which contains
two metastable states and thermal hysteresis.

Compared to conventional three-state molecular switching
systems, the present system has a property of employing a
single thermal stimulation and exhibiting diversity of responses.
A disadvantage may be that one of the states is a random-coil,
lacking structure. Development of a system containing a three
ordered structure system is an interesting subject for future
research.
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