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ABSTRACT. As nanoparticle morphologies produced by seeded growth expand in number and
complexity, tracking their evolution during growth is increasingly important to achieve
mechanistic understanding. However, fast reactions like chiral growth, in which morphologies
change within seconds, remain challenging to monitor at the relevant time scale. We introduce a
method based on fast addition of the reducing agent NaBH4, enabling interruption of gold
nanoparticle growth, as well as access to reaction intermediates for morphological and optical
investigations. We show that NaBH4 reduces the remaining gold salt precursors into achiral
nanoparticles and prevents further evolution of the target particles, resulting in time series with

intervals down to seconds. The method is demonstrated on fast, micelle-directed, chiral growth on
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single-crystalline or penta-twinned nanorod seeds, showing fine variations in the temporal
evolution of chirality depending on crystal habit. These series provide representative snapshots

from a chirality continuum, offering a platform for studying optical-structural relationships.

Colloidal synthesis has become one of the cornerstones of nanoscience.! Among a wide variety of
systems, metal nanoparticles stand out because of their unique properties leading to applications
in various fields.>® Despite many synthetic methods being developed, mechanistic understanding
of particle growth is still limited and often based on interpretation of the initial and final timepoints
in the synthesis.** Yet, monitoring the synthetic reaction over time is crucial to analyze the
thermodynamic and kinetic aspects of the growth mechanism. In the context of plasmonic
particles, access to growth intermediates is essential to correlate morphological evolution and
optical response to understand shape-property relationships. Time-resolved experiments have
typically involved in situ characterization of particle growth: e.g. taking measurements during a
progressing reaction by spectrophotometry,®’ small angle X-ray scattering (SAXS),? or electron
microscopy.” However, both operation and data interpretation for these techniques becomes more
demanding when characterizing increasingly complex reactions. For example, seeded-growth
reactions involve the reduction of gold salts on pre-made seeds,!®!! to obtain larger particles or
different morphologies. The latter usually requires the presence of additives, such as silver (Ag")!?
or iodide'? ions, to influence anisotropic growth, and a surfactant for colloidal stability which may
also influence seeded growth.'*!> Characterization of the seeded growth of plasmonic
nanoparticles by in situ optical spectroscopy may be affected by other optically active components
that introduce noise in the spectra. Regarding in situ electron microscopy, the effects of the electron
beam on aqueous solutions are challenging to control and may lead to undesired reduction or
sample degradation.!6!8

An alternative strategy consists of taking aliquots at different timepoints from a progressing
synthesis and quenching the chemical reaction by extensive dilution in water or another non-
reactive solvent, followed by centrifugation to remove remaining reagents.'” While this technique
may provide interesting information,?® quenching may not be sufficiently fast to obtain samples
that are representative of the selected timepoints. More efficient quenching methods have been

proposed, such as the addition of thiolated molecules to passivate both gold nanoparticle surfaces
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and unreacted gold salts, thereby enabling structural and optical monitoring of the synthetic
reaction at intervals resolved in minutes.?!”> A common observation when using this method to
monitor gold nanorod (Au NR) growth was the formation of a dumbbell-like intermediate before
assuming their final prismatic morphology, indicating disproportional growth at particle tips
during early growth stages. A similar approach involved the adsorption of various functional
groups in cysteine onto growing metal nanomaterials to quench the process.”* Intermediate
structures of Au nanoplates, Pd nanosheets, and Ag nanoprisms (as well as their corresponding
optical signatures) could be characterized with a time resolution of seconds. However, high
polydispersity was observed at early time points, likely because the progression of the reaction
outpaced that of quenching, or because quenching was not complete or uniformly applied to the
entire reaction volume.

The recent interest in chiral nanoparticles demands improvements in growth monitoring, given
the increased morphological, optical, and synthetic complexity associated with these particles.>*?
Chiral growth strategies include the use of amino acids as chiral inducers to obtain geometrically

twisted particles with smooth surfaces,?%?’

or the introduction of helical micelles (using chiral co-
surfactants such as 1,1'-binaphthyl-2,2'-diamine; BINAMINE) to template the growth of helical
surface wrinkles on Au NRs.?® To investigate these complex chiral growth mechanisms, a basic
aliquot-and-quench approach has been applied to monitor the growth of chiral Au helicoids at
regular time intervals.?*-*! Because the synthesis of helicoids occurs over several hours with a low
concentration of reducing agent, an overview of the evolving structure and chiroptical signature
could be presented with confidence that the properties would not change significantly during the

time required to isolate the particles. However, other chiral growth reactions?®-3233

use a greater
excess of reducing agent and terminate within minutes, therefore requiring a different method to
characterize reaction intermediates. In an earlier work, we combined two approaches to monitor
micelle-directed chiral growth.** A first approach involved in situ monitoring by circular dichroism
(CD) spectrometry, to record in real time the chiroptical signature of the colloid during chiral
growth. Spectroscopic monitoring revealed a critical transition occurring within the first minute of
the reaction, indicating that micelle-directed chiral reactions develop even faster than expected.

However, this approach was limited by the scan speed and spectral resolution of the CD instrument.

In a second approach, optical and morphological characterization was performed by running a
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series of growth reactions with varying [HAuCls]/[Auseed] ratio (HAuCls concentration in the
growth solution) and recording spectra and electron tomography data sets of the final product.
Although interesting morphological information was obtained, it may be argued that the
morphologies of particles obtained at low growth solution concentrations may not correspond to
those at early stages during the formation of optimized products,?® obtained with a high
[HAuCls]/[ Auseed] ratio.

A method is thus needed to obtain accurate optical and structural information on nanoparticle
evolution over timescales ranging from seconds to minutes. We propose a chemical quenching
approach to isolate gold nanoparticles at different growth stages, exemplified for micelle-directed
chiral growth reactions. We hypothesized that addition of excess sodium borohydride would
rapidly terminate a gold nanoparticle growth reaction, thereby allowing the isolation and
characterization of products formed at short reaction time intervals.

Addition of excess NaBH4 solution to the reaction medium during chiral overgrowth
should exhaust the remaining gold salt precursor by fast reduction into Au’. The resulting

nanoclusters>>-°

could be readily separated from the intermediate chiral products by
centrifugation, permitting characterization upon redispersion of the precipitated nanoparticles. By
terminating chiral growth at different timepoints and analyzing the products as a series, the
chiroptical and structural evolution of a progressing reaction could be assessed. To demonstrate
the reliability of this method, the chiroptical spectra of the intermediate products were compared
to identical reactions measured in situ in a CD spectrometer. By doing so, we ensured that the
optical signature of chiral products was not affected by NaBHa4, that chiral growth was quickly
terminated upon NaBH4 addition, and that the selected timepoints were representative of a reaction
in progress.

To ensure fast and complete HAuCls reduction while avoiding unwanted reactions, we
employed a moderate (1.6x) molar excess of NaBHa, following previous literature.>” We verified
that NaBH4 addition did not affect the growth products, by running identical chiral growth
reactions on single-crystalline (SC) nanorod seeds (104.43 + 5.96 nm x 24.56 + 1.38 nm) and
allowing a sufficient time (30 minutes) for the reaction to be completed.?® NaBH4 was then added

to one of the reactions and the products were isolated by centrifugation and redispersed in water.



Optical spectra from both products were found to be similar (Figure 1), with a slight wavelength
shift and increased intensity, consistent with surface charging by NaBHa, as previously described
for achiral Au NPs®® and chiral assemblies.’® We postulate that etching or reshaping of chiral Au
NRs would result in a more significant shift and/or reduction in the intensity of the chiroptical

signature, and therefore this result indicates no structural damage resulting from NaBH4 addition.
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Figure 1. Dissymmetry factor (A) and extinction (B) spectra of untreated (gray lines) vs. NaBHy-
treated (orange lines) products of micelle-templated chiral growth with R- (continuous lines) or S-
BINAMINE (dashed lines) on achiral SC Au NR seeds. Spectra were recorded after completion of

the growth reaction (30 minutes).

We then performed two additional experiments to verify whether seeded growth stops upon
NaBH4 addition at the desired timepoint, and the isolated products would be representative of
reaction intermediates. We first confirmed that the continuously measured CD signal of a reaction
in progress (inside a cuvette) did not change upon NaBH4 addition (Figure S1). We also observed
the appearance of a brownish color when NaBH4 was added, indicating the formation of

nanoclusters. Subsequently, we compared the CD spectra from isolated products with those
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continuously recorded in situ, at equivalent reaction times (Figures 2 and S2). A series of identical
reaction mixtures were prepared and NaBH4 was added after 30, 60, 300, or 1800 s. The shade of
brown after NaBH4 addition steadily decreased in intensity with increasing reaction time, as
expected for the gradual consumption of gold precursor during seeded growth. The product from
each timepoint was isolated by centrifugation prior to spectroscopic characterization. The
measured chiroptical signatures were compared to those continuously recorded from an identical
reaction prepared in a cuvette, inside the CD spectrometer. Results are shown in Figure 2 for a
reaction with S-BINAMINE and in Figure S2 for R-BINAMINE. Comparable trends in the
spectral features measured at each timepoint are seen, with a systematic 10-40 nm blue-shift and
50-150 mdeg increased magnitude for the CD peaks of in situ measured spectra. The magnitude
change is likely related to minor product losses during centrifugation, whereas the wavelength
shifts can be attributed to the operation of the CD spectrometer in continuous mode. The finite
scanning speed and initialization delays cause discrepancies between the time of completion of
each scan (reported in Figure 2) and the actual measurement time of the peak CD, which limits the
temporal resolution of the instrument (see Materials and Methods for details). Nonetheless, these
results confirm that the chiroptical signatures of isolated products are consistent with those of
untreated products. We propose that the use of NaBHs offers an advantage over in situ
measurements by granting access to intermediates at finer time intervals because chiral growth can
be quenched at any point after mixing and equilibration. Once redispersed in water, the resulting
colloid remains stable and unchanged,*’ enabling the production and characterization of series of

products at selected timepoints.
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Figure 2. Comparison of chiroptical responses from (solid lines) intermediate products isolated
by NaBH4 treatment from chiral growth on SC seeds mediated by S-BINAMINE vs. (dashed lines)
an identically prepared reaction continuously monitored in sifu in the CD spectrometer (see SI for
details). All reactions were prepared at a total volume of 1 mL with 500 uM BINAMINE, 20 mM
CTAC, 500 uM HAuCls, 160 mM ascorbic acid, and 31.25 uM achiral seeds in an Eppendorf tube

(for NaBHj4 treatment) or a cuvette for optical characterization (for in situ monitoring).

We illustrate the merit of such “kinetic series” by investigating the optical and structural
transitions during chiral growth mediated by BINAMINE. From the optical characterization in
Figure 2, it appears that the chiroptical signature reaches its maximum magnitude within the first
2 — 5 minutes of chiral growth. To investigate the morphological factors responsible for this early
increase and subsequent decline in CD signal, we replicated our protocol to isolate the products at
early (5, 10, 15, 20, 25 s), intermediate (30, 60, 120 s), and late (300, 1800 s) stages of growth,
using either S-BINAMINE (Figures 3 and S3) or R-BINAMINE (Figure S4). At each timepoint,
the morphology of the intermediates was imaged in high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM, Figure S3A), characterized in three-
dimensions (3D) by electron tomography (ET) in HAADF-STEM mode (Figure 3A), and their
chiroptical properties were measured by CD spectroscopy (Figures 3B,C and S3B,C). This series
shows an early intermediate being formed within 5 seconds, featuring 12 facets and a quasi-square
cross-section but no chiroptical response. The angles between tip facets and lateral facets are

characteristic of fcc crystals enclosed by {110} facets (Figure S5). This intermediate is therefore
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similar to a previously reported product obtained through reduction of a low [Au’] in BINAMINE-
mediated chiral growth.>* This suggests that the growth pathway does not depend on the
concentration of precursors. After this first achiral intermediate, g-factors reach values higher than
1% within 25 seconds (Figure 3B). This increase in optical activity is in agreement with the
noticeable surface texture observed by ET (Figure 3A). The emergence of a chiral morphology is
further demonstrated by the determination of an increase in total helicity, a shape descriptor
determined from the ET data, whose positive values indicate an overall right-handed geometry
(Figure 3D and Materials and Methods).*' Further increase in optical activity at 60 seconds
corresponds to the emergence of distinct wrinkles (Figure 3A-C), which become more pronounced
and cover the entire particle surface after 120 s (Figure 3A-C), coinciding with the time when the
g-factor approaches a maximum value. Calculations show that this higher g-factor correlates with
an increase in total helicity, i.e. with a stronger predominance of right-handed helical features on
the particle surface (Figure 3D). At late stages of growth, absorbance increases (Figure S3C),
whereas CD intensity increases only is stabilized after 300 s. These trends yield a decrease in g-
factor (CD intensity over absorption) after 300 s (Figures 3 and S3B). This could in turn be related
to a loss of wrinkle definition, which is not immediately evident from the reconstructions, or to an
increase in the proportion of flat wrinkles. Indeed, wrinkled particles present both flat and inclined
wrinkles in distinct areas (as seen in Figure 3A),>* and a decreasing total helicity might indicate
that areas with flat wrinkles grow faster than those showing inclined wrinkles (see also Materials

and Methods and Supplementary discussion on the behavior of total helicity).
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Figure 3. (A) surface renderings of representative electron tomography reconstructions and (B) g-
factor spectra of nanoparticles isolated from a chiral growth reaction by NaBH4 addition at
different time intervals, using SC Au NR seeds and S-BINAMINE as the chiral inducer. The upper
plot in (B) shows early time points (5 s — 25 s). Spectra are color-coded following the time arrow
in (A), the black line corresponds to the end product at 30 min. (C) Dot plot of the peak g-factor
in the 500-1000 nm range, extracted from the optical spectra. (D) Dot plot of total helicity,
extracted from the ET reconstructions, as a function of growth time. Dots are the average of N=2

particles, crosses are the individual values.

We next applied our kinetic series protocol to investigate BINAMINE-induced chiral growth on
penta-twinned (PT) Au NRs (82.74 = 5.86 nm x 20.06 £ 1.45 nm).We have recently reported the

unexpected observation that, when starting from PT instead of SC seeds, wrinkled structures are
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also obtained albeit with reversed optical and geometrical handedness.*® To assess whether other
differences would be revealed during growth, an identical set of experiments as those in Figure 3
were carried out, using PT seeds and either S- BINAMINE (Figures 4 and S6) or R-BINAMINE
(Figure S7), while keeping the proportions of all chemical reagents equivalent, including NaBH4
used to stop the reactions. These syntheses yielded wrinkled particles with dominant left-handed
features as seen in ET reconstructions (Figure 4A). These qualitative observations are confirmed
by calculations showing negative total helicity (Figure 4C) and, accordingly, positive g-factor
(Figure 4B). Importantly, the kinetic series shows that growth on PT seeds results in faster optical
and morphological transitions than equivalent growth on SC seeds (Figures 4, S6, and S7).
Surface wrinkling, optical asymmetry and a negative total helicity are already observed after 5 s
of growth (Figure 4). The chiroptical maximum is reached for particles isolated at 30 s and the ET
reconstruction at this timepoint shows particles with well-defined wrinkles (Figure 4A,C). After
this time, CD intensity, g-factor and total helicity decrease (Figures 4C,D and S6). Overall, the
comparison of the growth series on SC and PT seeds shows that, for chiral growth on SC seeds, a
transition stage is required through an achiral intermediate with different geometry and surface
facets compared to the starting seed.>* On the contrary, wrinkle growth on PT seeds can proceed
directly on the initial facets. The comparison supports the recently proposed view that wrinkle
growth may be guided by geometrical and/or structural factors, rather than micelle handedness
alone.** These results further support the relevance of a controlled access to the characterization

of intermediates, as enabled by our approach.
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A Penta-twinned series
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Figure 4. (A) surface renderings of representative electron tomography reconstructions and (B)
dissymmetry factor spectra for nanoparticles isolated from a chiral growth reaction by NaBH4
addition at different time intervals, using penta-twinned Au NR seeds and S-BINAMINE as the
chiral inducer. The upper plot in (B) shows early time intervals (5 s — 25 s). Spectra are color-
coded following the time arrow in (A), the black line corresponds to the end product at 30 min.
(C) Dot plot of the peak g-factor in the 500-1000 nm range, extracted from the optical spectra. (D)
Dot plot of total helicity, extracted from the ET reconstructions, as a function of growth time. Dots
are the average of N=2 particles, crosses are the individual values. Additional reconstructions at

10 and 15 s are shown in Figure S8.

We highlight an additional advantage of the kinetic series by noting that they yield particles

with continuously varying optical properties and consistent morphologies. This provides an
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excellent platform for the development and statistical test of morphological and chirality
descriptors and, in turn, for the study of quantitative structure-properties relationships. This allows
us, for instance, to investigate the structural origin of the discrepancy in peak g-factor between the
two kinetic series: during chiral growth on SC seeds, the g-factor reaches up to 0.12 at 120 s, but
peaks at only 0.03 after 30 s of growth on PT seeds (Figures 3C and 4C). From the tomography
reconstructions, we first extracted morphological measurements of the wrinkles including width,
length, and interwrinkle spacing (Figures SA,B and S9), which are known to influence the
strength of optical asymmetry.*? These measurements show that, once complete wrinkle coverage
has been achieved (after 60 s on SC seeds, after 30 s on PT seeds), the average wrinkle width and
spacing are stable and comparable in both series (on average ~9 nm in width, ~3 nm gaps). The
wrinkle length keeps increasing until after 300 s (Figure SA,B), but is thereafter again comparable
in both series. Thus, the chiroptical discrepancy in this case likely does not originate from wrinkle
dimensions. Chirality descriptors may provide further insights, as we find a clear association
between the signs of total helicity and peak g-factor (Fisher's exact test, p = 0.003), showing that
optical handedness could be predicted from the geometrical handedness. Furthermore, these two
variables exhibit a remarkably monotonic relationship (Figure S9A, Spearman’s p = -0.87, p =
0.00005). However, the maximum total helicity is similar in both growth series (~0.1, Figures 3D
and 4D). Thus, other parameters not captured by total helicity may impact the g-factor value.
Finally, we investigated wrinkle disorder (Figure 4D), which appears to be higher in particles
grown from PT seeds than in those grown from SC seeds (as also qualitatively seen in Figures 3A
and 4A). This structural difference could account for the g-factor discrepancy between growth

series on SC and PT seeds.
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reconstructions of NPs isolated at various timepoints during chiral growth on (A) SC or (B) PT
Au NR seeds with S-BINAMINE. At each timepoint, two nanorods, including those shown in
Figures 3 and 4, were analyzed using an automated volumetric sampling pipeline (see Methods
and Figure S10). The black dots are the mean and the confidence intervals represent the
standard deviation. (C) Total helicity index as a function of the peak g-factor for N = 28
wrinkled NRs from the two kinetic series. (D) Wrinkle disorder measured as the variance of

surface helical inclination (defined in Figure S9) on two nanorods reconstructed for the 60,

extracted from electron tomography

120, and 300 s timepoints within the two kinetic series.




In summary, we demonstrated a method to obtain kinetic series by stopping seeded growth
reactions through NaBHs addition and subsequent isolation of intermediate products. The
performance of this method was exemplified on micelle-directed chiral growth, starting from both
single-crystalline and penta-twinned gold nanorod seeds. Comparison of the absorbance and CD
spectra from kinetic series against in situ measurements confirmed that products obtained at each
timepoint are comparable for both methods. Treatment with NaBH4 was found to suspend a chiral
growth reaction, quickly reducing unreacted gold salts without affecting the larger chiral products.
This process was signaled by a brownish color arising from the formation of nanoclusters that
could be readily isolated from chiral products via centrifugation. Intermediate products could be
characterized by CD spectroscopy and (3D) electron microscopy techniques, to provide a
“snapshot” of the developing optical signature and morphology. This method thus allows
monitoring of optical and morphological changes during a nanoparticle growth reaction, providing
a platform to investigate optical-structural relationships and to uncover the formation mechanisms
of nanoparticles with specific (chiral) properties. Although only presented here for the chiral
growth of metal nanoparticles, this method is applicable to a wide variety of nanomaterial

compositions, shapes, sizes, as well as the continued design of synthesis methods.
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Materials and Methods

Materials

HAuCls-3H20 (99.99% (metals basis)) was purchased from Alfa Aesar. Ascorbic acid (AA) was
purchased from Acros Organics. AgNO3; (>99.9%) was purchased from Roth. (R)-(+)-1,1'-
binaphthyl-2,2’-diamine  (R-BINAMINE, 99%), (S)-(—)-1,1"-binaphthyl2,2’-diamine  (S-
BINAMINE, 99%), cetyltrimetryammonium chloride (CTAC, >98.0%), cetyltrimethylammonium
bromide (CTAB; 99%), n-decanol (for synthesis; > 99.0%), sodium borohydride (NaBHa; 99%),
and ascorbic acid (AA; > 99%) were all purchased from Sigma-Aldrich. Hydrochloric acid (HCIL;
ACS, ISO grade, 3% w/v) was sourced from Scharlau. All reagents were used as received without

further purification. MilliQ water was used to prepare solutions.
Preparation of single-crystalline gold nanorods (SC-Au NRs) for chiral syntheses

Single-crystalline achiral Au NRs were synthesized according to a protocol adapted from the
literature.!> To an 80 mL solution of 50 mM CTAB and 11 mM n-decanol prepared in a glass vial,
9.6 mL HCI solution (aq., 1 M), 1.2 mL AgNOs solution (aq., 50 mM), and 800 pL. HAuCl4
solution (aqg., 50 mM) were added sequentially under constant magnetic stirring. After thorough
sonication, 640 pL ascorbic acid solution (aq., 100 mM) was added under constant magnetic
stirring until the solution became colorless. Gold mini-rod seeds (ca. 21 x 7.5 nm) prepared and
concentrated according to established literature,! were then added to the mixture (7 pL, [Au’] =
29.8 mM). After overnight incubation at 16 °C in a temperature-controlled water bath, the solution
turned a reddish-brown color. Synthesized nanorods were purified by three rounds of
centrifugation (4250 g, 30 min); after each round, the supernatant was discarded, and the particles
redispersed in 1 mM CTAC. To assist removal of CTAB and Ag" ions, nanorod dispersions were

heated at 60 °C for 30 min before each round of centrifugation.
Preparation of penta-twinned gold nanorods (PT-Au NRs) for chiral syntheses

Achiral pentatwinned Au NRs were synthesized according to a protocol adapted from the
literature.>* Pentatwinned Au seeds were first prepared by adding a 0.05 M HAuCls solution (50
uL) to 10 mL of 50 mM CTAC and 5 mM citric acid. After 30 minutes, a solution of a 25 mM

NaBHj solution (250 uL) was rapidly added to the mixture, for reasons similar to those detailed in



the synthesis of single-crystalline seeds. After a further 2 minutes, the seeds were aged for 90 min
at 80 °C with stirring to induce twinning. Formation of pentatwinned seeds is indicated by the

appearance of a strong LSPR peak in the linear optical spectrum around 550 nm.

For nanorod growth, a 0.05 M HAuCly solution (125 pL) was mixed with 50 mL of 8 mM CTAB.
The mixture was stored at 20 °C for at least 15 minutes, to allow for complete complexation
between Au** and CTAB. After this time, a 0.1 M solution of AA (125 pL) was added, followed
by 100 pL of pentatwinned Au seed dispersion ([Au**] : [Au’] = 1.25). The reaction mixture was
left undisturbed overnight, and then centrifuged at 4250 g for 10 min and washed with 10 mM
CTAC thrice.

Seeded chiral growth in the presence of BINAMINE

Chiral products were synthesized in the presence of BINAMINE according to established
literature.>® For chiral particles prepared using BINAMINE, seeds were first incubated overnight
in a solution of 50 mM CTAC and 1.25 mM R- or S- BINAMINE. A typical chiral synthesis was
prepared in an Eppendorf tube at a total volume of 1 mL, using 500 puM BINAMINE, 20 mM
CTAC, 500 uM HAuCl4, 160 mM ascorbic acid, and 31.25 uM achiral seeds. Seeds and ascorbic
acid were sequentially added, and the tube was immediately shaken and then left for 30 minutes
at room temperature. Chiral particles were centrifuged at 4250 g for 10 minutes and resuspended
in MilliQ-grade water. This process was repeated twice to separate chiral products from excess

reagents and non-chiral reaction byproducts.
Kinetic series for chiral nanoparticle synthesis

To stop a chiral reaction in progress via the rapid reduction of gold salts (HAuCls) contributing to
overgrowth, 1.6 molar equivalents of NaBH4 was added, as compared to the amount of gold salt
present in the reaction, as dictated by literature reports.! For a 1 mL chiral reaction volume with
[HAuCl4] = 500 puM, an ice-cold solution of 20 mM NaBH4 is prepared, and 40 pL of this solution
transferred to the chiral reaction in progress. The reaction tube is then shaken to rapidly reduce
the gold salts; this is indicated by the fast appearance of a brown color in solution. Time zero of
the reaction is represented by when ascorbic acid is added to initiate chiral overgrowth; a given
time point in a kinetic series is represented by the time elapsed before NaBH4 addition. Chiral

particles are isolated via centrifugation at 4250 g for 10 minutes and resuspended in MilliQ-grade
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water. This process was repeated twice to separate chiral products from excess reagents and non-

chiral reaction byproducts.
Optical characterization

All circular dichroism (CD) spectra were acquired using a JASCO J-1500 CD spectrometer in
CD/DC mode, measuring the differential absorption of circularly polarized light by the sample as

a function of the direct current (DC) measured by the detector.

For samples measured continuously, seeded chiral growth reactions were prepared identically to
the above description, but in a quartz cuvette. The CD instrument was set to capture a wavelength
range between 390 and 1250 nm, at a spectral resolution (data pitch) of 20 nm and a scan rate of
5000 nm/min. Time zero is represented by the first scan of the CD instrument, which was
initialized immediately after the addition of ascorbic acid to the reaction. A reinitialization time is
required during scans, bringing the actual time between the starts of two consecutive scans to 25-
30 s. This duration had some variability and the acquired CD spectra are therefore reported herein

by their collection time by the instrument, i.e., the time at which the scan was completed.

For all other samples, CD spectra were acquired in two steps, from 300 nm to 900 nm (using a
PMT detector) and from 800 nm to 1300 nm (using an InGaAs detector). Both spectra were then
combined using “spectra concatenation” software from JASCO to obtain a CD spectrum from 300-
1300 nm. The concatenation provides higher resolution but may occasionally introduce an

artifactual “bump” in range 800-900 nm that did not influence the analyses herein.

A Cary 50 UV Visible spectrophotometer from Agilent Technologies was used to collect UV-Vis

optical spectra.
Characterization by electron microscopy and electron tomography

Overview images were acquired soon after synthesis at a JEOL 2200FS transmission electron
microscopy (TEM) operated at 200 kV in high angle annular-dark-field (HAADF) scanning TEM
(STEM) mode.

Acquisition of tilt-series for electron tomography was performed at a ThermoFisher Scientific

Osiris or a Titan cubed operated at 200 kV or 300 kV, respectively. Imaging was performed in



HAADF-STEM mode with a 50-60 pA probe current, 15-17 mrad convergence angle, and 46-215
mrad collection angle at the HAADF detector equivalent to a 115 mm camera length on our
microscopes. Tilt-series were acquired using a Fischione 2020 single-axis tomography holder,
typically in a [-75, +75]° range. Acquisition was either manual with 3° angular increments, or
using an software developed in-house for fast acquisition with incremental tilts of 2° angular
steps.” The tilt-series were aligned with cross-correlation using an in-house developed Matlab code
and 3D reconstructions were computed with the standard expected maximization (EM) algorithm
using the Astra toolbox 2.1 for Matlab.!%!! Isosurface renderings were created with Amira (v5.4.0).

At least two particles were reconstructed for each sample analyzed.
Helicity analysis from electron tomography reconstructions

Helicity analysis was conducted following methods we presented in previous work.%!? Briefly, the
total helicity of a closed surface is defined following:

sig dS
Ht()tal = S@S Slbn(a_) (1)

N

Where S is the surface of the particle under investigation and a is the helical inclination angle of
an infinitesimal surface element. This angle is defined by analogy with the inclination angle

mathematically defining a helix and can be calculated for each surface element of a cylindrical

o= [(arctan <”—7> 4 71-) mod ﬂ'} T (2)
N 2

Where 7. is the axial component and ng is the azimuthal component of the normal vector N

triangulated mesh following:

expressed in cylindrical coordinates of the surface element, as schematically depicted in

Figure S10. Thus, for a mesh of i elements:

> si;;ngﬁ)& (3)

Where o; and S; are the helical inclination angle and surface area of element i, respectively. By

Ht()tal =

definition, a will be positive for a surface element inclined at a right-handed angle, resp. negative

for a left-handed angle. It follows from equation 3 that:
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Which reads: the total helicity is the difference between the fraction a particle’s surface area that
is right-handed (inclined positively) and the fraction that is left-handed (inclined negatively). If
there is an excess of right-handed surface features, the total helicity will be positive resp. negative
if there is an excess of left-handed surface features. If there is an equal amount of right-handed

and left-handed surface, i.e., a non-helical geometry, the total helicity will be null.

For the analysis, each electron tomography reconstruction was binarized with a manual threshold
and its surface mesh was extracted by triangulation using the built-in Amira module. The mesh
was rotated to have the long axis of the nanorod aligned in the z direction and the helical inclination
angle was calculated for each surface elements. To focus on the central part of the rods which is
the section that best fulfills the geometrical assumptions underlying the calculation of the helical
inclination angle, the top and bottom 15% of the rods were removed. For each particle, the total
helicity was calculated as detailed above and a helicity plot was generated, showing the distribution
of surface inclinations as a function of the radial position of the surface elements (Figure S11).
The statistical tests on the association between total helicity and the magnitude of the peak g-factor

were done with R (v.4.3.2.). For helicity, the average value of N=2 particles per sample was used.
Disorder analysis from electron tomography reconstructions

For disorder analysis, the variance of the distribution of helical inclination angle a (see above) on
a particle was used as a proxy measurement. In effect, a high variance indicates a wide distribution
of inclination angles, regardless of the excess of right-handed to left-handed inclinations (and thus
of helicity). Conversely, a low variance indicates a narrower distribution of inclination angles and
that the wrinkles are more ordered. The analysis was conducted on time points in which distinct

wrinkles had already developed, i.e., 60, 120, and 300 s for both growth series on SC and PT seeds.
Morphological analyses of wrinkles from electron tomography reconstructions

For each electron tomography reconstructions with distinct wrinkles (i.e., after 30 s of growth in
the growth series on SC seeds, 20 s of growth in the series on PT seeds), a distribution of wrinkle
width, length and interwrinkle spacing was measured using an automated python workflow

schematically described in Figure S12. In detail, the background was first removed using a triangle
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threshold,'* and the result was binarized at Otsu’s threshold', both calculated using the sci-kit
image python implementation. The background removal was paramount to ensure that Otsu’s
threshold provided comparable delineation of the wrinkles across all reconstructions. Then, the 3D
local thickness at each voxel within the particle phase was computed using the "fast local thickness"
python toolbox.!® The local thickness is defined as the diameter of the largest inscribed sphere that
contains the specific voxel for which it is computed. The local thickness is computed for each
voxel of the volume of interest and thus yields a thickness map, whose histogram (whether fully
or partially sampled) shows the distribution of thickness (see Figure S12C). Here, all voxels with
a local thickness larger than the diameter of the seed (~ 24 nm for SC Au NR seeds, ~ 20 nm for
PT Au NR seeds) were assumed to belong to the core. Conversely, all voxels with a local thickness
below these cutoffs were assumed to belong to the wrinkle corona. Figure S12D shows that this
assumption is indeed valid. After applying the cutoff, the remaining voxels effectively form a map
of the wrinkle width. To plot the distributions, N = 10,000 non-zero points per reconstruction were

randomly sampled within these maps.

To measure the interwrinkle spacing, a similar workflow was followed but the local thickness map
was computed on the background phase obtained after Otsu’s threshold (Figure S12E). For all Au
NRs, a cutoff at § nm was used, assuming that all voxels with a local thickness below this value
belong the wrinkle interspace. Figure S12F again shows that this assumption is correct. For the

distributions, N = 10,000 non-zero points per particle were randomly sampled in the maps.

Finally, the wrinkle length distribution was obtained by first computing a binary volume of all
non-zero voxels in the wrinkle width and interwrinkle spacing maps, thus isolating the {wrinkle +
interwrinkle space} corona under the previous assumptions (Figure S12G), before computing the
local thickness again. This is done so that the diameter of the largest inscribed sphere (the local
thickness) is set by the width of the corona, i.e., so that a map of the wrinkle length is obtained.
This effectively assumes that wrinkles are straight, which is an assumption better fulfilled for the
wrinkles growing on SC seeds than those grown on PT seeds.!® Therefore, this method slightly
underestimates the length of wrinkles growing on the latter. For the distributions, N = 1,000 non-

zero points were randomly sampled in the maps.



Supplementary Discussion: helicity and dimensions of wrinkles

Here we provide insights into how the total helicity would change with the wrinkles’ dimensions.
First, we need to establish that the surface elements i of a particle as present in eq. 3 can be

classified in three categories:

e Surface elements j belong to locally non-inclined areas. This would for instance be an area
without wrinkles or one with flat wrinkles.!* Importantly, because of the way a is defined
(eq. 2), this is also the case of the edge of a wrinkle (Figure S10). Here, }’; sign(aj)Sj =
0, recalling that S; is the surface area of element ;.

e Surface elements & belong to inclined features whose handedness is matched at the particle
level by other features of opposite handedness. In other words, elements £ are inclined but
not in excess of one handedness, so that, here again, Y, sign(a;)S; = 0. For wrinkled
particles, this could for instance be related to the presence of both right-handed and left-
handed wrinkles around the particles.®

e Surface elements / belong to the remaining features (in set notation, {l} = {i} — ({k} U
{i}) that are inclined and in strict excess of one handedness. It follows that }}; sign(a;)S; =
+S;. We stress that, following the point made for the elements j, only the upper and lower

sides of a wrinkle (Figure S10) can host / elements and therefore contribute to S;.

With these definitions, eq. 3 simplifies to:

+S
Htolal = TL (4)

Because only the upper and lower sides of the wrinkles contribute to Sz, it becomes apparent that
the wrinkles’ dimensions will affect the total helicity. For instance, longer wrinkles or a shorter
inter-spacing increase the fraction of surface elements that are part of these upper or lower areas
of the wrinkles. This means, all inclinations being constant, an increase in the fraction of excess

inclined elements S;/S and, in turn, Hotal.



Supplementary Figures S1-S12
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Figure S1. Effect of NaBH4 addition on the chiroptical response from R-BINAMINE-induced
chiral growth reactions using single-crystalline Au NR seeds. Three reactions were measured in
situ and treated with NaBH4 after 1 scan (A), 2 scans (B), or 3 scans (C). 15 scans in the 390-1250
nm range were recorded continuously. The scan rate was 5000 nm/min, with an additional
reinitialization delay bringing the time between two scans to ~28 s on average. The spectra do not
vary past the scan where NaBH4 was added and we conclude that NaBH4 addition therefore stops
the reaction faster than the spectrometer can measure it. The presence of a weak CD signal during

the first scan is explained by the limited scan speed and an initialization delay.
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Figure S2. Comparison of the chiroptical response from R-BINAMINE micelle-templated
intermediates isolated by NaBHj4 treatment (solid lines) vs. continuously monitored in situ (dashed

lines). Single-crystalline Au NRs were used as seeds.
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Figure S3. Additional characterization for the kinetic series shown in Figure 3 of the main text.
Nanoparticles isolated from a chiral growth reaction by NaBH4 addition at different time intervals,
using SC Au NR seeds and S-BINAMINE as the chiral inducer. (A) HAADF-STEM imaging, (B)

CD and (C) Absorbance measurements. The scale bars are 200 nm.
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Figure S4. Chiroptical factor spectra of nanoparticles isolated from a chiral growth reaction by
NaBHs addition at different time intervals, using single-crystalline Au NR seeds and R-
BINAMINE as the chiral inducer.

Figure S5. Details of the electron tomography reconstruction in Figure 3A presenting a particle
isolated at 5 s of chiral growth using single-crystalline Au NR seeds and S-BINAMINE. (A-C)
isosurface rendering and (D) orthoslice through the reconstruction. The particle features 12 faces:
4 lateral ones and 8 at the tips. The angles are consistent with an fcc crystal enclosed by 12 {110}
facets. The orthoslice shows a quasi-square cross section and that the lateral faces are less concave

than previously reported.” The scale bar is 25 nm.
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Figure S6. Additional characterization for the kinetic series shown in Figure 4 of the main text.

Nanoparticles were isolated from a chiral growth reaction by NaBH4 addition at different time

intervals, using penta-twinned Au NR seeds and S-BINAMINE as the chiral inducer. (A) HAADF-

STEM imaging, (B) CD and (C) Absorbance measurements. The scale bars are 200 nm.
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Figure S7. Chiroptical factor spectra of nanoparticles isolated from a chiral growth reaction by
NaBHj addition at different time intervals, using penta-twinned Au NR seeds and R-BINAMINE

as the chiral inducer.

10s

Figure S8. Additional electron tomography reconstructions for the kinetic series shown in Figure
4 of the main text. Nanoparticles were isolated from a chiral growth reaction with penta-twinned

Au NR seeds and S-BINAMINE by NaBH4 addition after 10 and 15 s. The scale bar is 25 nm.
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Figure S9. Measurements of (A) wrinkle width, (B) interwrinkle spacing and (C) wrinkle length
over time, from the timepoint of clear wrinkle definition at the surface of the particles (30 s in the

series grown on single-crystalline seeds, 20 s in the series grown on penta-twinned seeds).

(0, z) projection 3D view
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Figure S10. Definition and illustration of the helical inclination angle a. The normal vector N of
each surface element of the triangulated mesh (A) of a NR can be expressed in a local cylindrical
basis (B, C). In this basis, the (0, z) component (magenta in C) of N is related to a by equation 2
(Methods). o will be positive for a right-handed feature as depicted in (B), negative for a left-
handed feature. As detailed in the Supplementary discussion, the wrinkle’s edge is effectively
non-inclined because it will typically have as many elements inclined positively as negatively due
to the way a is calculated; it is the lower and upper surfaces of the wrinkles that will contribute to

an excess of right- or left-handed surface area.
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Figure S11. Helicity plots of all particles analyzed in the kinetic series of the chiral growth
reactions on PT and SC seeds with S-BINAMINE. The total helicity is indicated in the lower right
corner of each plot and is color coded following the helicity color bar. Red, positive helicity

indicates right-handedness, blue, negative helicity, indicates left-handedness.
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Figure S12. Workflow for automated wrinkle width, length, and interspacing extraction from
electron tomography reconstructions. A central orthoslice is shown at each step but all operations

were performed in 3D.
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Supplementary Table S1

Table S1. Summary statistics of wrinkle morphological measurements

Seed Time Thickness (nm) Interwrinkle spacing (nm) Length (nm)

mean std mean std mean std
PT 20 11.60 4.60 3.93 1.52 3.86 1.49
PT 30 9.97 3.96 3.19 1.26 7.94 2.36
PT 60 9.79 3.52 2.91 1.16 14.31 3.05
PT 120 10.23 3.42 2.86 1.15 18.79 4.28
PT 300 10.73  3.48 2.82 1.13 22.55 4.59
SC 30 15.21 5.85 3.87 1.87 3.15 1.73
SC 60 9.43 5.33 2.56 1.12 10.51 2.95
SC 120 9.84 4.32 3.1 1.36 15.49 3.47
SC 300 9.68 4.31 3.34 1.46 22.09 4.73
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