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Abstract: Dynamic P/M (plus/minus) helical memory in
chiral dissymmetric poly(diphenylacetylene)s (PDPA) is
shown using a PDPA that bears the benzamide of (L)-
alanine methyl ester as pendant. For a single chiral
polymer, it is possible to obtain either P or M helical
structures in a specific solvent without the presence of
any chiral external stimuli. To do that, it is necessary to
combine the conformational control at the pendant
group with a high steric hindrance at the backbone. In
this case, by thermal annealing in low-polar solvents, an
anti-conformer is stabilized at the pendant which
commands a P helix in the PDPA. Next, solvent removal
followed by addition of a polar solvent such as dimethyl
sulfoxide (DMSO), results in the kinetic conformation-
ally trapped P helix. However, in this medium, the
preferred handedness and the thermodynamic macro-
molecular helix for poly-(L)-1 is M. This process also
occurs in the opposite way. Electronic circular dichroism
(ECD) and circularly polarized luminescence (CPL)
studies show that the dynamic memory effect is present
both in ground and excited states.

Introduction

Dynamic helical polymers play an important role in the
chemistry of materials due to their application in different
fields such as asymmetric catalysis,[1–6] chiral recognition,[7]

sensing,[8–14] photoelectronic devices[15–18] or biological
media.[19] This fact is related to the helical structure[20,21]

adopted by the polymer—P or M helix, compressed/

stretched—, which can be tuned by the presence of external
stimuli, and to the functional groups present in the pendant
that will be oriented in a certain position towards the helix.
Thus, it is possible to do helix inversion, screw sense
enhancement or stretching/compression of the helix through
different mechanisms—supramolecular interactions,[22–28] sol-
vent polarity,[29–31] sergeants and soldiers effect,[26,33] majority
rules[26] or chiral-to chiral communication mechanisms[33–35]—
that follow a cooperative effect. These structural changes in
dynamic helical polymers are usually triggered either by the
conformational composition of a chiral pendant or by the
establishment of a supramolecular interaction between
achiral pendants and chiral molecules. In the later system,
Yashima and co-workers found that, in some cases, when
the chiral additive is removed from the solution, the
dynamic helical polymer, i.e., a poly(pheylacetylene) (PPA)
bearing a carboxylic acid at the para position, maintain the
helical structure induced by the chiral additive.[14,36–37] This
phenomenon was denoted as “memory effect”.[38] They
found that this process can be extrapolated to other
polyacetylene derivatives, such as poly(biphenylacetylene)s
(PBPA)[39–40] and poly(diphenylacetylene)s (PDPAs).[41–42]

These systems were recently denoted as first- (PPAs),
second- (PBPAs) and third- (PDPAs) generation of static
helicity memory respectively. In these polymers the helix
induction provoked by addition of a chiral additive can be
preserved after complete removal of the nonracemic
guest.[38] Interestingly, Maeda and co-workers demonstrated
that in achiral PDPAs the memorized P or M helical
structure induced by supramolecular interaction with chiral
molecules is retained after post-functionalization with a
chiral molecule.[42–43]

Herein, we want to go a step forward and explore the
helical memory in chiral dynamic helical polymers, where
the chiral group responsible of the induction of the helical
sense is present in the monomer repeating unit and there-
fore, covalently linked to the polymer main chain. Our
objective is to prepare a helical polymer that shows dynamic
P/M macromolecular helicity memory, where the helical
sense control is achieved by altering the conformational
composition at the pendant group, while the steric hindrance
at the backbone is responsible of the memory effect. The
large energy barrier to switch between the P/M helices
results in the emergence of a memory effect which can be
thermodynamically controlled. To perform these studies, we
chose PDPAs as dynamic helical polymers. This family of
helical polymers has attracted the attention of the scientific
community lately due to the properties associated with the
PDPA backbone, such as chemical, photochemical, and
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thermal stabilities, combined with their intrinsic optical and
chiroptical properties–CD, fluorescence emission, CPL� ,
which make PDPAs promising materials. Originally, these
materials were considered as static, although recently it was
found possible to modulate the elongation or helical sense
of chiral PDPAs demonstrating the dynamic properties of
these polymers.[44–50]

Results and Discussion

Our group reported a chiral PDPA that shows a solvent-
dependent helix inversion achieved based either on the
polar/non-polar or the donor/non-donor character of the
solvent.[49] In these studies, the polymer adopts a preferred
helical sense after thermal annealing at high temperature
(e.g. 80 °C during 24 h) in a specific solvent.[48–53] One of
these PDPAs, poly-(L)-1, a dissymmetric chiral
poly(diphenylacetylene) that bears the benzamide of (L)-
alanine methyl ester at one of the aryl rings of the
diphenylacetylene was reported by our group.[48] This
polymer was prepared according to the protocol reported by
Tang and co-workers.[55] The number average molar mass
(Mn) and molar mass dispersity (Mw/Mn) of poly-1 were 1.4×
104 and 1.43 respectively, as determined by gel permeation
chromatography (GPC) using THF as eluent and polystyr-
ene narrow standards (PSS) as calibrants.

From a previous study we found that M or P helical
senses can be induced in the polyene backbone of poly-(L)-
1 after thermal annealing (80 °C/24 h) in donor (dimeth-
ylformamide (DMF), DMSO) and non-donor (CHCl3,
MeCN) solvents respectively (Figure 1a).[48] This different
screw sense excess obtained in donor and non-donor
solvents is associated to a conformational change at the
pendant group, which was monitored by VCD studies
(Figure 1c–d). Thus, while in donor solvents, the carbonyls
of the amide and ester groups are synperiplanar oriented
(syn conformation), in non-donor solvents these two groups
are antiperiplanar oriented (anti conformation) (Figure 1c).
As a result, a chiroptical and circularly polarized lumines-
cence (CPL) switch was obtained (Figure 1b).[48]

The large energy barrier between the two helical
orientations (P and M) of poly-(L)-1 is consequence of the
intrinsic steric hindrance found in the PDPA backbone and
therefore, a dynamic helical memory for poly-(L)-1 is
expected. To demonstrate this hypothesis a M helical sense
was first induced in poly-(L)-1 by thermal annealing in a
donor solvent (ECD400 nm>0 in DMSO) (Figure 2a–b). Next,
the solvent was removed under reduced pressure and a non-
donor solvent was added (i.e., CHCl3, Figure 2a). The ECD
trace remains virtually identical to the one obtained in
donor solvents (ECD400 nm>0) (Figure 2a–b) demonstrating
the presence of a memory effect in chiral PDPAs. Analo-
gous experiments were also done in the opposite direction,
1) thermal annealing of poly-(L)-1 in a non-donor solvent
(CHCl3)—P helix induction, ECD400 nm<0—, 2) solvent
removal and 3) addition of a donor solvent (DMSO), which
produces a practically identical ECD trace (ECD400 nm<0)
(Figure 2a–b). These studies demonstrate that the memory

effect in chiral PDPAs works in both directions, resulting in
a remarkable dynamic memory effect.

Additionally, the CPL properties gained during the
thermal annealing of the PDPA are retained once redis-
solved in a solvent with different donor character (Fig-
ure 2c). Consequently, the dynamic memory effect is
observed both in the ground and the excited states.

Next, we proceed to analyze the extension of the
memory effect through thermodynamic studies. Thus, time
dependent ECD experiments were carried out for the
memorized P and M helical structures for poly-(L)-1. A P
helix was induced in poly-(L)-1 in CHCl3 after thermal
annealing at 80 °C—thermodynamic structure, PT—. Then a
conformational kinetically trapped P helix is formed by
solvent removal followed by addition of DMSO (PCKT). This
solution was then heated up to 80 °C and ECD measure-
ments were recorded every 6 minutes during 948 min to
study the evolution of a P memorized helix—kinetically
trapped structure, PCKT—towards an MT one—thermody-
namic structure, MT—(Figure 3a,b) where a complete helix
inversion is produced after 16 h, indicating a high energy

Figure 1. a) ECD and UV spectra of poly-(L)-1 in different solvents
(0.5 mg/mL, 1 mm path). b) CPL spectra of poly-(L)-1 (λExc=365 nm,
0.3 mg/mL). c) Schematic illustration of the solvent-triggered con-
formational change in the pendant group that promotes the helix
inversion after a thermal annealing. d) Experimental and theoretical
VCD studies of poly-(L)-1 in DMSO and CDCl3. [poly-(L)-1]=0.5 mg/
mL.
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barrier for the helix inversion process. To gauge the differ-
ent kinetic and thermodynamic parameters of this process,
the variation of the ECD at 393 nm vs time was plotted and
fitted to equation (1):

ECD ¼ ECD0 þ Plateau � ECD0ð Þ � ð1 � e � Kinv �tð ÞÞ (1)

Where ECD0 is the value of the ECD signal when time
is zero and Plateau is the ECD value at infinite times.

In this case, the equation obtained is:

ECD ¼ � 46:02þ 76:81ð Þ � ð1 � e � 0:002834�tð ÞÞ (2)

From this equation, the kinetic constant for the helix
inversion process from PCKT to MT (kinv P/M) for poly-(L)-1 in
DMSO at 80 °C is kinv P/M=2.83 ·10� 3 min� 1 (kinv P/M=

4.72 ·10� 5 s� 1) (Figure 3c). Similar studies were carried out at
different temperatures: 70°, 90° and 100 °C. The kinv P/M

decreases at 70 °C when compared to that obtained at 80 °C
(kinv P/M (70 °C)=2.60 ·10� 5 s� 1), while it increases when the
experiment is performed at higher temperature (kinv P/M

(90 °C)=9.76 ·10� 5 s� 1, kinv P/M (100 °C)=1.73 ·10� 4 s� 1) (see Fig-
ure S7). The values of the kinv P/M at different temperatures
were used to calculate the activation energy barrier (Ea) of
the helix inversion by plotting ln(kinv P/M) vs T� 1K� 1 (Fig-
ure 3d) and fitting them to the Arrehnius equation (3).

kinv P=M ¼ A � e
� Ea
RTð Þ (3)

The activation energy barrier to produce a P to M helix
inversion of poly-(L)-1 is Ea (P/M)=16.38 kcalmol� 1. In
addition, by applying the Eyring equation (4)—ln(kinv/T) vs
T� 1K� 1—, the thermodynamic parameters ΔH‡ and ΔS‡ for
the helical inversion were calculated. In this case, ΔH‡=

15.66 kcalmol� 1 and ΔS‡=143.8 calK� 1mol� 1, (Figure 3e).

ln
K
T
¼ �

DH�

RT
þ ln

kB
h
�

DS�

R
(4)

Analogous studies were carried out for the opposite
helix inversion process from MCKT to PT. 1,1,2,2-tetrachloro-
ethane (TCE) was chosen as solvent to induce an MCKT due
to its high boiling point compared to CHCl3. Thus, poly-(L)-
1 adopts a MCKT helix in TCE, which evolves towards a PT

helix by thermal annealing at 80 °C (see SI). From these
studies it was possible to obtain a similar kinetic inversion
constant (KinvM/P=4.83 ·10� 5 s� 1), the activation energy bar-
rier to produce a M to P helix inversion (Ea(M/P)=

16.42 kcalmol� 1) and thermodynamic parameters ΔH‡=

15.71 kcalmol� 1 and ΔS‡=143.1 calK� 1mol� 1, demonstrating
the reversibility of the process (see Figure S8).

Finally, the duration of the memory effect was analyzed
by monitoring the evolution of the conformational kineti-
cally trapped structures of poly-(L)-1 [PCKT in DMSO and
MCKT in CHCl3] towards the corresponding thermodynamic

Figure 2. a) Schematic illustration of the P/M helix induction of poly-
(L)-1 after thermal annealing and its dynamic memory effect. b) ECD
and c) CPL studies showing the dynamic memory effect of poly-(L)-1.
[poly-(L)-1]=0.5 mg/mL, λExc=365 nm.

Figure 3. a) Schematic illustration of the helix inversion produced with
time from a memorized helix of poly-(L)-1. (b-c) Time dependent ECD
studies for a DMSO solution of poly-(L)-1 at 80 °C pre-annealed in
CHCl3. d) Arrhenius plot of ln(kinv P/M) obtained from the slope of c)
versus T� 1K� 1. e) Eyring plot of ln(kinv P/M/T) vs T� 1K� 1.
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ones (MT in DMSO and PT in CHCl3) at room and lower
temperatures (i.e., 4 °C and � 20 °C). These studies showed
that, when a solution of poly-1 containing the conforma-
tional kinetically trapped structure is stored at low temper-
ature, a longer-lasted memory effect is obtained. For
instance, a decrease of 20% in the ECD trace is observed
after 2 days at room temperature, while at 4 °C and � 20 °C a
decrease of just 4% and 2%, respectively, is observed. A
screw sense excess of the conformational kinetically trapped
structure is still observed after several months (See Fig-
ure S10).

Conclusion

In conclusion, in this work it is demonstrated, through an
illustrative example, that chiral PDPAs show a dynamic P/M
memory effect, where conformational kinetically trapped
and thermodynamic structures with opposite macroscopic
chiralities (P/M) can be selectively isolated in any polymer
solution, independently on the solvent used to dissolve the
polymer. For instance, while a thermodynamic PT structure
is obtained for poly-(L)-1 after thermal annealing at 80 °C in
CHCl3, this macromolecular scaffold can be stored as a
conformational kinetically trapped structure in DMSO
(PCKT) although the thermodynamic scaffold in this solvent
is the opposite (MT). The lasting-memory effect depends on
the solution temperature and goes from hours to months.
Importantly, this process is reversible, and a MT structure
obtained for poly-(L)-1 can be kinetically trapped in CHCl3
(MCKT), although the thermodynamic structure in this
solvent is a P helix (PT). The different kinetic and
thermodynamic parameters involved in this process were
extracted from time and temperature dependent ECD
studies. Remarkably, not only the helical structure is
memorized, but also other properties associated with the
helical scaffold, such as CPL emission. This is the first time
to our knowledge that a chiral helical polymer shows
memory effect through a combination of conformational
control at the pendant group together with the high helix
inversion energy barrier in PDPAs. By taking advantage of
this phenomenon the two P or M screw senses can be
obtained for poly-(L)-1 in any solvent, opening a new
horizon in the application of these materials.
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