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ABSTRACT: Highly monodisperse and pure samples of atomi-
cally precise gold nanomolecules (AuNMs) are essential to
understand their properties and to develop applications using
them. Unfortunately, the synthetic protocols that yield a single-
sized nanomolecule in a single-step reaction are unavailable.
Instead, we observe a polydisperse product with a mixture of core
sizes. This product requires post-synthetic reactions and separation
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techniques to isolate pure nanomolecules. Solvent fractionation 0p®

based on the varying solubility of different sizes serves well to a 203

certain extent in isolating pure compounds. It becomes tedious and \\,ﬁ >

offers less control while separating AuNMs that are very similar in :

size. Here, we report the versatile and the indispensable nature of s000 10000, 1000

using size exclusion chromatography (SEC) as a tool for separating

nanomolecules and nanoparticles. We have demonstrated the

following: (1) the ease of separation offered by SEC over solvent fractionation; (2) the separation of a wider size range (~5—200 kDa
or ~1—3 nm) and larger-scale separation (20—100 mg per load); (3) the separation of closely sized AuNMs, demonstrated by
purifying Au,;,(SR)s¢ from a mixture of Auz,0(SR)gs) At144(SR)g0 Aty37(SR)s6, and Auy;0(SR)s, which could not be achieved using
solvent fractionation; (4) the separation of AuNMs protected by different thiolate ligands (aliphatic, aromatic, and bulky); and (S) the
separation can be improved by increasing the column length. Mass spectrometry was used for analyzing the SEC fractions.

B INTRODUCTION Exploring the fundamental properties and practical applica-
tions of AuNMs requires monodisperse products. Therefore,

1 lecules (AuNM Iso kn tal
Gold nanomolecules (AuNMs) (also known as nanocrystals the use of separation techniques becomes unavoidable.

1 icall ise ul 1 thiol ) . o .
and nanoclusters) are atomically precise ultrasmall thiolate Separation techniques such as solvent fractionation,”** high-

protected gold nanoparticles.' ™ The AuNM preparation pressure liquid chromatograph()y (HPLC),>*™° size exclusion
involves a two-step protocol. The first step involves chromatography (SEC),”' ¢ and preparative thin-layer
preparation of a crude product following a two-phase chromatography (PTLC)*” have been widely employed in

(Brust—Schiffrin) method® or a single-phase method [using isolating pure AuNMs. Whetten et al. employed solvent
tetrahydrofuran (THF) as the solvent]. The crude product is fractionation for isolating organosoluble AuNMs in their
polydisperse in nature, consisting of a mixture of sizes. The seminal work." Solubility of the AuNMs varies with the size.
second step involves thermochemical treatment of the product In organosoluble AuNMs, smaller sizes are soluble in polar
at an elevated temperature in the presence of an excess amount solvents like acetonitrile and acetone, while larger sizes are
of the ligand. The thermochemical treatment is also referred to soluble in solvents like toluene, dichloromethane (DCM), and
etching‘7 The etching step results in a Product with narrowed THE. The difference in the solublhty of AuNMs is exploited in
size distribution, where the products are atomically precise and solvent fractionation. As the polarity of the solution increases,
thermodynamically stable. The availability of such precise

compounds® has enabled us to understand the structure and Received: November 25, 2020

property evolution in the ultrasmall size range of 1-3 nm.’ Accepted: February 8, 2021

The research interest on AuNM:s is growing exponentially due Published: February 19, 2021

to their high stability® and unique optical*~'* and electronic
properties”' ”'*~"” with potential applications in biomedicine,
catalysis, etc.
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Table 1. SEC Column Parameters”

Long Medium Short A t
Column length (cm) 199.4 149.9 60.9
Expanded bed Length (cm) 196.8 138.4 54.6
Bed length (cm) 180.3 130.8 50.8
Inner diameter (cm) 2.64 2.64 2 E
Outer diameter (cm) 3.2 3.2 2.54 %
Tip OD (cm) 1.04 1 1 °©
Tip Length (cm) ~5 ~5 ~6.4
Frit to tip length (cm) ~11.4 ~11.4 ~11.4
Flow Rate (ml/min) 0.65 1.05 13
Optimum loading mass (mg) 50-100 35-40 15-20 frit
Elution time (hours) ~16-18 ~4-6 ~1-1.5 L
Beads Bio-Rad SX-1 Support tip -

“The column dimensions are shown in (A), and three column images are shown in (B).

the larger sizes precipitate first, followed by the smaller sizes.
This technique gives minimal control and is a tedious process,
but it can be used reproducibly with practice. HPLC of
organosoluble thiolate-capped AuNMs has been explored
widely.”*™*° The separation takes place based on varying
intermolecular interactions between the analyte and the
stationary phase. It offers a quantitative insight into the
polydisperse nature (distribution of various sizes) of the
sample. The electrochemical, UV—visible, and mass spectro-
metric detection of various fractions has been employed,
enabling their identification and characterization.”*™*’ How-
ever, to enable further detailed studies, it is challenging to
process tens of milligrams of the product using HPLC. The
PTLC" technique has also been used to isolate AuNMs. In the
case of PTLC, a significant amount of human interaction is
involved with spotting the sample, plate development, and then
recovering each separated species from the plate (by scrapping
and further processing). In some cases, column chromatog-
raphy (CC) has also been employed (using alumina or silica
beads) in the separation of AuNMs.'*** Gel electrophoresis
(and various chromatographic methods) has also been used in
the case of water-soluble thiolate ligand-protected (Au and Ag)
nanomolecules.””™** We also refer the reader to a review
article by Negishi et al; it comprehensively details various
types of separation techniques being used in the separation of
nanomolecules.*!

SEC was originally developed for separation of proteins,
lipids, fatty acids, lipophilic polymers, and polycyclic aromatic
compounds.”’~* The separation by SEC is based on the
hydrodynamic volume (size) of the nanomolecules.”® The
smaller-sized compounds travel through the pores in the beads
and take a longer path to elute. The larger sizes take a shorter
path and elute faster through the larger pores or spaces
between the beads. Thus, the larger nanomolecules elute first
and the smaller nanomolecules elute later. SEC is straightfor-
ward and offers better control than solvent fractionation. In the
literature, the majority of the work employing SEC for
separation of nanomolecules (or nanoparticles) has used
HPLC instruments with a commercial SEC column and
different types of detectors.”’ ~*>** The use of sophisticated
instruments severely limits the quantity of the product that can
be separated per run. Knoppe et al. performed semi-
preparative-scale SEC to separate Auyg(SR),, and Auyy(SR),,
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using a gravity flow CC-type setup.”® It enabled loading ~40
mg of the product per run for separation. The styrene
divinylbenzene-based Bio-Beads S-X1 support was used as the
stationary phase in a glass column (typically used for CC), and
THF (stabilized with butylated hydroxytoluene, THF-BHT)
was used as the mobile phase.

Here, we demonstrate the versatility and the indispensable
nature of the gravity flow SEC technique to isolate the
organosoluble thiolate ligand-capped AuNMs. We have
elucidated the following: (1) the control and ease of separation
offered by SEC compared to solvent fractionation, (2)
separation of a wide range of sizes (a crude nanoparticle
mixture ranging from ~5 to ~200 kDa), (3) separation of
closely sized AuNMs [Au;3;(SR)ss from a mixture of
Augo(SR)sy Aupgy(SR)go, Auyzy(SR)ss and Auysp(SR)sol, (4)
separation of AuNMs protected by different ligands (phenyl-
ethanethiolate, thiophenolate, 4-tert-butylbenzene thiolate, and
tert-butyl thiolate), and (5) separation (resolution) can be
improved by increasing the column length. Matrix-assisted
laser desorption ionization mass spectrometry (MALDI-MS)
has been primarily used for the analysis of fractions collected
from SEC. Electrospray ionization (ESI) MS was utilized for
the analysis of fractions from the separation of closely sized
AuNMs. MALDI-MS analysis of samples is recommended as it
provides a better representation of the sample content.
However, ESI-MS serves primarily as an identification
technique to assign precise composition. ESI-MS could be
misleading sometimes as one AuNM would be relatively easy
to ionize and that AuNM may not be the major component in
the sample. The soft-ionization technique of ESI-MS coupled
with higher mass resolution enables identification of larger
nanomolecules and closely related sizes.

We have used glass columns of three different lengths with
fritted discs for the gravity flow SEC (Table 1), the Bio-Beads
S-X1 support as the stationary phase, and THF-BHT as the
mobile phase. The Bio-Beads is made of neutral, porous
styrene divinylbenzene copolymers that are soaked in organic
solvents and packed in a glass column.*’ The extent of cross-
linking determines the pore size of the beads. Solvents such as
benzene, DCM, carbon tetrachloride, perchloroethylene,
dimethylformamide, and trichlorobenzene can also be used,
and the choice of the solvent affects the pore size of the
beads.” The size exclusion range specified by the manufacturer

https://dx.doi.org/10.1021/acs.analchem.0c04961
Anal. Chem. 2021, 93, 3987—-3996
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for these beads is from 600 to 14,000 Da. However, these
beads have proven to separate nanoparticles as large as 200
kDa. The gravity flow SEC columns can be set up under a
fume hood with no special controls. The size of the column
can be tailored to requirement. However, HPLC requires a
sophisticated setup and optimization of the type and size of the
separation column. The ease of operation coupled with the
control over the separation of closely related sizes makes SEC a
powerful indispensable tool to isolate monodisperse nano-
molecules in a preparative scale. Our group has used these
setups for almost a decade and published reports on numerous
AuNMs and their properties and applications (we refer the
reader to some of our reports using SEC™*%*°~*),

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate(Ill) (HAuCl,
3H,0) (Alfa Aesar, ACS grade), tetraoctylammonium bromide
(Sigma-Aldrich, 98%), sodium borohydride (Acros, 99%),
thiophenol (Acros, 99%), phenylethyl mercaptan (Sigma-
Aldrich, >99%), 4-tert-butylbenzenethiol (TBBTH) (TCI
Chemicals, >97%), tert-butylthiol (Sigma-Aldrich, 99%),
cesium acetate (Acros, 99%), anhydrous ethyl alcohol
(Acros, 99.5%), and trans-2-[3[(4-tertbutylphenyl)-2-methyl-
2-propenylidene] malononitrile (DCTB matrix) (Fluka >99%)
were used as received. HPLC-grade solvents such as THF,
toluene, methanol, THF-BHT, and acetonitrile were obtained
from Fisher Scientific. The Bio-Beads S-X1 support resin
(styrene divinylbenzene beads; mesh size, 200—400; cross-
linkage, 1%; bead size, 40—80 pm; exclusion range, 600—
14,000 Da) was obtained from Bio-Rad Laboratories.

Synthesis. The samples utilized to demonstrate the use of
SEC for nanomolecules were prepared following the reported
protocols. We refer the reader to the corresponding references
for the synthetic procedures: Aug; and Au,_jg3_1¢5 (refs 23 and
50), Au,3,(SR)ss (ref 36), thiophenolate-protected AuNMs
(refs S1 and 52, TBBT-protected Au,g(SR),o, Ausg(SR),,, and
Auy,(SR),g (ref 53), and t-butylthiolate-protected AuNMs (ref
49).

Instrumentation. A Voyager DE Pro mass spectrometer
operated with a N, laser at 337 nm in the positive mode was
used to obtain the MALDI-MS data. About 2 uL of the eluted
SEC fraction (without rotary evaporation and washing) was
mixed with 1 yL of the freshly prepared DCTB>* matrix (100
mg/mL toluene) in an Eppendorf tube (0.5 mL) and spotted
on a well in the MALDI target plate. Compositional analysis
was performed by ESI-MS. ESI-MS were recorded using a
Waters Synapt HDMS instrument. The eluted fractions were
rotary-evaporated to dryness and washed with methanol
(couple of times). Then, the ESI-MS sample was prepared
by dissolving the sample in THF, where the concentration is
~0.5—1 mg/mL. The sample solution was mixed with cesium
acetate to facilitate the ionization of (neutral) AuNMs via
cesium adduct formation. Typically, cesium acetate (20 L, SO
mg/mL) was added to the sample (150 xL) and mixed prior to
introducing the sample via the ESI source.

Solvent Fractionation. A polydisperse product was
dissolved in an organic solvent such as toluene, DCM, or
THEF. The polarity of the solution was gradually increased by
the addition of methanol or acetonitrile. An optimum
concentration of the polydisperse mixture was used to achieve
better separation. A highly concentrated solution would lead to
poor separation, whereas dilute solutions would require large
volumes of acetonitrile or methanol. Typically, 100 mg of a
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polydisperse product was dissolved in 0.2—1 mL of the solvent.
The non-solvent was then gradually added using a micro-
pipette in small quantities (typically in multiples of 100 uL).
Once the precipitate was observed, the vial was centrifuged to
separate the precipitate (insoluble portion) from the super-
natant (soluble portion). The fractions were then analyzed by
MS to determine their composition.

Size Exclusion Chromatography. Columns of three
different lengths were used in the present work. They are
named short (~61 cm), medium (~150 cm), and long (~200
cm) based on their length (Table 1). About 100 g of the solid
beads was soaked in ~0.5 L THF-BHT in a 1 L beaker topped
with a lid to prevent solvent evaporation. The beads were
soaked for at least 6 h, preferably overnight. The beads expand
in volume during this time. The choice of the solvent was
THF-BHT as it is compatible with the beads and dissolves the
nanomolecules of a wide size distribution. After sufficient
soaking, the slurry of swollen beads was then packed in the
column. The columns for SEC were ordered from Chemglass
with the dimensions listed in Table 1, a Teflon stopcock, a
coarse fritted disc, and a beaded top. The slurry was slowly
loaded through the side of the column with the stopcock open
and the excess solvent to avoid any air bubbles. The excess
THE elutes out as the beads settle and pack in the column.
The column was packed with beads until the final level of the
bed was ~4 inches from the top. Once the beads were
completely packed, the stopcock was closed. It is important to
make sure that the column never runs out of the solvent to
avoid drying of the beads.

Sample Preparation. The polydisperse product to be
separated was dissolved in THF-BHT and centrifuged at 1252
times of gravity (4000 rpm for 3—4 min) to precipitate any
insoluble material. The supernatant was separated, dried, and
weighed for loading on the SEC columns. Based on the
column size used for separation, varying amounts of the crude
product were loaded on the SEC columns (Table 1). The
product was dissolved in a minimal amount of the solvent
(~0.1-0.2 mg/uL) for better separation.

Loading. The SEC bed expands in volume when it is idle.
Therefore, the solvent above the bed level was eluted until the
bed reached a constant height. The bed surface was made flat
by stirring it with a glass rod/pipette during this process. After
the settled bed was flat and constant in height, the solvent
above the bed was eluted to the level of the bed. The stopcock
was closed soon after the flat white surface of the bed was
visible (elution of the excess solvent would make the beads dry
and result in air bubbles affecting the separation). The
dissolved sample was taken in a 9” Pasteur pipette and loaded
carefully (drop by drop), spreading it across the surface as a
thin disk (layer). The loading step is crucial for better
separation. The stopcock was opened and after 5—10 s, the
fresh mobile phase was added to allow the loaded the sample
to enter the bed. The solvent was added evenly on the surface
of the thin band drop by drop using a Pasteur pipette in
circular motion. The shape of the band was maintained flat by
adding the solvent uniformly. The solvent was added in a
similar fashion until the band was ~3 cm below the surface of
the bed, and the solvent level was ~3 cm above the surface of
the bed. The solvent was then added along the walls of the
column using a Pasteur pipette to minimize disturbing the
surface of the SEC bed. The solvent can then be added directly
from the solvent wash bottles along the walls. The solvent level
was maintained by refilling during the elution process. The

https://dx.doi.org/10.1021/acs.analchem.0c04961
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overloading of the product would cause bleeding and reduces
the separation. The uneven loading would lead more
nanoparticles to be accumulated on one side of the column
and eventually result in mixing of different sizes. It would
appear as streaks on one side. The loading skill can be honed
by practicing it a few times. An example for a typical SEC
sample loading is illustrated in Figure SI.

Elution and Elution Time. During the elution, no solvent
was allowed to be trapped in the space between the glass frit
and stopcock. The solvent trapped between the glass frit and
stopcock mixes the eluting product and adversely affects the
separation. Elution time varies significantly based on the size of
the AuNM and the column dimension. Elution times listed in
Table 1 were the representative times recorded from elution of
various products (different size ranges, ligands, and composi-
tions). The stopcock was closed after all the product was
eluted. Fractions collected from SEC were then analyzed by
MS to determine the composition. The fractions are washed
with excess methanol after rotary evaporation to remove the
residual BHT for storage or crystallization setups of the desired
product.

Maintenance. When the SEC bed dried out, the beads
were transferred into a beaker by passing a low-pressure stream
of air through the stopcock. The beads were soaked in THEF-
BHT for ~12 h, stirred intermittently with a glass rod, and
reused. Beads gradually deteriorate over time, and measuring
the flow rate quarterly acts as a good indicator of the
performance of the column. A significant increase in flow rate
over time indicates a higher chance of channeling (band
broadening due to rapid flow of the solvent and analyte
compared to usual) to occur.

B RESULTS AND DISCUSSION

SEC gives access to highly pure samples for characterization
and other applications. SEC of different types of nanomolecule

B SEC
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Figure 1. SEC vs solvent fractionation. MALDI-MS of the fractions
from the (A) solvent fractionation and (B) SEC to separate
Au_j3_105 and Aug, nanomolecules using a small column.

20000
m/z

mixtures was performed to demonstrate the versatility of the
technique. Here, we discuss the effectiveness of SEC in
comparison to solvent fractionation, the separation range,
separation of closely related sizes, AuNMs protected by
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Figure 2. SEC of a polydisperse sample with m/z ranging from ~S to
200 kDa. Positive mode MALDI-MS of several fractions collected
from the long column is reported (and a few identical fractions are

excluded for clarity).

different ligands, and the effect of the column length on
separation. Fraction numbers are denoted as F1, F2, etc., and
soluble/insoluble are shortened as sol/insol for clarity. The
first fraction eluting from the column was labeled as F1, and
subsequent fractions were labeled with increasing numbers.

Solvent Fractionation versus SEC. Solvent fractionation
is a very tedious and time-consuming process with minimal
control compared to SEC. To demonstrate the effectiveness of
the SEC technique, both SEC and solvent fractionation were
employed to separate a mixture of Aug; and Au. o305
nanomolecules.”*>°

The fractions obtained from both the techniques were
analyzed using MALDI-MS (Figure 1). Figure 1A reveals the
solvent fractionation of a mixture of Au.;3_19s and Aug;. The
gray arrows indicate the source of samples for different
fractionation steps during the three cycles. First, the crude
product was dissolved in toluene and precipitated with
methanol. The soluble and insoluble fractions were separated
and labeled as Sol 1 and Insol 1, respectively. Insol 1
comprised a major amount of Au,_;y;_,os and minor amounts
of Aug;. It was further fractionated using toluene and methanol
to obtain Insol 2 and Sol 2. Au,_;y;_;9s was the most dominant
species in Insol 2, and it was further fractionated. The soluble
and insoluble fractions obtained from Insol 2 were labeled as
Insol 3 and Sol 3. Insol 3 showed nearly pure Au,.;o;_;05 mass
spectra. The separation of Au.,3_;05 by solvent fractionation
took three cycles; some of Au,.;o3_;05 Was lost in fractions Sol 1
and Sol 2, and the separation was not perfect.

SEC separation of a mixture of Au.g3_,05 and Aug,
nanomolecules in one cycle is shown in Figure 1B. In SEC,

https://dx.doi.org/10.1021/acs.analchem.0c04961
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Figure 3. Purification of Au,3,(SR)s from a mixture of closely related
sizes using SEC. ESI-MS of (A) the fractions collected from SEC of
the starting material. Fractions F12 through F14 (in red) were used
for the (B) second SEC cycle. Fractions F10 through F14 from the
second SEC cycle were used as the starting material for the (C) third
SEC cycle, where pure Au,;,(SR)ss was obtained.

larger sizes elute first, followed by smaller sizes. Au;o3_105 Was
predominant in fractions F2 and F3. Note that better
separation could be achieved by collecting more fractions
from the column. Pure Aug, was obtained in fractions F8 and
F9. There was minimal loss of the desired product in the form
of mixtures as compared to solvent fractionation. The mixtures
can further be separated using multiple SEC cycles. On the
other hand, solvent fractionation did not yield the pure
product even after multiple fractionation steps. The separation
observed in both the techniques readily demonstrates the
superior performance of SEC in separating AuNM:s in terms of
both the effective separation and the processing time.
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Figure 4. SEC of a thiophenolate-protected AuNM sample. Positive
mode MALDI-MS of the fractions collected from short column
separation of Auss(SPh),, from Au,, and Aug, in the sample. T
indicates the Aujy, core, and * indicates the unidentified AuNM
species.
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SEC Separation of a Wide Range of AuNM Sizes. The
manufacturer specification for Bio-Beads S-X1 in separation of
proteins and polymers is from 600 to 14,000 Da. This mass
range might not apply to AuNMs. To investigate the size
exclusion range for AuNMs, a crude product with sizes ranging
from ~S to ~200 kDa was used for SEC separation.

Figure 2 reports the MALDI-MS data for different fractions
collected from SEC of the polydisperse crude product. The
crude product has a major peak of ~35 kDa, but there were
also larger clusters in the sample. They were obscured due to
the ease of ionization of smaller sizes compared to larger sizes.
It led to the high intensity peak for the smaller sizes. A total of
20 fractions were collected from this separation. The fractions
showing similar nanomolecule distributions were omitted for
clarity. Since larger sizes elute before smaller sizes, the first
three fractions had sizes ranging from 100 to 200 kDa. Later
fractions showed sizes ranging from 10 to 100 kDa. This
separation proves that AuNMs as large as 200 kDa can be
separated using SEC. Also, the total exclusion limit (where the
sizes beyond a certain limit do not undergo any separation) is
not reached at 200 kDa for AuNMs. The crude product used
for separation was not etched. Therefore, nanoclusters with
broad peaks were observed in the MALDI mass spectra of
fractions F2—F9. A majority of AuNMs reported to date are in
the mass range of 5—250 kDa, and SEC using Bio-Beads S-X1
would be suitable to isolate them in a semi-preparative or
preparative scale.
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Figure S. SEC of a TBBT-protected AuNM etch product consisting
of periodic compounds with a difference of Aug(TBBT),. MALDI-MS
of the fractions collected from the short column separation of
Auyg(TBBT),, Auss(TBBT),,, and Au,(TBBT),s is shown. The
vertical dotted lines correspond to the one ligand loss peak of each
species. Lines are provided to readily identify each species and their
fragment peaks to the left of the parent ion peak.

SEC of Closely Related AuNM Sizes. AuNMs of various
sizes are observed during the crude synthesis and etching
reactions. Some of these sizes only vary by few atoms. SEC of
such closely related sizes is difficult, and several cycles are
required. Knoppe et al. reported the separation of Ausg and
Auy, nanomolecules by multiple SEC separation cycles.”
When two closely related sizes are passed through SEC, the
fractions collected are dominated by one of the species.
Separation of three closely related sizes becomes increasingly
difficult because of the similarity in their size. Our group
reported the isolation of Au;3;(SR)ss from a polydisperse
mixture by performing multiple SEC cycles, which could not
be achieved by solvent fractionation.*®

In this experiment, Au,;;(SR)ss was separated from a
mixture of Au;30(SR)sp, Au;3,(SR)ss, and Auyy,(SR)go. The
three sizes only vary by few gold atoms and ligands, making the
separation difficult, that is, although they vary in molecular
weight, they are comparable in size. Also, the peaks for these
three nanomolecules cannot be distinguished in MALDI-MS,
so the separation needs to be monitored by ESI-MS. The
separation was achieved by three SEC cycles (Figure 3). The
starting material contained a mixture of Aus,6(SR)ss
Au,44(SR) 60, Auy37(SR)s6, and Auy35(SR)so (—SR corresponds
to phenylethanethiolate). The MALDI-MS spectra of the
starting material are shown in Figure S2, and other smaller
(<30 kDa) and larger (>80 kDa) sizes were also present in the
sample (Figure S3). SEC fractions were monitored by ESI-MS,
which shows multiply charged peaks. Table S1 details the
mass/charge (m/z) values of these nanomolecules at different
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charge states. Mass spectra in red were used to indicate
fractions with Auy;, as the major species (Figure 3).

Figure 3 shows the fractions collected from SEC. Redundant
fractions with similar size distribution are not shown here for
clarity. In the first cycle (Figure 3A), Aus,g(SR)g, eluted first
and was dominant in fractions F4 through F6. Fractions F10—
F12 had pure Au;4(SR)g. Fractions F13 and F14 had a
mixture of Au,,(SR)s and Au;;,(SR)ss Fractions F17—F19
contained a mixture of Auy4,, Al;s; and Au,y, (their 3+ charge
state peaks are indicated in the figure and the 2+ charge state
peaks can be found in the 16—18.5 kDa range, see Table S1).
Fraction F20 contained pure Au,;,. Fractions with pure Au,;,
were not obtained from this separation. For further
purification, samples with Auyy, and Au;;, were combined
for another cycle of SEC. Fractions with Au,,, were avoided as
its separation would be difficult. Fractions F12 through F14
from the first SEC cycle were combined and used for the next
cycle.

Figure 3B shows the fractions obtained from the second
cycle. Fractions F1—F3 did not show any peaks in ESI-MS.
Au,,, was dominant in fractions F4—F8, and Au;;, was
dominant in fractions F10—F14. The second cycle did not
yield pure Au,s,. Fractions F10—F14 were combined for a
third SEC cycle.

Figure 3C shows ESI-MS of the fractions collected from the
third SEC. Pure Au, 3, was isolated in fractions F6 through F11.
Pure Au;3;(SR)ss was characterized by various analytical
techniques, and catalytic properties were investigated.*® SEC
can be used to separate very closely related sizes as
demonstrated in this experiment. Notably, these three closely
related sizes were also identified in a commercially available 2
nm gold nanoparticle product.”’

Separation of AuNMs Protected by Different Types
of Ligands Using SEC. The earlier sections covered various
aspects of SEC wusing separation of aliphatic-like ligand-
protected AuNMs.”> Another example with separation of
phenylethanethiolate-protected Au,g and Au,,, monitored by
MALDI-MS is shown in Figure S4. Nanomolecules with other
ligands can also be separated using SEC as it is mostly based
on the hydrodynamic volume (size) and there are minimal
chemical interactions between the beads and the analyte.”* In
this section, separation of different AuNM sizes protected by
thiophenolate, TBBT, and t-butyl thiolate ligands is demon-
strated.

Thiophenolate-Protected Ausg. Aus((SPh),, (refs 51
and 52) can be separated using the same SEC separation
protocol. Figure 4 shows the MALDI mass spectra of different
fractions collected from an SEC column for separation of
Auy4(SPh),, from other larger and smaller sizes. The peak
observed at ~8400 m/z units in the mass spectra corresponds
to a fragment of Auys(SPh),,. The etched product appeared to
be pure with no peaks at a higher mass range. However, upon
SEC, the first three fractions showed MALDI peaks for larger
nanomolecules that are obscured in the mass spectrum of the
etched product due to the relatively high peak intensities of
lower sizes. SEC can be used to readily eliminate such minor
amounts of impurities to obtain monodisperse samples.
Fractions F8 and F9 had highly pure Auys(SPh),,.

Phenylethanethiolate-Protected Au,;;; and Ausg.
Auy,,(SR)g is one of the most stable AuNMs and has been
of broad interest.”'”*°"* Au,,, was observed in etching
reactions and can be separated from a mixture of different sizes
using SEC. A mixture of Au, 4y, Ausy,, and other smaller species
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Figure 6. SEC of t-butyl thiolate-protected AuNM etched product containing Auso(SR) s (7514 Da), Auys(SR),4 (11200 Da), and Augs(SR),
(15389 Da). MALDI-MS showing different fractions collected during SEC using (A) short and (B) medium columns with elution time in minutes
and fraction numbers. (C) Pictures of the SEC band during elution at a 30 min time interval from loading (0 min) to right before elution (330
min). (D) Molecular weight vs elution time plot reveals the increase in resolution with column length (for separation of Ausy, Auyg, and Augg).

was used as the starting material. Figure S4 shows the MALDI
mass spectra of different fractions collected from the column.
Fraction F3 showed peaks corresponding to Au,,, and larger
sizes. Fraction F4 was pure Au,,,. FS and F6 had Au_;p;_¢s
and Aug, nanomolecules. Fractions F7 and F8 have pure Ausg.
One separation cycle yielded pure Au,,, and Auss Such a
separation is not attainable by solvent fractionation and
demonstrates the advantage of SEC.

TBBT-Protected Au,s, Ausg, and Aug,. In the recent
years, crystal structures of several TBBT-protected
AuNMs®*"'¥%* have been reported. Bulkiness and rigidity of
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the TBBT ligand*”’ favors crystal growth, making it an
interesting candidate to be pursued widely. Versatility of
SEC in separating closely related sizes, that is, Au,g(SR),0,"*
Auss(SR)wés Au44(SR)28r66 and Au92(SR)4467’68 (8820—
25,393 Da) (SR-TBBT) from a polydisperse etched product
is demonstrated here (Figure S). In this separation, pure
Auy,(SR),s and Au,g(SR),, were obtained in F3 and F7,
respectively. Auys(SR),, was found as a mixture due to a low
number of fractions collected (or a large sample volume
collected within the given elution time) in fractions F4 and FS.
Fractions F1 and F2 had a mixture of smaller sizes along with
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Aug,(SR),,. The three nanomolecules [Au,,(SR),s,
Auz4(SR),4 and Au,g(SR),] having a size difference of ~0.1
nm have been separated in one cycle, indicating that the
isolation of nanomolecules in a close size range can be
achieved effectively using SEC, independent of the type of the
protecting ligand.

Separation of t-Butyl Thiolate-Protected AuNMs and
the Effect of Column Length on Resolution. We have
used a mixture of Ausy(S-tBu);s (7514 Da), Auy(S-tBu)y,
(11,200 Da), and Augs(S-Bu),, (15,389 Da) as the starting
material (hereinafter denoted as Ausy, Auy, and Augs,
respectively) to illustrate the separation of AuNMs protected
by the bulky ligand using SEC and that the resolution increases
with column length. SEC was performed using short (Figure
6A) and medium (Figure 6B) columns. The separation of each
species as it elutes through the column can be identified
visually as well (Figure 6C). The leftmost picture was taken
immediately after loading the sample as a thin loaded layer.
The band expands and the AuNMs separate as they elute
through the column. The rightmost image was taken before
collecting the fractions and shows the maximum expanded
band (the short column images are shown in Figure SS). The
green band at the top was followed by the dark-brown band at
the middle, and the light-brown band was at the bottom. The
first fraction was collected 57 min after loading the sample. In
total, 12 fractions were collected for the short column. Each
fraction was collected for 75 s and named F1, F2, etc.

The elution time for the medium column increased to ~5.5
h, that is, 5.5 times more than that for the short column (~1
h). The length of the medium column is ~2.5 times longer
than the short column. The medium column yielded a more
expanded band during elution, resulting in a better separation
compared to the short column. The band expands slowly in the
1.5-2 h of elution (Figure 6C). Then, it expands well toward 3
h and continues to expand till elution. In the medium column,
it took 330 min to elute the first fraction. It separated two
bands with minimum mixing, whereas the short column has
more mixing of bands. A total of 27 fractions were collected.
Each fraction in F1-F10, F11—F15, and F16—F27 was
collected for 120, 210, and 190 s, respectively.

The fractions collected from the short and medium columns
were analyzed by MALDI-MS (Figure 6A,B, a few similar
fractions were excluded for clarity). The etched product has
Au,, as a major peak, and Auyg and Aug; peaks were minor. In
the short column fractions, F2—F4 have Aug;, FS and F6 have
both Augg and Auy,, F7 and F8 have both Auyg and Auygy, and
F9—F12 have Aus,. A fraction with major or pure Au,4 was not
obtained in the short column. The short column SEC peak
widths for Augs, Auy, and Ausy, were 7.5, 3.75, and 7.5 min,
respectively. In the medium column, FS—F11 have Auy, F13—
F1S have Augg and Auyg F17—F19 have Augg, F21—-F23 have
Auyg and Augyy, and F25—F27 have pure Auy,. The medium
column SEC peak widths for Augs, Auyg and Auy, were 38.8,
39.1, and 21.7 min, respectively. The elution time for the first
fraction going from the short column to the medium column
increased from 57 to 330 min. Unlike the short column, we
were able to get fractions containing Au, as a major species
using the medium column. The increase in length of the
column improves the resolution, and it can be readily seen in
Figure 6D, where the entire elution window from the first
fraction to the last is 12 min for the short column, whereas it is
70 min for the medium column. The green-colored Auzy NM
elutes last and could be visually distinguished to be collected as
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a pure fraction. Pure Au,g and Augg could also be obtained by
repetition of a few SEC cycles using fractions having the same
size distribution.

B CONCLUSIONS

In summary, several sizes of AuNMs can be isolated effectively
using the gravity flow SEC technique in a semi-preparative or
preparative scale with much better control. The size range for
separation of AuNMs using SEC has been illustrated to work
up to ~200 kDa, making this technique suitable for isolation of
a majority of nanomolecule sizes reported to date. The
versatility of SEC was also demonstrated with several examples.
The separation of different sizes of nanomolecules protected
with different types of ligands proves that SEC can be used for
isolation of highly monodisperse nanomolecules irrespective of
the types of ligands. Monodispersity (purity) can further be
improved by performing multiple cycles of SEC. Separation of
closely related sizes is challenging, but it is achievable through
multiple cycles of SEC as demonstrated through the separation
of Au;3,(SR)s¢ from a mixture of Ausg(SR)gs, At (SR)go,
Au,3,(SR)ss, and Auy3,(SR)so. The same protocol can be
applied for isolation of any nanomolecule observed in a
mixture. However, if the nanomolecule was present in very
minor amounts, isolation could become increasingly difficult.
By far, gravity flow SEC appears to be the efficient technique
for the separation of organosoluble AuNMs with ease of use,
and it would greatly contribute to the progress of the field.
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