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ABSTRACT: Helical polymers with switchable screw
sense are versatile frameworks for chiral functional
materials. In this work, we reconstructed the free energy
landscape of helical poly(2,7-bis(4-tert-butylphenyl)-
fluoren-9-yl acrylate) [poly(BBPFA)], as its racemization
is selectively driven by light without any rearrangement of
chemical bonds. The chirality inversion was enforced by
atomistic free energy simulations using chirality indices as
reaction coordinates. The free energy landscape repro-
duced the experimental electronic circular dichroism
spectra. We propose that the chirality inversion of
poly(BBPFA) proceeds from a left-handed 31 helix via
multistate free energy pathways to reach the right-handed
31 helix. The inversion is triggered by the rotation of
biphenyl units with an activation barrier of 38 kcal/mol.
To the best of our knowledge, this is the first report on the
chiral inversion mechanism of a helical polymer
determined in a quantitative way in the framework of
atomistic free energy simulations.

S tereomutation of natural1 and synthetic polymers2

significantly affects their functions and properties.3 For
instance, chirality selection in proteins and chain folding are
subtle events from the viewpoint of free energy that govern the
global supramolecular shape.4 A class of artificial polymers
undergo a helix−helix transition.3 Such polymers revert their
helix sense through external stimuli,5,6 showing a broad range of
applications.7−11 Helical polymer stereomutation is triggered
mainly by chemical or thermal stimuli,6 and a few examples of
stereomutation triggered by light are known.5 Most mutations
by light involve the isomerization of a double bond12 or rupture
and formation of a chemical bond.13

Recently, a vinyl polymer bearing a fluorene-based side chain,
poly(2,7-bis(4-tert-butylphenyl)fluoren-9-yl acrylate) [poly-
(BBPFA)] (Chart 1), was reported as the first polymer to
undergo photoinduced racemization of a preferred-handed
helix without any rearrangement of chemical bonds.14 The

polymer is stable against heat but is sensitive to light.14 We
postulated that light stimulation induces a biphenyl rearrange-
ment that triggers the stereomutation.14,15

While a wealth of efforts and milestones have been provided
for protein folding16,17 and foldamers,18,19 fewer contributions
have been reported for stereomutation of synthetic helical
polymers.20 Pioneering contributions of polymer simulations
based on coarse-grained,21 two-state Ising models and force-
field potentials for polyisocyanates20d have been provided. To
date, however, detailed insights into the helix-reversal
mechanism have not been disclosed in a quantitative manner
through straightforward estimates of free energy pathways.
Combining atomistic simulations with free energy methods22,23

allows a direct quantitative estimate of energetics and structure.
Recently, a chirality index24,25 designed for biopolymers26 and
later introduced27 into the more general path-collective
variable28 of the metadynamics algorithm29 was proposed in
order to quantify and discriminate helix handedness along the
macromolecular chain. Its peculiarity is that it displays high
sensitivity toward the helix sense without the typical artifacts
due to the degeneracy introduced by using periodic angular
descriptors.27

In this study, we performed well-tempered metadynamics30

simulations for poly(BBPFA) in which chirality indices were
used as reaction coordinates and to evaluate the structural
characteristics. Moreover, to validate the accuracy of the free
energy landscape, we calculated electronic circular dichroism
(ECD) spectra using time-dependent density functional theory
(TDDFT) with Becke’s half-and-half (BH&HLYP) pseudopo-
tential31 for the bis(2,7-tert-butylphenyl)fluorenol ethyl ester
monomeric unit and ZINDO32 for isotactic right- and left-
handed hexamer basins [see section 1.5 in the Supporting
Information (SI) for polymer tacticity] and compared them to
the experimental ECD spectra.
In particular, the sG reaction coordinate identifies the path

progress, indicating the handedness of a given conformation
sampled during the simulation along the path connecting a
100% right-handed helix with a 100% left-handed helix. The zG
coordinate gives the distance from the endowed path,
indicating how far a given conformation sampled during the
simulation is from the path connecting the 100% right-handed
and 100% left-handed helixes. Thus, sG deals with the helix
handedness, while zG identifies a channel of conformations with
the same value of sG but different orientations of the side chain.
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Chart 1. Schematic Representation of Helical poly(BBPFA)
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Further details are given in sections 1.1 and 1.2 in the SI. The
free energy profile reconstructed in the chirality space (Figure
1) shows two global minima that are fairly close in free energy;

two activation barriers of 38 kcal/mol separate them from an
intermediate broad free energy basin that is 25 kcal/mol less
stable than the global minima. The two global minima lie at 0 ≤

sG ≤ 0.2 and 0.8 ≤ sG ≤ 1, and the intermediate basin lies at 0.4
≤ sG ≤ 0.6; the transition states lie at sG = 0.3 and sG = 0.7. It is
worth noting that the free energy profile is not perfectly
symmetric because the 100% right-handed and 100% left-
handed helixes are diastereoisomers, as the configurations of all
centers of chirality are fixed.
The main-chain chirality points to the left- and right-

handedness of the free energy global minima (Figure 2). The
left-handed helix is a 31 helix and corresponds to the values 0 ≤
sG ≤ 0.2 and 0.2 ≤ zG ≤ 0.4, while the right-handed helix is also
a 31 helix and corresponds to the values 0.8 ≤ sG ≤ 1 and 0.2 ≤
zG ≤ 0.4. The main-chain chirality at each of the transition
states shows that a helix reversal (kink) starts at the chain
terminals (Figure 2). The transition states are identified by sG =
0.3, 0.2 ≤ zG ≤ 0.4 and sG = 0.7, 0.2 ≤ zG ≤ 0.4 for the left- and
right-handed helices, respectively. These conformations are
largely kinked. They further rearrange into the structures
identified by 0.4 ≤ sG ≤ 0.6 and 0.2 ≤ zG ≤ 0.4, in which two
helical senses coexist in the chain. A sigmoidal shape can in fact
be noticed in the main-chain chirality plot of the helix reversal
(Figure 2, top right).
It was proposed14 that photoinduced rotation of the biphenyl

units15 in the side chain can trigger the helix inversion. We
found that the two biphenyl dihedral angles in the side chain

Figure 1. Free energy profile as a function of the chirality-based path-
collective variables sG and zG. Two transition states (TS*) 38 kcal/mol
higher connect the two basins.

Figure 2. Main-chain chirality calculated from the different free energy basins. Left-handed (blue) and right-handed (yellow) chiralities are identified
by positive and negative chirality indices, respectively.
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(ϕ1 and ϕ2) varied along the main-chain helix sense switching,
where a transition between negative and positive dihedral
angles was detected (Figure S3 in the SI). Moreover, at a given
value of sG, racemic values of ϕ1 and ϕ2 can be observed
(Figure S3). This behavior is mainly detected in the central
section of the polymer in the left- and right-handed global
minima (Table S1 in the SI). The twisting ability of biphenyl
groups has been observed in cholesteric liquid crystals,33,34

where relatively small structural changes in biphenyl units
account for specific helix inversion.33 These results support the
importance of the biphenyl rotation in the helix transition.
Through detailed analysis of typical conformations obtained

in the metadynamic simulations (see section 1.3 in the SI for
details and Figure S4 for structure visualization), we found that
π-stacking35 and CH−π interactions36 seem to have roles in the
stereomutation. In the 31 helix global minima, the helix seems
to be stabilized by the π-stacking interactions among side-chain
aromatic groups. The interactions occur between residues
spaced by three monomeric units, in accordance with the 31
helix structure. The transition states are instead featured by a
close spatial arrangements between the tert-butyl groups and
the fluorene moieties, suggesting that CH−π interactions occur
at their interface. To assess the reliability of the proposed free
energy landscape, we calculated ECD spectra of the right- and
left-handed conformations belonging to the global minima
obtained from the simulations. We obtained ECD spectra of
monomeric unit models in both the negative- and positive-
twisted conformations using either TDDFT with the
BH&HLYP pseudopotential31 and the 6-31G** basis set or
ZINDO.32 The ZINDO-calculated values appeared to be red-
shifted with respect to the TDDFT results, but the signs were
not inverted and the overall shapes of the spectra were
conserved, indicating that ZINDO is accurate enough for
estimation of the ECD spectra of the chromophores studied
here. Moreover, the contributions of the monomeric unit
conformations were insufficient to reproduce the experimental
polymer ECD spectra, in which a clear Cotton splitting was
observed (Figure 3a). To extend the calculations to a longer
polymer chain, we calculated the ECD spectra of hexamer
models at the ZINDO level for the main clusters of right- and
left-handed free energy basins (Figure 3b). The hexamer
conformations were taken from the central chain sections. The
two hexamers are diastereoisomers, and the single ECD spectra
are therefore not perfect mirror images of each other. It is
plausible that this behavior can be quenched for longer polymer
chains.14 It should be noted that the side-chain biphenyl twists
in the central sections are mostly racemic (Table S1), while in
the terminal sections, the side-chain biphenyl twists tend to
adopt negative dihedral angles (Table S1; see Figure S7 for the
ECD spectra). It is intriguing that the main-chain helicity in the
central sections is independent of the side-chain twist. The
calculated ECD spectrum of the left-handed helical hexamer is
close to the experimental one14 despite the higher intensity
calculated from ZINDO, which is known to overestimate the
rotational strength despite preserving its sign.37 The
coincidence between the calculated and experimental spectra
indicates that the ECD spectral pattern mainly reflects the
helical alignment of the side-chain chromophores along the
helical main chain and that the conformations observed in the
metadynamics simulations are credible. Also, the absolute helix
sense of poly(BBPFA) synthesized using (+)-1-(2-
pyrrolidinylmethyl)pyrrolidine as a chiral ligand (chirality
source)14 is left-handed.

In summary, the chirality inversion of poly(BBPFA)
proceeds from the left-handed 31 helix via multistate free
energy pathways. This helix inversion is of particular interest
since its racemization is not thermally accessible. This is an
example of chirality inversion driven by free energy difference.
The inversion is triggered by an initial rotation of biphenyl
units, which is followed by a stepwise helical kink. The
activation barriers of 38 kcal/mol correspond to transition
states in which the main-chain chirality is inverted at the chain
terminals, causing one kink in the chain. An intermediate free
energy basin 25 kcal/mol higher than the global minima
corresponds to right- and left-handed helical segments in a
chain separated by a kink. All of the free energy basins show
sections stabilized by π-stacking,35 strongly connected to the
sense of the main-chain chirality and its pitch. The transition
states do not show stable π-stacking, preferring to have CH−π
interactions36 between the tert-butyl groups and the fluorene
units.
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Figure 3. (a) ECD spectra calculated at the BH&HLYP31 and
ZINDO32 levels for bis(2,7-tert-butylphenyl)fluorenol ethyl ester with
negative (−) or positive (+) biphenyl dihedral angles. (b) ECD spectra
calculated at the ZINDO32 level for right- and left-handed hexamer
central sections.
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