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The significance of nanoparticle shape in chirality transfer to
a surrounding nematic liquid crystal reporter medium

As it turns out, the efficacy of chirality transfer may be
understood by surprisingly simple geometric considerations.
A combination of theory and experiment helped elucidate

a mechanism based on the product of an established
pseudoscalar chirality indicator and a scalar geometric shape
compatibility factor. The experimental system is based on
precisely engineered gold nanoshapes in a nematic liquid
crystal solvent reporting medium. The predictive power of
this approach may find use in macromolecular and biological
systems, from chiral metamaterials to understanding nature’s
innate ability to transfer homochirality.
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Defined based on geometric concepts, the origin of biological homochirality including the single
handedness of key building blocks, D-sugars and L-amino acids, is still heavily debated in many ongoing
research endeavors. Origin aside, transmission and amplification of chirality across length scales are
likely essential for the predominance of one handedness over the other in chiral systems and are
attracting an unabated interest not only in biology but also in material science. To offer a measure for
chirality and through-space chirality transfer, we here provide a report on recent progress toward the
development of a suitable approach for an a priori prediction of chirality “strength” and efficacy of
chirality transfer from a chiral solute to an achiral nematic solvent. We achieve this by combining an
independently calculated, suitable pseudoscalar chirality indicator for the solute with another,
independently calculated scalar solute—solvent shape compatibility factor. In our ongoing pursuit to put
this approach to the test, we are advancing and refining a versatile experimental platform based on

Received 27th January 2022, achiral gold nanoparticle cores varying in size, shape, and aspect ratio capped with monolayers of chiral

Accepted 3rd March 2022 molecules or on intrinsically chiral cellulose nanocrystals that serve as chiral solutes in an achiral nematic
DOI: 10.1039/d2ma00093h liquid crystal phase acting as a reporter medium. The pitch of the ensuing induced chiral nematic liquid

crystal phase ultimately serves as a reporter medium that allows us to experimentally quantify and com-
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1 Introduction

Chirality, defined as a geometric property of a group of points
or atoms in space, or of any object that is not superimposable
onto its mirror image, is ubiquitous at all scale levels'—from
subatomic particles® to galaxies in space.® For any system to be
chiral, irrespective of any physical or chemical manifestation of
said chirality, all that is necessary is the complete absence of
improper rotations in the symmetry group of the system. Lord
Kelvin defined chirality by the absence of mirror symmetry: “I
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pare chirality and efficacy of chirality transfer.

call any geometrical figure, or group of points, chiral, and say it
has chirality, if its image in a plane mirror, ideally realized, cannot
be brought to coincide with itself.”* Considering its unquestion-
able significance in many areas of science ranging from cell-cell
interactions,” drug discovery,® and catalysis’ to chiral optics® and
chiral nanomaterials,” > some key questions asked and addressed
by many scientists are: Does chirality scale, can it be quantified
even for abstract geometrical objects, and how does it vary solely as
a function of shape? Kurt Mislow, a pioneer in this field of
research, published one of the most detailed reports on purely
geometric chirality metrics to quantify chirality.”®> Now almost
three decades ago, that report primarily focused on geometric
figures in 2- and 3-D space representing molecules, rather than
nanomaterials, but many of the concepts have since been applied
to chiral nanostructures. Within the boundaries of each model or
chirality measure, objects including molecules can be defined as
“more” or “less” chiral. In due course, Mislow and colleagues
concluded: “there remains the daunting challenge of bridging the
gap between the results of chiral shape analysis and the world of
experimental observables.”"?

In this perspective, we summarize recent attempts by our
teams to bridge this gap by showing that an appropriate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pseudoscalar chirality index can fairly accurately predict the
chirality transfer efficacy in an otherwise unrelated experi-
mental system largely by assessing shape and shape con-
gruency. While introducing the scope of and a classification
for chirality measures, Mislow and colleagues noted that any
“degree of chirality” scales with shape and should be invariant
with the size of the object.”

Starting with this assumption, metal nanoparticles, particu-
larly those with a gold core, continue to be fertile ground for
testing shape-chirality correlations since gold nanoparticles
can now be reproducibly synthesized in a very wide range of
sizes and shapes with suitably narrow size and shape
polydispersity.”* For the purpose of this discussion here, we
will refer to these gold nanoparticles varying in size as well as
shape, capped with a monolayer of chiral molecules as chiral
nanoshapes.

2 A chirality measure for nanoshapes

2.1 Basic concepts

The intrinsic chirality of any given chiral shape (object or
molecule) can be calculated using an absolute, as opposed to
being relative to a reference, pseudoscalar chirality indicator"®
—termed the average chirality index (G3,).1,"®'” For chiral
nanoshapes, such as those of interest here, this index can be
derived from coarse grained (CG) representations of the chiral
ligand molecules suitably distributed on the nanoshape surface
as we will see later. Experimental datasets correlated to the
chirality of these nanoshapes are acquired by investigating
dispersions of said chiral nanoshapes in an achiral nematic
liquid crystal (N-LC)'® serving as a reporter medium.'® The
induced chiral nematic LC (N*-LC) phase allows a ranking of
the efficacy of chirality transfer depending on the dimensions
of the nanoshape via microscopically (visually)-observable and
easily measurable helical pitch, p, values (Fig. 1). For any chiral
nanoshape solute X in an achiral N-LC phase N, p of the
induced N*-LC phase is inversely proportional to the concen-
tration of the nanoshape, cy, and to the helical twisting power

B (eqn (1))
poc1/(Bey) 1)

Thus, f*" serves as a figure of merit or measure of chirality
in these systems and is assumed to be proportional to the
intrinsic chirality of the nanoshape (eqn (2)):

e (Goa) (2)

+ This index depends only on geometric information, i.e., in this case the
position and orientation of the chiral ligands with respect to the nanoparticle
frame, and thus indirectly on the size, shape, and AR of the nanomaterial:'®'7>*

_ { [ ) - 1y ) s - i)

G ifi<j<k<lel[l,...,n]

o = , where n is

n(ryrire) i
0 otherwise
the total number of atoms (or beads), r;; the vector between two atoms 7 and j, with
modulus corresponding to their distance ry, while P indicates all permutations of

i, J, k, [ atoms or beads.
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Fig. 1 Visual summary depicting the concept of using an induced chiral
nematic liquid crystal (N*-LC phase) as a reporter medium to study the
chirality transfer efficacy (i.e., amplification across length scales) depend-
ing on the size, shape, and aspect ratio (AR) of gold nanocarriers capped
with an identical chiral ligand shell; p/2 refers to the helical half-pitch of
the induced N*-LC phase formed by doping the achiral N-LC phase. The
right-side of the figure depicts different sizes and aspect ratios of the gold
nanoshapes among N-LC molecules in the induced N*-LC phase.

Early experiments by our teams focused on size effects of
quasi-spherical (polyhedral) nanoparticles. Within each of the
studied series of quasi-spherical gold nanoparticles (GNP), a
particular GNP core diameter showed maximum values for both
B and/or (G3,)."° With the chirality emanating exclusively
from a combination of spatial arrangement and chiral nature of
the ligand shell molecules (considering an achiral metal core
based on experimental i.e., spectroscopic evidence), the molar
helical twisting power f,, defined in eqn (3):

ﬁmol = 1/(prigandr) (3)

in which p is the measured helical pitch, Xpjgana the mole
fraction of the chiral ligand in the N-LC mixture, and r the
enantiomeric purity of the chiral species), was used as the most
accurate measure for the efficacy of chirality transfer to the
N-LC reporter medium.

2.2 Early experimental nanoparticle systems

For the first set of GNPs with core diameters of about 2, 5 and
10 nm, capped with cholesterol-thiol or siloxane-networked
cholesterol-thiol derivatives (Fig. 2), |fmoi| Was the largest
(i.e., p was the tightest) for GNP characterized by an average
core diameter of 5.5 nm (|Bmol| = 178 pm™" (we here report
values for the absolute molar helical twisting power, |Bmoil,
since the sign of f, indicates the handedness and not the
magnitude; “+” for a right-handed and “—” for a left-handed
helical distortion of the induced N*-LC phase)."

In contrast, GNP,, with the largest core diameter did not
induce an apparent N*-LC phase at any concentration judging
from textural analysis data obtained by cross-polarized optical
microscopy (cPOM) with the LC samples confined between
substrates with varying surface boundary conditions (including
homeotropic anchoring or a top surface formed by air).
The observed Schlieren textures were indistinguishable from
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Fig. 2 Studies focusing on the effects of core diameter and presence
(absence) of a chiral bias during GNP formation. GNP, and GNPs (the
subscript number indicating the average core diameter) are capped with
cholesterol-thiol ligands; GNP1gsiox IS capped with a siloxane shell using
3-mercaptopropyltrimethoxysilane ~ (MPS)  that is  further end-
functionalized with cholesterol. Reproduced from and adapted with per-
mission from ref. 19 — Copyright (2014), American Chemical Society.

textures commonly seen for achiral N-LC phases, thus indicating
p— oo and, as a consequence, i, — 0. GNP, showed a value of
|Bmol| = 16 um™"; about one order of magnitude lower than the
value detected for GNP5; but compared reasonably well to some
commercially available organic chiral additives developed to
induce N*-LC phases with |f01| values ranging from about 10
to 40 pm—1.*°

Another GNP series investigated the role of axially chiral
ligands. GNPs capped with three sets of (R)- and (S)-enantiomers
based on axially chiral 1,1’-binaphthyl-thiol derivatives that
differed only in the length of a non-tethered aliphatic chain
were investigated as chiral solutes in the same N-LC host (Fig. 3).*"
The variation in length of the non-tethered aliphatic chain in the
2/-position, potentially due to reasons of varying dihedral angles in
solution and the resulting changes in steric demand (or due to
differences in solubility) gave rise to some variation in GNP core
diameter during synthesis (overall ranging from about 1.1-2.5 nm
in core diameter). The binaphthyl-thiol-capped GNP with the
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Fig. 3 Series of GNPs capped with 1,1'-binaphthyl-thiol ligands differing
in the length of the non-tethered aliphatic chain in the 2’-position
((R)- and (S)-enantiomers) tested as chiral solutes in the N-LC phase formed
by 5CB (4'-pentyl-4-biphenylcarbonitrile). While cisoid-conformations were
observed in organic solvents, transoid-conformations were confirmed in the
induced N*-LC phase. Reproduced from and adapted with permission from
ref. 21 — Copyright (2016), American Chemical Society.
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largest core diameter of about 2.5 nm (GNPgy(r)4) turned out to
be just slightly the strongest chiral inducer of this series with
| Bmot| = 66 um ™. However, in light of comparatively smaller
differences in core diameter vis-a-vis the earlier series® overall,
all six GNPBN essentially showed identical |fi0| values,
ranging from |fmo| = 61 pm™" t0 |Bmoi| = 66 pm~'. Most
noteworthy, all GNPs discussed thus far (with the exception
of GNP,,) well outperformed the free cholesterol-thiol and
1,1’-binaphthyl-thiol ligands with respect to their ability to
helically distort the initially achiral N-LC, i.e., induce a signifi-
cantly lower pitch (higher |fim01|) at any identical concentration
of the chiral molecules in the N-LC matrix."**"

2.3 Desymmetrization from GNPs to GNRs (gold nanorods)

Our initial hypothesis was that the observed enhancement of
this through-space chirality transfer was caused by long-range,
through-space interactions between the chiral molecules and
the plasmonic nanostructures exemplified by spectroscopically
observed enhanced anisotropy or Kuhn’s dissymmetry factors g

(eqn (4)):**
g=A¢/e (4)

where A¢ and ¢ are the molar circular dichroism and molar
extinction coefficient, respectively) here for chiral molecules in
the vicinity of plasmonic nanostructures. Even higher g values
were reported when such quasi-spherical GNPs were replaced
by elongated GNRs,”® which, based on our hypothesis, should
lead to increased |fmo1| values when anisometric GNRs capped
with the same chiral molecules are dispersed as a chiral solute
in the identical N-LC host.

Experimental data indeed confirmed our hypothesis,>* and
each of the two GNRs differing in their aspect ratio (AR) and
capped with a siloxane networked cholesterol-thiol ligand shell
led to significantly higher |f01| values (Fig. 4). Mar-GNR1 (Mar
here standing for the medium aspect ratio of AR = 4.3 with the
transversal cross-sectional diameter of this GNR of d = 10 nm
closely matching the diameter of GNP;,) produced a value of
| Bmol| = 1064 um ™", Similarly, Mog-GNR2 with AR = 2.2 induced
an N*-LC phase with a value of |fmel| = 895 pm ™. Remarkably,
the trends of independently calculated or acquired (Ga,) and
|Pma1| values, respectively, for this GNP, ,o/Mar-GNR series
matched almost perfectly (Fig. 5). Our, for the most part, naive
conclusions from these first couple of datasets were that
desymmetrizing the shape of the nanocarrier and increasing
its AR will increase (G3,) and |Bmor|->*

This was further supported by the considerable amplification
of the chirality transfer by M,g-GNR1 (the more effective chiral
inducer of the GNRs tested thus far) capped with the identical
series of axially chiral binaphthyl-thiol ligands described earlier.

For this particular Msg-GNR1gy series,>® the |Bmol| values,
now strongly depending on the length of the non-tethered alipha-
tic chain in the 2/-position on the 1,1’-binaphthyl unit, ranged
from | Bmer| =192 pm™ " to a record |Bmel| = 1312 pm™ ', Here again,
independent calculations of (G5,) predicted these experimental
trends both with respect to magnitude of |01 as well as the sign
(aka handedness) of the induced N*-LC phase (Fig. 6).>°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Amplification of the chirality transfer efficacy by desymmetrization.
(@) GNRs with a cholesterol end-functionalized siloxane ligand shells show
significantly elevated values of |Bmell in comparison to GNPs as shown in
plots (b) and (c). ZLI-4572, COC, R-811, and CB15 are commercially
available organic chiral dopants; the Chol-silane and Chol-disulfides are
the neat organic ligand molecules tested as chiral additives, & core is the
core diameter of the GNP. |Bnol Values here used the molar concentration
of the entire ligand-capped GNR and thus the SI unit [um™ mol™] (|fmoll
values described in the text as well as in Table 1 use the more correct and
dimensionless mole fraction of the chiral ligand shell molecules only since
the GNR core is achiral; egn (3)). (d) Cooperative effects among the
admixed GNRs are supported by analyzing plots of the inverse pitch (1/p)
vs. the Mag-GNR concentration; the slope increases at a threshold concen-
tration rather than plateauing as commonly observed for chiral additives in
induced N*-LC phases (green dotted curve) until a concentration when
the GNRs begin the aggregate (dotted circle at CM,q—GNRL,, = 0.7 wt¥%).
Reproduced from and adapted with permission from ref. 24 — Copyright
(2018), Springer-Nature.

For all the nanoshapes described so far, the working principle
for any amplification of the efficacy of chirality transfer always
appeared to be that the chiral ligand shell molecules act as a
joined force or network, thereby amplifying chirality transfer
throughout the N-LC medium both locally (to N-LC molecules
in direct vicinity of the suspended GNRs) and throughout the N-
LC bulk. Freeze-fracture transmission electron microscopy
(TEM) experiments, showing arrays of appropriately spaced
(based on simple volume fraction calculations) and seemingly
twisted with respect to each other Msg-GNR2, lend support for
an additional contribution to this efficacious chirality transfer
(Fig. 7).>* It appeared reasonable to assume that cooperative
effects among the now twisted GNRs would further amplify
chirality transfer, and such cooperative effects were experimen-
tally seen in the plots of 1/p vs. the concentration of the GNRs
(¢y) in the N-LC. At a distinct threshold value of ¢}, the slope of
the curve would abruptly rise with increasing ¢} rather than
plateau as normally observed for chiral additives in N-LCs.>*
One may think of this contribution as a feedback loop at and
above the threshold concentration: a spatially massive (when
compared to the N-LC building blocks, i.e., N-LC molecules)
and strong chiral inducer amplifies its own twist and thus
shortens p in the surrounding matrix, which, in turn leads to an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Atomistic and coarse-grained (CG) representation of the ligand
molecule, (b) Magr-GNR1 spherocylindrical and GNP;o models each deco-
rated with 20 CG ligands randomly distributed. (c) Trend of averaged
chirality indicator |G3, in comparison to the trend experimentally deter-
mined for |Bmel for GNPs,_1o as well as Mag-GNR1 and Mag-GNR2. Values of
chirality have been obtained for 20 000 random configurations on the GNPs
and 1800 selected configurations on the GNRs. Reproduced from and
adapted with permission from ref. 24 — Copyright (2018), Springer-Nature.

increased torque to the GNRs that shortens p and so on and
so forth.

2.4 Variations in AR, other shapes, and shape matching

Equipped with these pieces of the puzzle, the next question in our
quest was: How do shape and AR of the nanocarrier of chiral
information impact chirality transfer? Moreover, reflecting on
our appreciation that an independently calculated (G3,) can
predict experimental trends of |f0|, we put this system to the
test with a significant expansion of the scope of our research by
focusing on more pronounced shape and AR variations.*

This was ultimately accomplished by comparing calculations
of a shape-corrected (G5,), described next, with the experi-
mental values gathered for |f,,| for a larger set of gold
nanoshapes now including nanoprisms (GNPR), nanodisks
(GND), nanostars (GNS) as well as GNRs differing in AR. All
gold nanoshapes were monolayer-capped with the identical
cholesterol-thiol ligand shell shown in Fig. 2. The dimensions
as well as |fme| values for these and all other nanoshapes
discussed in this perspective are summarized in Table 1.

To account for a shape compatibility dependence of the
chirality transfer, our new model assumed that there is a combi-
nation of the chiral solute’s intrinsic chirality and its ability to
twist the N-LC that contributes to the transfer chirality across
length scales. For a chiral solute (nanoshape) X, we assumed that
B can be written as:

BN o GKSN 5)

Mater. Adv.,, 2022, 3, 3346-3354 | 3349
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Fig. 6 (a) Schematic depiction of the Magr-GNR1gy series with the 2,2’-

substituted 1,1’-binaphthyl-thiol ligands in the transoid conformation
formed in the induced N*-LC phase. (b) Chirality efficiency plot: calculated
particle—particle distances, Dp_p, Vs. |Bmoll- The most efficient chiral GNR
solutes occupy the top right corner of this plot, the bottom lower corner
the least efficient ones. Inset (red dashed box) shows the section high-
lighted in the lower left part of the plot (data points are either directly
identified with the abbreviation of the nanoshape or highlighted in blue
boxes. (c) Values of the chirality index, (G3,), for 20 binaphthyl thiol ligand
molecules bound to the Mpar-GNR1 compared to the values of the
experimentally determined HTP data, |B.| (helical twisting power based
on the weight fraction of the chiral BN ligands in the N-LC), and |Bmoll (with
the largest values were set to 100%). Reproduced from and adapted with
permission from ref. 25 — Copyright (2019), American Chemical Society.

in which G¥ is the chirality indicator (G3,) of the nanoshape and
S§* a compatibility factor representing a chiral solute - achiral
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Fig. 7 (a) Schematic depiction of the freeze-fracture (FF) method to
prepare the TEM specimen. (b) A representative voxel of the N*-LC droplet
showing the multi-domain structure via the embedded GNRs. (c) and (d)
FF-TEM images of the induced N*-LC phase of Felix-2900-03 containing
0.5 wt% Mar-GNR2gox (scale bars: (c) 200 nm and (d) 1 um, apparent
circles are from the TEM grids). To obtain these images, it was important
that the replica captured most of the Mag-GNRs on the fractured surface,
thereby providing a direct visualization of the GNRs in the bulk material.
Areas highlighted by a yellow box and (e—h) select areas from many of the
obtained FF-TEM images show GNR arrays (often twisted) with an average
separation closely matching the theoretically calculated particle—particle
distances, Dp_p, of ca. 90-100 nm by assuming well-dispersed GNRs in
the induced N*-LC matrix (scale bars in (e—h): 100 nm). Reproduced from
and adapted with permission from ref. 24 — Copyright (2018), Springer-
Nature.

solvent transmission coefficient of the chiral nanoshape solute
X to the achiral nematic mesogen N. Here, we employed for the
first term the maximum chirality indicator (Fig. 8a); for S~ we
now introduced a shape-complementarity model to quantify the
shape resemblance (or shape incongruity) between the N-LC
molecule serving as host and the chiral ligand surface-modified
nanoshape.®

The use of |Ggamax| Was justified by the fact that the HTP
data were calculated from experimental pitch measurements,
which are particularly sensitive to the highest rather than
average chirality values (particularly for a system containing
various contributions of different chirality).

Hereby we further assumed that $*" is related to the inverse
difference between the 2-D isoperimetric ratios (IPR,p; defined
as IPR,p, = #*/A, with / being the length of the perimeter and A
the 2D shape surface area) of solute and solvent, 1/IPR,p*" =
1/(IPR,p* — IPR,p"). The degree of correlation between SV and
BN (i.e., |Bmoi|]) Will then provide direct insights into the
importance of shape complementarity in chirality transfer.
S*N, of course, is a scalar quantity such that the orientation
of one nanoshape with respect to another is non-zero and
scales invariantly under spatial transformation, even in the
achiral case. We defined $*" as the absolute value of the inverse

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of experimentally determined molar helical twisting
power, |Bmol. values of the chiral ligand-capped gold nanoshapes as
solutes in the N-LC 5CB. Data from ref. 19, 21 and 24-26

Nanoshape Core Dimensions®
(nm) (d = diameter, w = width,

h = height, [ = length, | Bmot|
Nanoshape” AR = aspect ratio) (nm™h)
GNP, d=1.8 AR ~1° 16
GNP, d=5.5 178
GNP, d =10.0 0
GNP;0silox) d=10.0 0
GNPgx(r)1 d=25 61-66
GNPBN[S]-l d=1.7
GNPBN[R]—Z d=21
GNPBN(S]—Z d=1.1
GNPpn(r)-s d=1.2
GNPBN[S}S d=1.1
Mr-GNR1 d=10.0; ] = 43.0 AR=43 1064
Mar-GNR1 10 1303
Mar-GNR1pn(z)1 196
Mar-GNR1gn(s)1 192
Mar-GNR Lpn(g)-2 410
Mar-GNR1px(s)2 393
Mar-GNR1pn(g)-3 1166
Mar-GNR 1pn(s)s 1312
MAR'GNRlBN(S)-SsiloX 210
Mar-GNR 210 d=23.51=51.0 AR=22 89
Lar-GNR d=15.2; [ = 25.0 AR=1.7 53
H,r-GNR d=12.51=87.0 AR=85 18
Lagr-GND d=79.0; h =21.6 AR = 3.7 37
Hur-GND d=45.0;h=7.4 AR=6.1 43
GNS deore = 60.0; Lpikes = 69.0  —* 105
GNPR leage = 50.0; k. = 12.5 AR=53 216
5CB (N-LC) I=1.8;w=0.45 AR=40 —

“ All nanoshapes are capped with a thiolate ligand shell unless other-
wise noted, e.g., the subscript “‘silox” refers to nanoshapes capped with
a siloxane conjugated 3-mercaptopropylsilyloxy-ligand shell end-
functionalized with aliphatic cholesteryl ester groups via a siloxane
condensation reaction; BN = 1,1’-binaphthyl; all other nanoshapes are
capped with a cholesterol-thiol; Lar, Magr and Lyg refer to large, medium
or low aspect ratio, respectively. ° Calculated AR values here are not
considering the thickness of the ligand monolayer. Those referred to in
the text used for the calculation of the 2-D isoperimetric ratios, IPR,p,
consider the ligand shell of the chiral ligand-capped nanoshapes and
thus differ from those listed here for the nanoshape cores. © Assuming
quasi-spherical overall shapes for polyhedral GNPs. 4 The AR cannot be
easily calculated for GNS; thus far the only concave shape investigated.

difference between the IPR,p, of each nanoshape and the IPR,p
of the N-LC host molecule 5CB (eqn (6)):

1

XN
S ‘A (IPR;p)

(6)

i.e., the closest match between their respective 2-D shapes was
set to 100%. The 2-D approach proved to be significantly more
sensitive than the corresponding 3-D IPR approach considering
a comparison of the trends of IPR,, and IPR;p (defined as
IPR;p = A%/V?, where V is the volume of the nanoshape) vs.
| Bmot| shown in Fig. 8b and c. IPR,y, clearly shows a very close
match to the experimentally derived |fnoi| values (Fig. 8b).
Hence, the chirality transfer is experienced by the 5CB host
molecules from the 2-D projection of the suspended
nanoshapes, i.e., from the distribution of chiral molecules on
the nanoshape surface they are in direct contact with. Plotting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Plots showing the trends of: (a) the maximum chirality indicator
|G&a.maxl i comparison to the experimentally derived values for |B,| and
[Bmoll (with the largest value set to 100% and the lowest to 0%—here GNP,q
with fmol = fw = 0, and every other value—and every other value weighted
accordingly) for the calculated values of |Bmel see Table 1, (b) 1/(IPRyp) and
(c) 1/(IPRsp) each in comparison to |Bmal (yellow shaded areas in (c) signify
some correlation in trends); values for IPRyp and IPRzp use the adjusted AR
values considering the thickness of the ligand shell. (d) Plot showing the trend
of the shape compatibility-corrected maximum chirality indicator |G2, maxS"|
for a subset of nanoshapes in comparison to |By| and |Bmotl- Lar, Mar. and Hag
here refer to low, medium and high aspect ratio, respectively. Reproduced
from and adapted with permission from ref. 26 — Copyright (2022), AAAS.
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a 100

80 |

b
i Mag-GNR1 Lar-GNR
Fig. 9 (a) Plot showing trends of the shape compatibility-corrected

maximum chirality indicator |G2, maxS| for the full set of nanoshapes,
now including the powerful chiral inducer Mar-GNR1, in comparison to
the experimentally derived values for |By,| and |Bmoll. Models of the induced
N*-LC phase show a complete 360° rotation of the local director leading
to a tighter pitch from left to right depending on the size, shape, and AR of
the suspended nanoshape (for GNPjo: p — o0). (b) Visualization showing
the varying degree of shape compatibility among GNRs featuring different
AR values with the 2-D projection of 5CB scaled in size to match each
GNR width. Reproduced from and adapted with permission from ref. 26 —
Copyright (2022), AAAS.

the shape compatibility-corrected |GaymaxS™"| against the
experimentally obtained values shows extraordinary close
correlation across almost all nanoshapes with respect to ||
and |fmo| (Fig. 8d and 9a), most noteworthy all in the absence
of any fitting parameter.

The importance of the shape coupling or shape compatibil-
ity factor S is most apparent when the AR of X is changing
within a series of equal-shaped nanoshape solutes in the same
N. This concept is best visualized by sketches shown in Fig. 9b,
where the shape compatibility among GNRs, Har-GNR, Mag-
GNR1 and Lag-GNR proves the utility of introducing $*".

3 Summary and outlook

Collectively, all our experimental data support the notion that
size, shape, and AR of chiral ligand-capped nanoshapes affect
the efficacy of chirality transfer to a surrounding reporter
medium, here a nematic LC phase, in very predictable ways
via independent calculations of 2-D shape compatibility cor-
rected chirality indicators. Each of the gold nanoshapes capped
with a chiral ligand shell outperforms the neat organic chiral
molecules with respect to their ability to transfer chirality to the
N-LC host medium. We established a very systematic correla-
tion between purely geometric concepts and experimental
chirality transfer data. This methodology provides a broadly
expandable tool to a priori predict experimental chirality trans-
fer efficacy data.

In the described N-LC, this opportunity is realized by
measuring the induced helical pitch and calculating the helical
twisting power in an induced N*-LC medium for essentially any
possible nanoshape varying in size, shape, or AR; all without
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Fig. 10 (a—c) Chemical structures of the CNC surface modifications. The

CNC core displays both morphological (twist of the CNC rods) and
inherent core chirality (via the glucose building blocks). (d) Schematic
representation of the N*-LC phase induced by the addition of only minute
amounts of the functionalized CNCs to the LC host, Felix-2900-03, in the
nematic phase. Reproduced from and adapted with permission from
ref. 27 — Copyright (2021), Wiley-VCH.

much need to alter the chemical nature of the chiral molecules
decorating the nanoshape surface.

But what if the nanoshape core was chiral? To elucidate
the role of core chirality, we needed a system with an
intrinsically chiral core. The perhaps closest match to the
most potent Mur-GNR1, at least for now, appeared to be
cellulose nanocrystals (CNCs). Accordingly, in another
recently published study, we further studied such innately
chiral CNCs, both neat and decorated with chiral or achiral
molecules (Fig. 10).>” Here, a comparison between neat CNCs,
CNCs-functionalized with cholesterol units (CNCs-Chol), and
Mr-GNR1 revealed that the contribution to chirality transfer
from a molecular and morphologically chiral core is likely
considerable. The CNCs-Chol, lacking a dense chiral ligand
shell present on M g-GNR1 (translating to a 75% lower overall
cholesterol content for the CNCs-Chol at a set constant
weight fraction in an N-LC) showed an about eightfold
decrease in |f,| in comparison to M,r-GNR1. However,
replacing the chiral cholesterol units (Fig. 10b) with achiral
pro-mesogenic moieties characterized by a close structural
match to the N-LC host molecules (Fig. 10c) did not lead to a
reduction of |fy].

Thus, the dense network of chiral molecules on the surface
of the gold nanoshapes is the key driving force for their
unusually high ability to transfer chirality to a surrounding
achiral N-LC medium, fundamentally affected by shape con-
gruency. Yet, any further enhancement of the chirality transfer
efficacy can likely be accomplished by introducing nanoshapes
featuring both a chiral core and an IPR,p value matching the
one of the N-LC host, which is what current experiments in our
labs are focusing on. Such intrinsically chiral cores have been
reported for a number of anisometric nanomaterials including,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for example, in a recent report by Ben-Moshe and colleagues for
bipyramidal tellurium*® or Markovich et al for rod-like
Eu**-doped terbium phosphate nanocrystals.”® Given the recently
increasing number of articles citing shape compatibility
arguments,®® recognized for simple molecular LC systems by
Feringa and co-workers years ago,’" we foresee that the utility
of the mathematical and computational concepts described here
may soon be significantly advanced by machine learning and
artificial intelligence (AI) strategies, and as such support familiar
‘you cannot put a square peg in a round hole’ metaphors for
molecular and nanoscale chirality transfer systems. Ultimately, a
further expansion of these concepts to lyotropic LC systems®>>*
that are biologically significantly more relevant as well as to
applications seems all but inevitable.***
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