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ABSTRACT: Self-assembled helical polymers hold great promise as
new functional materials, where helical handedness controls useful
properties such as circularly polarized light emission or electron spin.
The technique of subcomponent self-assembly can generate helical
polymers from readily prepared monomers. Here we present three
distinct strategies for chiral induction in double-helical metal-
lopolymers prepared via subcomponent self-assembly: (1) employing
an enantiopure monomer, (2) polymerization in a chiral solvent, (3)
using an enantiopure initiating group. Kinetic and thermodynamic
models were developed to describe the polymer growth mechanisms
and quantify the strength of chiral induction, respectively. We found
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the degree of chiral induction to vary as a function of polymer length.
Ordered, rod-like aggregates more than 70 nm long were also observed in the solid state. Our findings provide a basis to choose
the most suitable method of chiral induction based on length, regiochemical, and stereochemical requirements, allowing

stereochemical control to be established in easily accessible ways.

B INTRODUCTION

Chiral molecules interact differentially with circularly polarized
light and electrons in different spin states, giving rise to useful
properties”” and functions.’~” Helical materials are employed
throughout biological systems, serving as scaffolds®™"" for
mechanical support and for the precise spatial arrangement of
dipoles in ion channels.'"'* Recently, interest has grown in
using helical structures for applications'>~"” that include
circularly polarized light emission,”**'*~2! " information
storage,”” and in spintronics as electron-spin filters."” Helical
polymers™~*% are particularly useful in these contexts”® due to
their modular structures and scalable methods of prepara-
tion.””*° Achieving control over the helical handedness of
these materials is necessary for their use.””"*>

Encoding stereochemical information in the form of
stereocenters appended to the monomer is an effective
means of dictating helical handedness.>>™>° However, this
method requires the preparation of enantiomerically pure
building blocks, the ease of which is specific to the choice of
monomer. A more flexible approach would employ an
additive®>*” that dictates the helical handedness of a polymer
comprising either achiral or racemic monomer units.”*~** This
approach has borne fruit** for the helically folded polymers
known as foldamers."*"*® These synthetic oligomers are
formed of amide-linked achiral monomer units terminated
with end-groups containing chiral moieties, which dictate the
preferred foldamer helicity.***’~*  Enantioenriched supra-
molecular polymers have also been formed using an
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enantiopure initiating species, whereby the chiral information
imprinted at initiation propagates along the length of the
polymer. 34150

Identifying the optimal approach to generate a helical
polymer having a single handedness requires consideration of
the strength®' of the helical bias and the mechanism® ™" of
polymerization. The former can be probed using statistical
mechanics,”>® which has proved useful in describing the
strength of chiral induction in supramolecular polymers.*®
Complementarily, kinetic models have elucidated the polymer-
ization mechanism® for a variety of covalent polymers.”” >’
The polymerization mechanisms of self-assembled poly-
mers® "% can be more difficult to unravel”™* due to
interplay between the dynamic interactions®®®” that knit such
structures together.

The self-assembly of monomer units®® is an effective
approach to obtaining functional helical polymers'®®® with a
minimum of synthetic effort.>"’°~7® Prior studies have
demonstrated an approach to forming helical, self-assembled
polymers based on subcomponent self-assembly.”*” This
method relies on the use of dynamic-covalent imine (C=N)
bonds, whereby reversibility serves as an error-checking
mechanism within the growing structure.”* The Cu'-templated
imine condensation of an amino-aldehyde monomer has thus
afforded conjugated, double-helical metallopolymers, which
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Figure 1. Schematic of the “standard polymerization” model of monomer A around Cu'. An extension to this model allows for a chiral amine
initiator, C, to induce a helical bias (“amine induction”). The polymerization model is detailed in Supporting Information Section 6.

exhibited a tunable white-light emission, dependent upon the
length of the polymer.”*

The dynamic-covalent imine linkages within polymers
prepared via subcomponent self-assembly can define a pathway
for electronic conjugation”* between monomer units. Such
structures are of interest in the study of electronic
delocalization in a helical”’” environment."” As yet, methods
to induce a preferred helical handedness in these polymers™*
have not been reported. Control over the helicity is critical for
applications that include circularly polarized light emission and
chirality-induced spin selectivity."

Herein, three strategies to control helical handedness in
subcomponent self-assembled two-stranded helical metal-
lopolymers are presented and compared: (1) polymerization
from an enantiopure monomer, (2) chiral induction from an
enantiopure solvent, (3) use of an enantiopure initiating group.
In this discussion, we interleave discussion of these three
strategies with the development of a model that describes the
growth mechanism of the polymer. This model quantifies the
varying degrees of induction observed between the different
chiral induction strategies.

Our model includes the different behaviors arising from the
relative orientations of the two strands of the polymer helix,
which can be controlled through the use of different initiating
groups. The strength of chiral induction for each of the
different methods was then evaluated using a statistical
mechanics model. This model enables the selection of the
most suitable method of chiral induction for a given
application. Finally, electron microscopy revealed the presence
of crystalline aggregates in thin films, with lengths exceeding 70
nm. The structure of these aggregates revealed the hierarchical
self-assembly of polymer chains having the same handedness
into ordered, homochiral bundles.

B RESULTS AND DISCUSSION

Mechanism of Polymerization. The origins of the helical
biases can be understood in terms of the mechanistic model
shown in Figure 1. Two key steps thus govern the
polymerization process: first, initiation results in the formation
of a P or M nucleus, P-P; or M-P;, which dictates the screw-
sense of the growing polymer. Second, polymerization yields P-
P, or M-P, from a nucleus of either P or M helicity,
respectively, maintaining the handedness of the nucleus from
which it grew.

In the case of no applied bias toward forming one helical
handedness, i.e., when monomer A formed polymer 1, the
energetic barriers to nucleation of the M-P; and P-P; double

helices were equal, as were the subsequent polymerization
steps leading to M-P, and P-P,, respectively. Therefore,
polymerization proceeded equally down the M and P pathways
to afford a racemic mixture of polymers, reflected in a
featureless CD spectrum (Figure 2). However, in the case of
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Figure 2. Circular dichroism (CD) spectra of polymers 1 and 2. The
red-shift observed for P-2 with respect to P-1 is attributed to the
greater length of P-2. Assembly of chiral monomer B with Cu'
produced enantioenriched polymer P-2. Racemic polymer 1 showed
no CD signal. The corresponding UV—vis spectra are presented in
Figure S2. Polymer chiral induction occurred when chiral chain-
capping groups were employed, as discussed below. Chain caps of
opposite handedness gave polymers with mirror-image CD spectra.

chiral monomer B, the steric requirements of the side-chain
stereocenter rendered the barrier to forming M-P, higher than
for P-P,, leading to a higher population of P polymer helices.

Polymerization from an Enantiopure Monomer.
Polymer 1 self-assembled from monomer A (1 equiv) and
Cu'NTf, (0.5 equiv; Tf = O,SCF;) in dry degassed CH;CN
(Scheme 1). The absence of a circular dichroism (CD) signal
(Figure 2) indicated the presence of a racemic mixture of M
and P helices.

Chiral monomer B, prepared as the S enantiomer as
described in the Supporting Information Section 2, was
designed to exhibit similar electronic properties to A while
imparting asymmetry to the polymerization process, thus
rendering one helical screw-sense more favorable to formation.
CD bands for the resulting self-assembled polymer 2 were
observed at 440 and 500 nm, which we assign to the 7—7* and
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Scheme 1. Subcomponent Self-Assembly of Double-Helical Metallopolymers 1“" and 2° from Monomers A and B,
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“Addition of monomer A to Cu' gave racemic helical metallopolymer 1. blntroducing an enantiomerically pure initiating group, (R)-C or (S)-C,
lent stereoselectivity to the polymerization reaction, yielding M-1 or P-1 preferentially. “Formation of helical polymers from enantiomerically pure
monomer (S)-B also biased the reaction toward the formation of enantioenriched P-2.

MLCT absorptions, respectively (Figure 2). We infer polymer
2 to have predominantly P-handedness, based upon the results
of molecular mechanics modeling (Figure S1). The P helical
preference for 2 is a consequence of how the stereocenters on
adjacent chains interact at the periphery of the polymer chain.
Our assignments obtained using different modes of stereo-
chemical induction (see below) are self-consistent and
consistent with stereochemical assignments for Cu' heli-
cates.”®”’

Effects of Concentration. The strengths of chiroptical
responses were compared across different experiments using
the Kuhn dissymmetry factor,*”*" Labs?

_2(AL - Ay)

Sabs = (A + Ag) (1)

where A (or Ag) is the absorbance of left- (or right-) handed
circularly polarized light at A, in the CD spectra. The term
(AL, + AR)/2 corresponds to the unpolarized UV—vis
absorption, rendering g,,, independent of the sample
concentration used in the measurement. The dissymmetry
factor g, is proportional to the enantiomeric excess (ee) of
the system under study.*”

The magnitude of g, was used to probe the concentration
dependence of polymerization (Figure 3). A series of samples
containing chiral monomer B and Cu'NTf, (0.5 equiv) in
MeCN were prepared at concentrations between 0.002 and 42
mM. Below 0.2 mM, no CD signal was observed, consistent
with the absence of helical polymer chains. Upon exceeding 0.2
mM, a CD signal started to appear. The g, continued to
increase before reaching a plateau at 6 mM, a concentration
that we inferred to correspond to the integration of all free
monomer units into chains of polymer 2.

Whereas '"H NMR at 0.1 mM revealed predominantly
monomer B (Figure S3), at 20 mM concentration no signals
corresponding to monomer B were observed, with broader
signals assigned to polymer 2 growing in their place. The
observed increase in g, is thus correlated with the growth of
longer helices in solution at the expense of free monomer: B
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Figure 3. Plot of g, (at 440 nm) against the concentration of chiral
monomer B when mixed with Cu' (0.5 equiv) in acetonitrile. No
signal was observed below 0.2 mM. The increase in g,,, between 0.2
and 6 mM is inferred to reflect an increase in the degree of
polymerization, and the plateau above 3 mM to reflect a regime in
which all monomer is incorporated into polymers.

absorbed at 440 nm (Figure S4), but did not show a CD signal
(Figure SS). Thus, monomers began to self-assemble into
helical polymers at 0.2 mM and were fully assembled above 6
mM. Subsequent experiments were thus carried out within the
plateau regime (6—60 mM) of Figure 3, where polymers are
inferred to be fully assembled.

Probing Excited-State Delocalization along the
Polymer. Increasing proportions of end-capping groups
yielded oligomers of decreasing lengths (Figures S6, S7). i
Oligomers of P-2 having different lengths were prepared from
18 mM monomer B initiated with p-toluidine E. Longer
oligomers had red-shifted z—z* absorptions (Figures S8 and
S9), consistent with an increase in conjugation Iength.83 The
degree of red shifting reached a plateau after 15 repeat units,
increasing minimally for longer polymers. This observation
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suggested that the excitons produced following visible light
absorption could delocalize across ca. 15 polymer repeat units.

Plotting g, against polymer length (Figure 4) provides a
complementary means to gauge the degree of exciton
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Figure 4. Plot of g, as a function of the stoichiometric ratio of

monomer B (at 18 mM in MeCN) to end-cap p-toluidine E and its fit
to eq 2 (with least-squares R* = 0.991).

delocalization. An increase in g,;,, was observed with increasing
polymer length (Figure 4), also approaching a plateau after 15
repeat units. This observation thus indicates that the excited-
state wave functions probed using CD delocalize across ca. 15
repeat units.”*

The behavior of g,,, with respect to polymer length was
fitted to the empirical equation
— —rp
gabs - gmax - gle (2)
where g, is the maximum observed dissymmetry factor (we
found a g, of 1.95 X 1072 in the case of polymer 2 initiated
with p-toluidine, Figure 4), p is the ratio of monomer to
initiating group, g; is a parameter accounting for deviations of
polymer length from the targeted polymer length based on the
B to E ratio”* (here, g; = 1.7 X 107°), and r is an empirical
constant, with a fitted value of 0.141 (at a monomer
concentration of 18 mM), which describes the rise in g, as
a function of the number of repeat units in the polymer. The
maximum g, for a specific polymer length can thus be
predicted using eq 2, so that it may be used subsequently in
our kinetic model (see Supporting Information, Section 6).

Control of Polymer Handedness Using a Chiral
Solvent. The nucleus of a helical polymer chain may absorb
stereochemical information from the environment, without
incorporating a chiral building block.”*® The reaction of
achiral monomer A with Cu'NTf, in (S)-ethyl lactate ((S)-EL)
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Figure 5. (a) Self-assembly of A around Cu' in (S)-EL. Shorter oligomers were observed when more p-toluidine initiator (E) was added. (b) CD
spectra of polymer 1 prepared in R vs S EL. Redissolving 1 that had been formed in MeCN in (S)-EL did not give rise to CD bands. (c) The g, of
polymer 1 incorporating only monomer A (no added E) correlated linearly with the ee of the EL solvent. The relative ee was calculated inferring
that g, = 2.54 X 1073 corresponds to enantiopure 1 (see below). (d) Plots showing the increase of g, with the ratio of monomer A to achiral
initiating group E, with polymerization carried out in EL of different ee. The data were fitted to eq 2 using r = 0.141, and largest observed g, values
of 0.89 X 1073, 0.32 X 1073, and 0.10 X 10> were obtained in 100%, 40%, and 15% ee (S)-EL, respectively.
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thus yielded polymers biased toward M helical handedness
(Figure Sa,b, Figure S11). The ability to perform self-assembly
in (S)-EL is attractive because this solvent can be produced
from renewable resources.*®” In a control experiment, a
racemic sample of polymer 1 (previously prepared in MeCN)
was dissolved in (S)-EL. The corresponding CD spectrum
(Figure Sb) was featureless. We thus infer the chiral solvent to
imprint handedness during polymer formation, instead of
preferentially solubilizing one handedness of 1 over the other.

The chiral solvent effect can be understood in terms of the
model of Figure 1, where the asymmetric solvent environment
biases initiation by increasing the barrier to forming M-P,
relative to that of P-P,. Moreover, this bias was found to
correlate linearly with the ee of the solvent (Figure Sc).

The relationship between g,;,, and the ratio of monomer A to
initiating group E for polymer 1 assembled in (S)-EL of
varying ee was probed using eq 2 (Figures Sd, S11, S12). The
same value of r = 0.141 previously obtained for polymer 2
grown from chiral monomer B (Figure 4) gave excellent fits
(Figure Sd). We thus infer that similar polymer lengths for a
given ratio of monomer to initiator are obtained in MeCN and
(S)-EL solvents. Equation 2 thus appears to have general
application in correlating g,;,, with length in this class of helical
polymer.

The g, values of the polymers formed from achiral A in
enantiopure (S)-EL are lower than those obtained using chiral
monomer B in achiral solvent, implying a lower degree of
enantiodifferentiation during polymerization in the chiral
solvent. This weaker discrimination implies a smaller energetic
difference between the activation barriers leading to M and P
helices in the chiral solvent (S)-EL than with the chiral
monomer B. We hypothesize that greater enantiodiscrimina-
tion might be achieved by using a solvent having stronger,
specific interactions with the polymer nucleus formed during
initiation.

Although the chiral solvent gave a lesser degree of
enantiomeric enrichment, its use does not require the
preparation of an enantiopure monomer. This method of
chiral induction may thus be applicable to the stereoselective
preparation of other chiral structures that are composed of
achiral building blocks using subcomponent self-assembly.*®

Free-Energy Penalty of Forming the Disfavored
Helical Handedness. The magnitude of the screw-sense
bias imparted by a given agent (i.e., a chiral solvent or
monomer) can be gauged using a statistical mechanics model.
This model estimates a free energy penalty, f;, measured in
thermal energy units (kgT), incurred when a chiral
subcomponent adopts an unfavorable helical handedness
(Figure 6).>' The statistical mechanics model developed to

A, +Cu
= < 0
g
< (S)-EL \S)-EL
(o]
@ PP,
gl
$| _MP I 3
|

Figure 6. Our statistical mechanics model predicts the free energy
penalty, f, for forming a nucleus of the disfavored helical handedness
using a given method of chiral induction (here the chiral solvent (S)-
EL).

quantify the strength of chiral induction in these polymers was
predicated upon a static polymer structure, with no unwinding
taking place following initial screw-sense determination. Since
the handedness is determined at nucleation, our approach
evaluated the additive contributions to the free energy of a
“seed” complex P, (Figure 1) composed of two ligands, which
contribute independently. We then evaluate the Boltzmann
distribution of stereochemical states, P or M, of this complex. A
maximum g, of 2.54 X 107> was observed in several different
cases of chiral induction, as described in Supporting
Information Section 7.2. We infer that this g, corresponds
to an ee of polymer 2 that approaches 100%, in these different
cases where f; > kyT. Thus, we define the relative
enantiomeric excess (rel ee) in each case as the maximum
observed g, divided by the maximum g, (2.54 X 107°) of
enantiopure helix 2.

This maximum g, value was measured from a sample that
assembled at 20 mM monomer concentration, ie. in the
regime of complete polymerization (Figure 3). In order to
simplify our model, we consider only end-cap to polymer ratios
within the plateau region from Figure 4, thus where g, is
independent of length. We did not observe any sergeants-and-
soldiers™ or majority-rules™ behavior over the course of this
study; the use of a source of chiral information on less than
100% ee always resulted in a commensurate decrease in the
polymer ee. Section 7 of the Supporting Information provides
a complete discussion and derivation of the statistical model.

Initiation involving chiral monomer B incurred a greater free
energy penalty than was observed when forming polymer 1 in
(S)-EL: in the case of B, f; was determined to be 2.15 k;T,
whereas the weaker discrimination between P and M helices in
the chiral solvent (S)-EL afforded an f; of 0.36 k;T.

Stereochemical Amplification Using Chiral End-Cap
C. Biasing the helical screw-sense using either chiral monomer
B or chiral solvent (S)-EL required the use of synthetically
challenging enantiopure monomers or a large excess of chiral
solvent, respectively. A substoichiometric amount of an
enantiopure chain end-capping group, in contrast, might
allow a small amount of chiral signal to fix the handedness
of the entire length of a helical polymer strand.*>*"**~*!

When enantiopure amine C was employed to nucleate the
growth of helical polymer 1 from A, the polymer was observed
to take on a preferred helical handedness; using the other
enantiomer of C gave rise to the opposite helical handedness
(Figure 2). Racemic C yielded no helical bias (Figure S13).
Our mechanistic model of polymerization was thus extended
beyond “standard polymerization” to describe the functioning
of this “amine induction” approach (Figure 1), providing an
alternate pathway to forming a chiral helical nucleus, P/M-CP,.

Stereochemical amplification thus occurs during the
polymerization of A from chiral initiating group C; subsequent
polymer growth from this chiral nucleus maintains the initial
helical handedness. The addition of enantiopure (R)-C to a
racemic solution of preformed 1 thus did not result in any
change in the helical handedness (Figure S14). This
observation is consistent with our inference of a high energetic
cost to the helical unwinding of polymer 1.

Effects of Regiochemistry on Chiral Induction. The
two strands of double-helical polymer 1 can orient in either a
parallel head-to-head (HH) or an antiparallel head-to-tail
(HT) configuration (Figure 7a).”* When less-bulky amine C
was employed to cap the aldehyde groups of A within 1, the
HH regioisomer was obtained. We hypothesize that hydrogen
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Figure 7. (a) Chiral amine C afforded an excess of the HH regioisomer, whereas bulkier chiral amine F led predominantly to the HT regioisomer.
The HH regioisomer possesses a free terminus capable of elongation, whereas HT has both termini capped, hindering further elongation. The
degree of stereochemical induction was in all cases gauged using the dissymmetry factor g, which is proportional to ee, with a g, of 2.54 X 1073
corresponding to 100% ee (Supporting Information Section 7.2). (b) Plot of g, against the monomer-to-chiral-inducer ratio (proportional to
polymer length, Figure S24) for the HH system where all precursors were combined simultaneously. A decrease in induction was observed at an A/
C ratio above 2. (c) g plotted against the rate of addition of A (18 equiv) and Cu' (9 equiv) to (S)-C (1 equiv); slower rates of addition favored a
greater degree of induction. (d) Plot of g, against the ratio of monomer A to bulky chiral inducer (R)-F where all precursors were combined
simultaneously. Two regimes were observed: (i) where an increase in the A/F ratio favored a greater degree of chiral induction and (ii) where a
further increase in the A/F ratio reduced the degree of chiral induction, as a greater proportion of polymer chains initiate from achiral A as opposed
to chiral F. (e) Plot of g,,, (440 nm) against the rate of addition of A (18 equiv) and Cu' (9 equiv) to F (1 equiv), affording an HT polymer, again
showing two regimes: (i) where an increase in rate of addition disfavored termination through chain-capping by free F, affording an increase in
induction; (ii) more rapid addition reduced enantioenrichment because proportionally fewer polymer chains nucleated from chiral F residues and
more initiation took place via the racemic standard polymerization pathway (Figure 1).

bonds between the hydroxyl groups of B residues favor this
conformation, in similar fashion to what was observed in the
case of dicopper(I) helicates.”® Such HH polymers contain a
free, uncapped diamine terminus and are living, since the
polymer is capable of continuing to grow upon further
introduction of monomer.

HT regioisomers were observed to form in the presence of
bulkier amines.>* In contrast with the HH configuration, in HT
double helices the bulky amine groups also serve as
terminators, halting polymer growth at the end where they

10349

are incorporated. We hypothesized that the regiochemistry of
the polymer influences the degree of chiral induction due to
the different growth characteristics of the HH and HT
regioisomers.

Oligomers of 1 having different lengths were prepared by
increasing the ratio of monomer A and Cu' with respect to (S)-
C (Figure 7a) at the same overall Cu' concentration (Scheme
SS, Figures S15, S16, S17). The strength of chiral induction,
gauged using g, correlated linearly with the ee of the (S)-C
employed (Figure S18).
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Our inference that C led to HH regiochemistry was
supported by '"F NMR of an experiment wherein S-
fluoropyridine carboxaldehyde was employed to terminate
the ends of oligomers initiated using C (Figure $19).”* In the
case of HH regiochemistry, polymerization proceeded
unidirectionally from the nucleus CP; (Figure 1), pausing
once either A or Cu' was consumed and ceasing upon the
addition of a terminating monoaldehyde. Polymerization can
occur in both the presence and absence of chiral amine C.
Therefore, the strength of enantioenrichment was dictated by
the imbalance in the rates of formation of M-CP; and P-CP,,
with only polymers formed from the C-initiated pathway
contributing to enantioenrichment.

As shown in Figure 7b, g,;,, underwent a sharp initial increase
for oligomers as the A/C ratio increased from 1 to 2. We
attribute this observation to the intrinsic increase in g
associated with initial oligomer growth (Figure 4). Further
elongation brought about a decrease in g, however. As
discussed above, a greater proportion of A relative to C is
required to obtain longer polymers. As the proportion of C
decreases, the number of polymer chains initiating from achiral
A increased, leading to a decrease in the helical handedness
bias reflected in g,

The individual processes shown in Figure 1 could not be
picked apart through direct spectroscopic analysis due to
overlap of the monomer and polymer bands in UV—vis and
also because CD intensity varies as a function of polymer
length (Figure 4). Instead, the degree of induction was
determined by fitting dissymmetry factors (g,;,) as a function
of different starting stoichiometries using a series of first-order
differential equations (Supporting Information Section 6). Our
model operates under the assumption that the CD spectrum is
the sum of individual species in solution’” that do not interact
electronically to give rise to new CD transitions. Thus, the CD
intensity, gauged using g,;,, was used to measure the difference
in population between P and M helices (Supporting
Information Section 6.2). The populations of P and M helices,
determined using our model, were substituted into eq 3, which
relates the modeled enantiomeric excess to g, and takes into
account the dependence of g, on polymer length:

_ 2‘I(NM - Np)

= X —ge?
gabs (NM + NP)GT (gmax gl )

()

where g, g1 and r are the same fit parameters used in eq 2;
Ny and Nj correspond to the population fractions of M and P
helices, respectively; q is the difference in absorption cross
section for left- and right-handed circularly polarized light; and
oy is the total absorption cross section for unpolarized light. A
full derivation of eq 3 is given in Supporting Information
Section 6. The fit shown in Figure 7b is in good agreement
with the experimental results, reproducing the key features of a
rise followed by a decrease in g,.

Maximizing Chiral Amplification in an HH Polymer.
Our kinetic model predicted stereoinduction to be maximized
either when A reacted with (S)-C, so as to nucleate a helix with
a preferred handedness, or when A adds to a growing polymer
chain that has nucleated from (S)-C already. This set of
circumstances occurred during the slow, simultaneous addition
of A and Cu' into a solution of (S)-C (Schemes S7, S20). This
slow addition reduces the probability of nucleation from
achiral A by minimizing the free concentration of A
throughout polymerization. As shown in Figure 7c, pro-

gressively higher degrees of helicity induction were observed at
slower rates of addition, reaching a plateau at 0.07 gmol min™".
Here the A-to-C ratio was selected to produce an 18-mer at a
concentration within the plateau region of Figure 4. We infer
that this plateau corresponds to a g, wherein minimal
contributions occurred from the standard polymerization
mechanism; the likelihood of a polymer nucleating in the
absence of a chiral inducer is minimized under these
conditions.

Under such conditions of maximal stereoinduction, the
difference between the observed g, and the maximum g,
must arise from the intrinsic directing strength of the end-
capping group, which renders M-CP, and P-CP, energetically
inequivalent (Figure 6); our statistical mechanics model
reported a free-energy penalty (f;) for (S)-C that disfavored
growth of the M helical screw-sense by 0.74 kT.

Polymer growth from chiral initiator C thus resulted in
enantioenriched HH polymers, which exhibited living behavior
in maintaining an uncapped terminus capable of further
elongation. Slow addition of monomer to the chiral initiator
exploited this living behavior of the HH regioisomer, resulting
in stereochemical amplification from the initiator throughout
the helical polymer chain.

Influence of Head-to-Tail Regiochemistry on Chiral
Induction. Chiral amplification occurred under conditions
favoring HT regiochemistry when the bulkier chiral amine F
was employed.”* The HT orientation was evidenced by 'F
NMR spectroscopy of a model oligomer (Figure S19) and is
supported by molecular modeling, which showed extensive
steric clash in an HH terminus incorporating two F residues
(Figure S1).

In constrast to the living HH regioisomer, an HT strand
terminated by bulky F residues at both ends may not readily
elongate, requiring dissociation of one terminating group
before another monomer unit may attach.

In order to account for the nonliving state of a doubly
terminated HT oligomer, an off-pathway polymer termination
step was incorporated into our kinetic model (Supporting
Information Section 6). Oligomers of different lengths were
prepared by rapidly adding varying proportions of A and Cu' to
(R)-F in CH;CN (Scheme S8, Figures S21, S22, S23). The
response of g,,, to the A-to-F ratio (A/F) showed two distinct
regimes (Figure 7d). An initial increase in g,;,, was observed for
A/F ratios below 15, followed by a decrease in g, for A/F >
15. Our kinetic model also captures the key features of a sharp
rise, followed by a gradual fall, with eq 3 fitting well the
experimental data of Figure 7d.

Similarities were observed between the responses of g, to
changes in the A/F ratio (for the HT regioisomer) and the A/
C ratio (for the HH regioisomer). For HH polymers (Figure
7b), the initial increase in g, with respect to the increasing A/
C ratio was attributed to the inherently higher g, for longer
compared to shorter oligomers (Figure 4). However, the
increase in g, extended to higher chiral amine/monomer
ratios in the case of the HT regiosiomer (Figure 7d) due to
polymer termination, as F residues capped oligomers at shorter
lengths for the HT regioisomer, whereas C did not cap the
living HH regioisomer (Figures S23, S24). Hence at all ratios
of monomer to chiral amine, longer polymers were produced
in the case of amine C, which generated HH regiochemistry
and which acted as an initiator, as compared to amine F, which
favored HT regiochemistry and could both initiate and
terminate polymer strands (Figure S24).
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Maximizing Chiral Amplification in an HT Polymer.
The rate of addition of A and Cu! to a solution of F was varied,
while keeping the A/F ratio constant (Figure 7e). Slower
addition led to the formation of mixtures of shorter, F-initiated
oligomers together with longer polymers that contained no F
residues (Figures 7e, S25, S26; Scheme S9). The higher
effective concentration of F with respect to A promoted
termination at the expense of polymer growth under
conditions of slow addition. This set of circumstances resulted
in more F residues terminating short oligomers, while the
residual A and Cu' polymerized independently (via the
standard polymerization mechanism, Figure 1), thereby
reducing the helical handedness bias. At higher addition
rates, we infer the A/F ratio to increase during polymerization,
as A was added more rapidly than it was consumed. This state
favors initiation from achiral A monomers, reducing the ee.
The highest degree of chiral induction achieved for F thus
involved an intermediate addition rate of 6.52 gmol min™, at
which the racemic standard polymerization mechanism (Figure
1) proceeds to a minimal degree.

The maximum g, obtained in this slow addition experiment
corresponds to a free energy penalty (f;) for amine F forming
the disfavored helical handedness of 2.00 kT (Supporting
Information Section 7). We infer the magnitude of f; for F to
be greater than the corresponding value for C (0.74 kzT)
because the bulkier sterics of F enforce a greater free energy
penalty for “incorrect” incorporation than for C.”'

Chiral amplification in polymer 1 thus depended upon its
regiochemistry. The living character of the HH regioisomer
was capable of yielding long, enantiomerically enriched
polymers at slower rates of polymer growth. In contrast, the
capability of amine F to terminate the HT regioisomer gave
rise to poorer length control and required careful tuning of the
initation and termination processes to obtain a high degree of
enantioenrichment. The living HH regioisomer thus appears
most appealing for future applications, not least due to its
potential to grow multiple blocks of a single handedness,
following sequential addition of different monomer units.

Hierarchical Assembly into Rod-like Aggregates.
Directing polymer aggregation is critical for translating the
benefits of chiral control over individual molecules into bulk
properties for use in applications, including circularly polarized
light emission””* and chiral-induced spin selectivity of
electrical current.”””"” Consequently, structures formed
through the aggregation of metallopolymer 1 were explored.

A population of aggregates was observed across all samples
using dynamic light scattering (Figure S27). We sought to
elucidate the structure of these aggregates using electron
microscopy. A solid sample of 1 was prepared by evaporation
of 1 mL of a 10 mg mL™" solution of polymer 1 in MeCN at
298 K over 3 days in a N,-filled glovebag, yielding a smooth
film. The film was then ground to a powder using a mortar and
pestle and imaged using transmission electron microscopy
(TEM). The majority of the specimen consisted of a poorly
ordered phase (Figure 8a), with some regions appearing
ordered (Figure 8b,c). Energy dispersive spectroscopy of both
the amorphous and ordered regions revealed an elemental
composition consistent with polymer 1 (Figure $29). We infer
the amorphous regions to consist of strands of polymer 1 that
adopt a disordered arrangement.

The ordered structures observed within the TEM samples
were high in contrast, revealing a rod-like architecture. The
structures were observed to have a mean length of

Figure 8. (a) TEM image indicating the presence of high-aspect-ratio
rod-like aggregates scattered among an amorphous phase. (b) High-
resolution TEM image of a single rod-like aggregate; a series of
striations are observable along the length of the aggregate; the ends of
the rod were well-defined, suggesting aggregation of polymers having
similar lengths; shorter polymers are observed at the edge of the
structure (indicated by a red line). (¢) HRTEM micrograph of a
portion of a rod-shaped aggregate of polymer 1 showing two sets of
striations. One set runs along the length of the rods, while a secondary
set was observed diagonally across the aggregate. The dimensions of
these striations coincide with the experimental and calculated
interstrand and inter-Cu' spacing, respectively. (d) Schematic model
of the aggregates where rods of 1 undergo close packing, in which
each helix interdigitates into the grooves of its neighbor.

approximately 70 nm and a range of 20 to 110 nm. Electron
energy loss spectroscopy indicated that these structures
contained copper in the +1 oxidation state (Figure S30).

Striations running parallel to the long axes of the rods
exhibited a spacing of 0.55 nm (Figure 8b). This distance is in
agreement with the expected hexagonal close-packed spacing
(ca. 0.6 nm) calculated from the closest spacing between
adjacent polymers (1.2 nm) in the single crystal structure of an
analogous oligomer.”* A second set of striations were observed
along the length of the rod, running diagonally (Figure 8c).
The separation between these striations was 0.3 nm, consistent
with the Cu'—Cu' distance in the crystal structure of a 3-mer of
1. Within a single aggregate, all of the diagonal striations
appeared to be parallel, indicating that chains in the aggregate
all had the same helical handedness. Such homochirality is
required for the close packing of helices, to allow their screw
threads to interdigitate.

We thus infer these crystalline aggregates to consist of
individual chains of 1 that are packed into the grooves of
neighboring helices, affording a close-packed structure (Figure
8d). This stepwise assembly bears a resemblance to the
hierarchical assembly of helically organized amyloid peptides
into macroscopic fibrils.”**’

The spontaneous formation of ordered aggregates of a single
helical handedness is relevant for the incorporation of these
conjugated, double-helical metallopolymers into devices that
exploit their conductive or emissive properties. These
applications are currently under investigation, in addition to
exploring means of isolating bulk quantities of enantiopure

polymer.
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B CONCLUSIONS

The strength of chiral induction in these helical metal-
lopolymers is dependent upon the choice of chiral induction
mechanism, in addition to the length and regiochemistry of the
polymer. Three distinct methods were demonstrated to
provide control over polymer handedness: (1) chiral
monomer, (2) chiral solvent, and (3) chiral initiator. Each
method provides distinct advantages, and each is associated
with a characteristic strength of polymer helicity induction.

With the design rules in hand to control the triad of length,
regiochemistry, and stereochemistry, and an understanding of
the length scale over which the excited states are delocalized
and the polymers assemble, future work will focus upon
rationally exploring this new class of materials and their
ordered aggregates that were observed by TEM, for
applications in polarized light emission and charge transport
in a helical environment.
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