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ABSTRACT: Covalent cross-linking of colloidal gold nano- colloidal Au NCs polymerized Au NCs

crystals (Au NCs) with dithiol molecules is normally
considered to be an irreversible self-assembly process. Left
unchecked, dithiol-mediated aggregation results in the uncon-
trolled formation of polymeric NC-dithiolate precipitates. Here
we demonstrate the reversible assembly and disassembly of
dithiolate-linked precipitates and colloidal aggregates of Au
NCs by oxidizing the dithiolate linkers with ozone. Destruction
of the linkers results in the complete depolymerization of the
NC aggregates/precipitates to re-form stable aqueous colloids
of individual Au NCs with retention of the original NC size
distribution. The process is repeatable by adding additional dithiol to reinitiate aggregation, although some irreversible fusion of
the NCs occurs in subsequent cycles. This method for reversible self-assembly of covalently cross-linked Au NCs is simple,
clean, reproducible, and effective for a variety of linkers. Extending reversibility to covalently bound NC assemblies creates new
possibilities in plasmonic sensing and catalysis.
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B INTRODUCTION

The demonstration of stable alkanethiolate-capped colloidal
gold nanocrystals by Brust et al.' launched a wave of research

NC assembly to its initial state, and reuse of the NCs.
Reversible NC aggregation has been demonstrated using the
full gamut of noncovalent interactions, including hydrogen

on surface functionalization strategies to control the assembly
of plasmonic metal nanocrystals (NCs).”~” Plasmon coupling
between proximate gold or silver NCs causes large shifts in the
localized surface plasmon resonance (LSPR) and the creation
of nm*-scale regions of strongly enhanced electromagnetic field
strength (hot spots).® Due to these dramatic near- and far-field
optical effects, assemblies of colloidal gold and silver NCs are
of significant interest for many applications, notably chemical
sensing, disease detection and treatment, metamaterials, and
photocatalysis. Particular effort has focused in two areas: (i)
the development of highly sensitive and selective colorimetric
chemical sensors based on the aggregation or size/shape
changes of Au and Ag NCs”"” and (ii) the rational assembly of
Au and Ag NC dimers with optimized electromagnetic hot
spots for surface-enhanced Raman spectroscopy (SERS) at the
single-molecule limit."" Schemes that enable reversible NC
aggregation with fine control of the aggregate size distribution
are important for these and other potential uses of plasmonic
metal NCs.

One fundamental degree of control is the ability to reverse
the NC aggregation process using an external stimulus.
Reversibility is interesting because it allows for dynamic tuning
of the aggregates, real-time response to stimuli, resetting of the
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bonding, solvophobicity, electrostatic and van der Waals
forces, and m-effects. Reversible assembly schemes have been
based on biomolecular recognition of DNA,'”'® aptamer-
analyte,'*'” antibody—antigen,'® and protein—substrate com-
plexes,'”'® stimuli-responsive polymer coatings triggered by
pH,"”*" temperature,”"** light,*>** solvent polarity,”*® and
solution composition,”” hydrogen bonding between small
molecules,”® ™ metal ion complexation,*“’32 host—guest
chemistry,”** charge-transfer complex formation,” control
of electrostatic stabilization by ionic strength,*® temperature,”’
photoisomerization of azobenzene-functionalized ligands,”*~*’
and partial exchange with nonbridging ligancls,‘“’42 and light-
driven thermophoresis** and plasmofluidic trapping.”* In
contrast, there are few examples of reversible aggregation of
metal NCs cross-linked with covalent bonds. He et al
employed photodimerization and photocleavage of a coumar-
in-functionalized thiol ligand to achieve the reversible covalent
cross-linking of Au NCs.*> Guarise and co-workers used a
dithiol linker with a chemically cleavable ester backbone to
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depolymerize aggregates of Au NCs.*° Displacement of

multidentate thioether linkers by monothiols was shown by
Lim et al. to result in disassembly of Au NC aggregates.*’
While effective, these approaches rely on specialized or
relatively weak covalent linkers. A general method for
reversible self-assembly of covalently cross-linked Au NCs
has not been demonstrated.

Control of the size distribution of colloidal NC aggregates is
a second major goal of metal NC assembly. The simplest and
in many ways most important aggregate is the NC dimer.
Despite its simplicity, the deterministic fabrication of NC
dimers has proven a tremendous challenge, and no method has
yet been developed for the quantitative conversion of a
dispersion of individual colloidal NCs into NC dimers. The
two main approaches for assembling colloidal NC dimers are
asymmetric functionalization and arrested aggregation. The
former approach utilizes assembly at solid—liquid** > or
liquid—liquid interfaces’* to break symmetry and selectively
make dimers, but processing is complicated and dimer yields
are usually low. Arrested aggregation involves stopping the NC
aggregation process at an early stage of polymerization in order
to produce a dispersion of NC oligomers that contains a high
percentage of dimers. This is typically achieved by using dilute
reactants to ensure slow polymerization and/or terminating
the polymerization by encapsulating the NCs with poly-
mers,”* " silica,””*° or phospholipids.”’ A%§regation initiators
include DNA,°*®® biotin—streptavadin,’ ** amide bond
formation,65’66 dithiol linkers,”*%"~7* salt,é()’73’74 antisol-
vents,’>’® and neutral nonbridging ligands.77’78 Since NC
aggregation inevitably results in a distribution of aggregate
sizes (monomers, dimers, and higher oligomers), postfabrica-
tion segparation is often used to enrich the dimer
content.”®””*" In addition to asymmetric functionalization
and arrested aggregation, several types of novel lithogralphy
have also been used to make NC dimers for SERS studies.”’ ~**

While exploring routes to the deterministic fabrication of
colloidal Au NC dimers, we discovered that precipitates of Au
NCs covalently cross-linked by dithiols®* can be completely
depolymerized and redispersed in water by brief exposure to
ozone. Ozone has been previously used to induce reversible
shifts of the LSPR of Au NCs**® and to oxidize organic
ligands from colloidal®” and surface-supported Au NCs.***’
We show here that ozone depolymerizes the NC precipitates
by oxidizing and cleaving the dithiolate linkers to weakly
bound sulfonates that exchange with free citrate in solution to
yield dispersions of citrate-capped NCs. The process works
with many thiol linkers, including oligo ethylene glycol dithiols
and alkane dithiols of various length and water solubility. The
NC size and shape distributions are largely preserved.
Complete redispersion of “hard crashed” bulk NC precipitates
occurs in minutes to days depending on the amount of dithiol
used to affect the polymerization. The precipitation—
redispersion cycle can be repeated multiple times by sequential
addition of dithiol linker and ozone. Ozone-mediated linker
oxidation is a simple, clean, and general approach to the
reversible assembly of covalently cross-linked Au NCs.

B METHODS

Materials. All chemicals were used as received unless
otherwise noted. 18.2 MQ water (Millipore Milli-Q Gradient)
was used throughout the study. Hydrogen tetrachloroaurate-
(1I1) trihydrate (HAuCl,-3H,0, 99.99%) was purchased from
Alfa Aesar. Trisodium citrate dihydrate (>99.8%) was

purchased from MP Biomedical. Hexa(ethylene glycol) dithiol
(HEGDT, >97%), 2,2'-(ethylenedioxy)diethanethiol (EDD,
95%), pentaerythritol tetrakis(3-mercaptopropionate) (PTMP,
95%), 1,6-hexanedithiol (HDT, 99.5%), sodium hydroxide
(NaOH, 97%), 3-mercaptopropionic acid (MPA, 99%), 11-
mercaptoundecanoic acid (MUDA, 95%), 16-mercapto-
hexadecanoic acid (MHDA, 99%), 3-(trimethylsilyl)-1-pro-
panesulfonic acid sodium salt (DSS sodium salt, 97%),
biphenyl-4,4’-dithiol (DBDT, 95%), poly(ethylene glycol)
(PEG, average M, = 400), anhydrous ethanol (>99.5%), and
deuterium oxide (D,0, 99.9 atom % D) were purchased from
Sigma-Aldrich. Hexa(ethylene glycol) monothiol (HEGMT,
97%) was purchased from BroadPharm. Tetrahydrofuran
(THF, 99.9%) was purchased from Acros Organics. Oxygen
(>99.993%), argon (>99.999%), and nitrogen (>99.999%)
were purchased from Praxair. Fresh aqua regia was prepared by
mixing hydrochloric acid (HC, 36.5—38.0%, ACS grade, J.T.
Baker) and nitric acid (HNO;, 69.0—70.0%, ACS grade, J.T.
Baker) in a molar ratio of 3:1. Nitric acid (TraceMetal grade,
Fisher Scientific) was double distilled for ICP-MS analysis.
Methanol (LC—MS grade) for mass spectrometry was
purchased from ].T. Baker.

Gold Nanocrystal Synthesis. Citrate-capped 9gold nano-
crystals were synthesized using a published method.” Briefly, 1
mL of a 25 mM aqueous solution of HAuCl,-3H,0 was added
by pipet to 150 mL of 2.2 mM aqueous trisodium citrate
dihydrate in a 250 mL round-bottom flask under 1000 rpm
stirring at 100 °C. The solution color changed from yellow to
dark blue and then light red. After a reaction time of 15 min,
the solution was cooled to 90 °C and 1 mL of 60 mM aqueous
trisodium citrate dihydrate was injected into the flask, followed
by 1 mL of a 25 mM aqueous solution of HAuCl,-3H,0 2 min
later. This sequential injection of the two precursors was
repeated 14 times (at 30 min intervals) at 90 °C to increase the
NC diameter. Finally, the reaction was quenched with an ice
bath and the NC dispersion was stored without purification at
2—8 °C. On the basis of the precursor concentrations and
volumes used, the NC dispersion contains 19.61 mM sodium
ion and 8.38 mM chloride ion.

Thiol-Mediated Aggregation. In a glass vial at room
temperature, 1.000 mL of the as-made Au NC colloid was
diluted with 0—999 L of water. Then, 1—1000 uL of a 10 mM
aqueous solution of HEGDT was added to the vial to yield a
total volume of 2.000 mL. Final values of [HEGDT]/[NC]
were 2000 to 2 000 000, as described in the text. EDD, PTMP,
and HDT were added in the same way as HEGDT. Each vial
was then tightly capped and allowed to sit unstirred on the
benchtop in ambient conditions.

Ozone-Mediated NC Redispersion. To redisperse the
aggregated/precipitated NCs, the output of an ozone generator
(Enaly model SO00BF) fed with oxygen gas was bubbled at 0.2
L/min into an open glass vial of aggregated/precipitated NCs
for S min under sonication (Branson model 1510) at room
temperature (unless otherwise noted). Steady-state ozone
concentrations in the gas stream and solution were estimated
to be at least 1 mM and 350 uM, respectively. The vial was
then sparged with argon at 0.2 L/min for 1 min to remove the
residual ozone, capped, and stored in ambient conditions
(unless otherwise noted). Since ozonation of high concen-
trations of HEGDT (i, [HEGDT]/[NC] > 1000 000)
lowers the pH enough to dissolve the NCs, 10 uL (20 L) of a
1 M aqueous solution of NaOH was added to samples with
[HEGDT]/[NC] = 1000 000 (2 000 000) to adjust the pH to
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~12.0 before ozonation. After ozonation, the pH of these
samples decreased to ~6.0. Alternatively, washing these
precipitates to remove the large excess of HEGDT and then
ozonating the samples in pure water also gave rapid and
complete NC redispersion.

Monothiol-Mediated NC Redispersion. To test redis-
persion of the precipitated NCs by thiol self-exchange, a large
excess of a monothiol ([monothiol]/[NC] = 4000 000) was
added to the original supernatant of hard-crashed NC
precipitates prepared as described above using [HEGDT]/
[NC] = 4000. Monothiol additions were 200 L of 100 mM of
HEGMT in water, MPA in water, MUDA in ethanol, or
MHDA in ethanol. After addition of the monothiol, the vial
was tightly sealed and sonicated for 5 min, sparged with argon
for 1 min, and stored for 7 days at room temperature.
Alternatively, the samples were sonicated for 12 h at 75 °C.
MHDA and MUDA formed micellar emulsions in water, so
these samples were passed through a 0.2 yM PTFE syringe
filter (28145-495, VWR) to remove the micelles and reduce
light scattering prior to acquiring optical extinction spectra.

Characterization Techniques. Optical extinction spectra
(A = 400—800 nm) were acquired in quartz cuvettes
(Spectrocell model R-4010) on a PerkinElmer Lambda 950
spectrophotometer. The concentration of dissolved ozone was
quantified using the X'A; to 'B, transition at 260 nm (¢ =
2992 M cm_l).91 Transmission electron microscopy (TEM)
was performed on a JEOL JEM-2100F TEM operating at 200
keV. Scanning electron microscopy (SEM) was performed on
an FEI Magellan 400 XHR SEM operating at 10 keV and 50
pA. TEM and SEM samples were prepared by pipetting a
droplet of NC colloid onto a lacey carbon copper grid (Ted
Pella model 01824) or Si substrate, respectively. After 10 s, the
droplet was blown off the grid/substrate with a stream of argon
to avoid the artificial formation of NC aggregates during slow
drying. pH measurements were made on stirred samples every
3 s using a calibrated pH meter (Oakton model PC2700). 'H
NMR data were collected in pure D,O or a 1:1 mixture of the
NC dispersion and D,O in precision NMR tubes (Wilmad
model 528-PP-7) using a Bruker DRXS00 spectrometer (500
MHz, BBO probe) with 16 scans at a delay time of 20 s.
Absolute concentrations of citrate, HEGDT, and other species
were determined with an internal reference (DSS sodium salt).
The pulsed field gradient technique was used to suppress the
H,O signal. Use of water suppression had no effect on the
quantification results. '"H NMR results for HEGDT and 5 min
ozonated HEGDT are as follows.

HEGDT: 'H NMR (D,0, § in ppm) 3.70 (16H, s, HEG
backbone), 3.67 (4H, t, ] = 6.24 Hz, —O-CH,—CH,—SH),
2.73 (4H, t, ] = 6.25 Hz, —O—CH,—CH,-SH).

Ozonated HEGDT: 'H NMR (D,0, § in ppm) 8.22 (1H, s,
HCOOH) 3.89 (4H, t, ] = 6.72 Hz, —O-CH,—CH,—SO;H),
3.70 (16H, s, HEG backbone), 3.20 (4H, t, ] = 6.70 Hz, —O—
CH,—CH,—SO;H).

The Au NC concentration was determined by inductively
coupled plasma mass spectrometry (ICP-MS). Known volumes
of Au NC colloid were added to fresh aqua regia, diluted with
double-distilled nitric acid as needed, and immediately
measured on a Nu AttoM ES HR-ICP-MS spectrometer
using the low-resolution peak jump method with 15 cycles of
500 sweeps and 500 us dwells per peak. A noble metals
standard (VHG Labs SM40-100) was used to construct a
calibration curve, and an internal standard (VHG Labs LIS3-
100) was used to correct for drift and matrix-related artifacts.

On the basis of the measured Au concentration of 0.41 g/L
and the known size of the NCs (from TEM images), we find
[NC] = 499 nM in the as-made Au NC colloid. Control
experiments performed on the supernatant of centrifuged NC
colloids showed that the dissolved Au concentration was below
the ICP-MS detection limit, meaning that effectively all of the
Au atoms are contained in the NCs, with negligible free Au in
these samples.

Solution small-angle X-ray scattering (SAXS) measurements
of as-made and ozone-redispersed Au NC colloids were
performed at beamline 7.3.3 of the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory using
monochromatic X-rays (1 = 1.24 A, 10 keV) with an energy
bandwidth of 1%. Samples were measured in transmission
geometry in 1 mm diameter quartz capillaries (Hampton
Research). 2D SAXS patterns were collected on a Dectris
Pilatus 2M detector at a sample—detector distance of 3504.75
mm as calibrated by a silver behenate standard in a quartz
capillary. Signal was collected for 120 s. The Nika software
package” in Igor Pro was used to azimuthally integrate (25—
75°) the SAXS patterns. Particle size distribution fitting was
performed with the IPG/TNNLS fitting routine in Irena
assuming a spherical NC shape. Several measurements were
performed across the length of the capillary to verify sample
uniformity.

Attenuated total reflectance FTIR spectra were acquired
with a Nicolet 6700 FTIR spectrometer equipped with a
GladiATR diamond ATR module (Pike Technologies) using
128 scans at a resolution of 4 cm™". Samples were prepared by
centrifuging as-made Au NC colloids, discarding the super-
natant, cleaning the NCs four times in ethanol to remove free
citrate and other species present in the reaction solution, and
drying a droplet of the purified Au NC colloid on the ATR
crystal. In situ HEGDT or citrate treatments were performed
by flooding samples on the ATR crystal with 1 mL of 10 mM
aqueous HEGDT or 1 M aqueous trisodium citrate for 1 h,
wicking away the liquid, flooding with 1 mL of water for 30
min, and finally wicking away the water and drying the sample
in a stream of nitrogen.

X-ray photoelectron spectroscopy (XPS) data of the S 2p
and Au 4f regions were acquired with a Kratos AXIS Supra
spectrometer using monochromatic Al Ka radiation at an X-
ray power of 225 W and 40 eV pass energy (S sweeps, 0.05 eV
step size, and S00 ms dwell times). As-made and ozone-
redispersed Au NC colloids were purified by centrifuge
diafiltration (Amicon Ultra-15 centrifugal filter unit,
UFC905024, 50 kDa cutoff) to remove solutes (e.g., citrate,
salt, HEGDT ozonation products) and loosely bound ligands.
Briefly, 10 mL samples of each colloid were centrifuge-filtered
at 2000 rpm for 30 min. The concentrated NC colloid was
then rediluted to 10 mL with water. This cycle was repeated
four times to yield 10 mL batches of purified NC colloids (10°-
fold lower solute concentrations with no loss of NCs). The
cleaned NCs were then concentrated and drop cast onto O,
plasma-cleaned Si substrates (Zepto, Diener Electronics)
under a stream of nitrogen. NC-HEGDT precipitates were
prepared for XPS measurements by four cycles of normal
centrifugation and rinsing with water, followed by drop casting
and drying on Si substrates. Finally, the dried samples were
carefully stamp transferred onto carbon tape (Ted Pella model
16073), which was then mounted to a Si substrate and
transferred to the XPS chamber for measurement. All spectra
were charge corrected using the Au 4f;/, peak at 84.0 eV.
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Figure 1. Redispersion of dithiolate-linked Au nanocrystal aggregates/precipitates with ozone. (a) Reaction scheme explored in this paper.
Addition of excess dithiol triggers the large scale cross-linking of colloidal Au NCs in water, resulting in rapid precipitation of a NC-dithiolate
polymer. Subsequent ozone bubbling depolymerizes and completely redisperses the NCs. (b) Time series of optical extinction spectra after adding
aqueous hexa(ethylene glycol) dithiol (HEGDT) to the NC colloid ([HEGDT]/[NC] = 4000). The molecular structure of HEGDT is shown in
the inset. (c) Spectral time series upon ozonation of the precipitated NC-HEGDT polymer using S min of ozone bubbling with sonication followed

by a 1 min argon sparge at room temperature. See Methods for details.

Mass spectrometry data were acquired on a Waters LCT
Premier TOF mass spectrometer using electrospray ionization
and an MCP detector operating in positive ion mode. Aqueous
samples were diluted to 10 uM with methanol. Poly(ethylene
glycol) served as the internal reference.

Raman spectra were acquired on a home-built Raman
microscope (A, = 532 nm) with 10% laser power, 10
exposures per second, and S scans from —100 to 3200 cm ™.
Samples were prepared by mixing 0.75 mL of the as-made Au
NC colloid, 1.15 mL of water, and 0.1 mL of 10 mM HEGDT
in water or S mM DBDT in THF, waiting for S min, and then
drop casting five droplets of the HEGDT- or DBDT-treated
NCs onto plasma-cleaned Si substrates, rinsing the films with
copious water or THF, respectively, and drying in a stream of
nitrogen. Reference films of HEGDT and DBDT were
prepared by drop casting and drying five droplets of 10 mM
HEGDT or 5§ mM DBDT solutions in water and THEF,
respectively.

B RESULTS AND DISCUSSION

Figure 1a depicts the reversible aggregation scheme explored in
this paper. The aggregation of citrate-capped colloidal gold
nanocrystals in water is initiated by addition of a small-
molecule dithiol linker. Covalent cross-linking of the NCs
results in the formation of colloidal aggregates or bulk
precipitates depending on the NC and linker concentrations,
reaction time, and solution temperature. A stream of ozone
and oxygen is then bubbled through the solution to reverse the
aggregation and redisperse the NCs. The cycle can be repeated
by adding more dithiol to reinitiate aggregation.

We use hexa(ethylene glycol) dithiol (HEGDT) as a proof-
of-concept linker because oligo ethylene glycol dithiols are
water-soluble, short, available in various lengths, and have
small Raman scattering cross sections, making them suitable
Raman-silent linkers for the fabrication of high-performance
SERS dimer nanoantennae (Figure S1). Our use of HEGDT
was inspired by early papers showing that monothiolated
glycols yield stable water-soluble Au NCs.”* ™"

We monitored the aggregation process using optical
extinction spectroscopy and transmission electron microscopy
(TEM). Figure 1b shows a typical spectral time series for a
4.99 nM dispersion of 23.8 + 4.2 nm citrate-capped Au NCs in
their unpurified reaction mixture upon dilution with water and

addition of aqueous HEGDT at room temperature to give
initial NC and HEGDT concentrations of 2.50 nM and 10 uM,
respectively (see Methods and molecular structure of HEGDT
in Figure 1b). In addition to the NCs, this diluted reaction
mixture contains 2.65 mM free citrate ion (as determined by
nuclear magnetic resonance (NMR) spectroscopy), 4.19 mM
chloride ion, 9.80 mM sodium ion, 0.29 mM acetone, 0.0S mM
acetic acid, and probably various undetected organic and
inorganic species, all at pH 6.0 + 0.2 (total ionic strength of 14
+ 0.7 mM). Within minutes of adding HEGDT, the NC
plasmon peak at ~527 nm began to decrease in intensity and a
broad absorbance band developed at longer wavelengths.
These spectral changes are characteristic of the formation of a
distribution of colloidal NC aggregates with some concurrent
precipitation (Figure 1b).”” The molar ratio of HEGDT to
NCs in this experiment ([HEGDT]/[NC] = 4000) was large
enough to quickly and completely precipitate the NCs (a “hard
crash” of the NCs). After ~150 min, the original ruby red NC
solution had turned colorless and a powdery black precipitate
rested on the bottom and sides of the viall. TEM images
showed that the original well-dispersed spheroidal NCs had
formed large aggregates consisting of many thousands of NCs
(Figure S2). Control experiments with hexa(ethylene glycol)
monothiol (HEGMT) showed no NC aggregation or
precipitation even days after mixing (Figure S3), suggesting
that HEGDT-induced aggregation results mainly from covalent
cross-linking of the NCs by HEGDT rather than changes in
NC surface charge, ligand hydrophobicity, or other factors.
Due to strong covalent cross-linking by HEGDT, these NC
precipitates could not be redispersed by any combination of
prolonged sonication and heating (up to 100 °C) in water (at
any pH) or common organic solvents.

The Au NC precipitates slowly redispersed after brief
exposure to ozone (Figure 1c). Samples were bubbled with an
ozone/oxygen mixture under sonication for S min, sparged
with argon without sonication for 1 min to remove the ozone,
and allowed to age on the benchtop in ambient conditions (see
Methods). The dissolved ozone concentration was quantified
by monitoring the strong ozone absorption band at 260 nm.”®
Using €)0nm = 2992 M~ ecm ™" we estimate an ozone
concentration of 340—360 uM. Furthermore, the absorption
spectra show that the argon purge is effective at flushing the
dissolved ozone out of the solution (Figure S4). Within a
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Figure 2. NC precipitation—redispersion behavior as a function of [HEGDT]/[NC]. Time series of optical extinction spectra after adding aqueous
HEGDT to the NC colloid at [HEGDT]/[NC] of (a) 2000, (b) 200000, and (c) 2 000 000. (d—f) Corresponding spectral time series upon

ozonation of the NC-HEGDT oligomers/polymers.

minute of adding ozone, all of the black solid was consumed
and the colorless solution turned dark blue, then gradually
deep ruby red over the course of several days (Figure 1c). After
~7 days, the spectrum of the ozone-treated solution closely
matched the spectrum of the original NC colloid before
addition of HEGDT (4,,,, = 528.5 and 527 nm, respectively).
This is strong evidence that ozonation completely redisperses
the precipitates to form a sol of individual Au NCs with a
negligible fraction of dimers and larger aggregates. TEM
images confirmed this conclusion (Figure SS). Size histograms
compiled from the TEM images of samples before addition of
HEGDT and 7 days after ozonation show that the average NC
diameter and diameter distribution increased slightly from 23.8
+ 42 nm to 24.7 + 7.4 nm. Solution small-angle X-ray
scattering (SAXS) measurements gave very similar results
(21.6 = 3.9 nm and 22.7 + 4.9 nm; see Figure SS). The images
and histograms show that the size and shape of most of the
NCs are unchanged after one precipitation—redispersion cycle.
However, a small number of NCs do grow in size (visible as a
tail in the size distributions), probably as a result of the
occasional metallic fusion of adjacent NCs within the
precipitates (Figure SS). Our finding of insignificant etching
and oxidation of Au NCs by brief ozone treatment is consistent
with previous reports.”>*” The NC sols are indefinitely stable
after ozonation and showed no additional spectral changes
after more than 2 years of storage in ambient conditions.
Moreover, ozonation sterilizes the samples and prevents the
growth of fungus that often occurs in citrate-stabilized Au NC
colloids (Figure $6).”

We used attenuated total reflectance FTIR spectroscopy to
determine if HEGDT displaces citrate from the surface of our
Au NCs. While thiols are believed to adsorb more strongly
than citrate to colloidal Au NCs in water, the equilibrium
constant for citrate—thiolate surface exchange, e.g,,

NC-Cit’>~ + HEGDT = NC-HEGDT™ + HCit*~

is unknown, making it difficult to estimate the relative surface
coverage of thiolate and citrate during their competitive
adsorption under different experimental conditions. The
Shumaker-Parry group recently reported that citrate is not

removed from Au NCs by treatment with excess alkyl or aryl
thiols in ethanol.'”’ However, while citrate is quite insoluble in
ethanol, it is soluble in water. We anticipated that our use of
water as solvent (enabled by the high water solubility of
HEGDT) would favor citrate displacement by thiols (i.e.,
ligand exchange rather than coadsorption). Indeed, the ATR-
FTIR data show that adsorbed citrate is easily removed by a
brief rinse in pure water or treatment with aqueous HEGDT
(Figure S7). Adsorbed HEGDT is strongly bound to the NCs
and cannot be removed by prolonged rinsing in water or citrate
solution. We conclude that HEGDT easily displaces citrate
from the surface of Au NCs in water and the equilibrium
constant for exchange is probably very large. We note that our
observation of facile citrate desorption in pure water is at odds
with Park and Shumaker-Parry, who found significant retention
of adsorbed citrate after extensive rinsing of Au NCs with
water at pH ~10."""

We found that the dithiol-to-NC ratio ((HEGDT]/[NC])
has a large effect on the extent and speed of NC aggregation
and redispersion. Small ratios (<1000) cause no measurable
aggregation (insignificant spectral changes even 4 days after
mixing). Increasing the ratio from 1200 to 2000 resulted in
mild but progressive aggregation without precipitation. For
example, Figure 2a and Figure 2d show the aggregation—
redispersion behavior at [HEGDT]/[NC] = 2000. Under
these conditions only small colloidal aggregates form and the
associated spectral changes are slight. Ozonation of these
samples 1 day after HEGDT addition caused an immediate
redshift of the plasmon peak from 524 to 533 nm and slow
recovery to the original, pre-HEGDT spectrum in ~3 h,
indicating complete redispersion of the colloidal agglomerates
into individual Au NCs. Control experiments show that this
fast redshift and slow recovery are caused by adsorption and
desorption of ozone on the surface of the NCs rather than the
deaggregation process itself (Figure $8)."*® The rapid
redispersion (probably minutes or less) is likely facilitated by
the small size of the aggregates and relatively low coverage of
HEGDT linkers at this low [HEGDT]/[NC]. Larger values of
[HEGDT]/[NC] caused increasingly rapid and complete NC
aggregation and precipitation. We observed slight precipitation
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at a ratio of 2400, substantial precipitation at 2800, and full
precipitation for ratios larger than ~3000.

NC redispersion is similarly fast at high [HEGDT]/[NC]
values (>10°). Under these conditions, a high HEGDT surface
coverage leaves few bare gold surface atoms on each NC
available for cross-linking, so the NCs have a low sticking
probability and the polymerization is slow. Complete
precipitation takes ~70 h at [HEGDT]/[NC] = 2 x 10°
compared to ~2 h at [HEGDT]/[NC] = 4000 (Figure 2c and
Figure 2f). Despite the slow aggregation and precipitation,
redispersion is just as fast as at [HEGDT]/[NC] = 2000, as
evidenced by the nearly identical series of spectra after
ozonation (Figure 2d and Figure 2f). We believe that this rapid
redispersion is due to a low cross-link density in NC aggregates
made at high HEGDT surface coverages. When the cross-link
density is low, only a small number of linkers must be broken
per NC to achieve depolymerization. We also note that the
slower polymerization at high HEGDT coverage confirms that
the active linker is indeed HEGDT (i.e., Au—S—R—S—Au),
rather than a disulfide formed by oxidative coupling of
HEGDT ligands on neighboring NCs (which should result in
faster polymerization at high HEGDT coverage because of the
greater number of terminal thiols available for disulfide
formation).

Whereas aggregation is slow and redispersion is fast at small
and large dithiol-to-NC ratios, the opposite is true at
intermediate ratios. At intermediate [HEGDT]/[NC] values,
aggregation is fast (1—2 h) and redispersion slow (5—10 days)
because the NCs have a significant coverage of both linkers
and bare gold atom binding sites, resulting in high sticking
probabilities and high cross-link densities in the resulting
polymers. Figure 3 summarizes the dependence of the
aggregation and redispersion rates on the dithiol-to-NC ratio.

degree of precipitation 4 days after HEGDT addition
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Figure 3. Schematic dependence of the rates of NC aggregation and
redispersion on [HEGDT]/[NC]. Trends are deduced from
extinction spectra. At both small and large ratios, aggregation is
slow and redispersion is fast because the NCs have either a small
coverage of linkers (at small ratios) or empty binding sites (at large
ratios) and can form only a low density of cross-links. In contrast,
aggregation is fast and redispersion is slow at intermediate ratios
where more equal coverages of HEGDT and bare gold surface atoms
promote a high cross-link density. Insets are models of three Au NCs
with increasing HEGDT coverage (represented by green spheres) at
higher values of [HEGDT]/[NC]. The blue color bar above the
graph shows the degree of NC precipitation versus [HEGDT]/[NC]
4 days after HEGDT addition.

In addition to [HEGDT]/[NC], we found that the solution
temperature also plays an important role in the kinetics of NC
aggregation. We observed faster aggregation and precipitation
at higher solution temperatures. For example, using
[HEGDT]/[NC] = 4000, precipitation required 12 h at 8
°C but only a few minutes at 80 °C. Since the NC diffusivity
increases by only 26% over this temperature range (D « T),
such strong thermal activation indicates that the NC
aggregation is a reaction-limited rather than diffusion-limited
process. In contrast, changing the temperature had no effect on
the rate of NC redispersion, suggesting that ozonation and
redispersion are effectively activationless processes.

We tested the repeatability of the aggregation—redispersion
cycle by consecutively adding dithiol and ozone to samples at
[HEGDT]/[NC] = 4000 and room temperature. Figure 4a
shows the postredispersion extinction spectra of a sample
subjected to five cycles of precipitation and redispersion. The
spectra at zero and one redispersion cycle are very similar to
one another (see also Figure 1c). However, additional
aggregation—redispersion cycles result in progressive weaken-
ing and broadening of the plasmonic peak to low energy,
indicating increasingly incomplete redispersion after each
cyclee. TEM images reveal that these spectral changes are
caused by fused NCs (Figure 4c), the number and size of
which increase after each cycle. Most NC fusion probably
occurs in the instant that ozone strips HEGDT from the
precipitate and creates bare gold surfaces that then touch.
Eventually, NC fusion becomes sufliciently extensive to
prevent redispersion of a macroscopic fraction of the
precipitate. We noticed some precipitate remaining at the
bottom of the vial starting after the third redispersion (Figure
4d). The repeatability of this process may be better at other
conditions (e.g,, high [HEGDT]/[NC], which yields precip-
itates that redisperse much more quickly and therefore may
provide less time for NC fusion to occur), but NC fusion may
be difficult to completely avoid in these dense NC polymers.

Mass spectrometry, NMR spectroscopy, and pH measure-
ments were used to determine the products of HEGDT
ozonation in pure water (without NCs). Because ozone is a
strong oxidant (E° = 2.076 V in acidic solution), it can rapidly
oxidize the thiol end groups of HEGDT to sulfonic acid
(RSO;H) and cleave the HEGDT backbone,'*'”* eventually
mineralizing the molecule to CO,, H,0, and H,SO,. Indeed,
electrospray ionization mass spectra of aqueous solutions of
HEGDT showed quantitative conversion of HEGDT to a
mixture of hexa(ethylene glycol) disulfonic acid (HEGDS) and
various hydroxy and aldehyde sulfonic acid cleavage products
after S min of ozonation (Figure S9). Of the common thiol
oxidation intermediates, disulfinic acid (RSO,H) and cyclic
disulfide (RSSR), thiosulfinate (RS(O)SR), sulfinyl sulfone
(RSO,S(O)R), and a-disulfone (RSO,SO,R) were not
observed, while we were unable to rule out the presence of
disulfenic acid (RSOH) and cyclic a-disulfoxide (RS(O)S-
(O)R), thiosulfonate (RSO,SR), and sulfonic anhydride
((RSO,),0) due to mass interferences with the HEGDS
cleavage products. 'H NMR spectra confirmed quantitative
oxidation of the thiol groups of HEGDT to sulfonates within
the first S min of ozonation (Figure Sa). Furthermore, we
found that the pH of the ozonated solutions rapidly decreases
to the value expected if each thiol group produces 1 equiv of a
strong acid (Figure $10). Since sulfonic acids (pK, < 0)'** and
sulfuric acid are the only thiol oxidation products that are
strong acids in water, we can conclude from the pH, NMR, and
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Figure 4. Repeatability of the NC precipitation—redispersion process. (a) Extinction spectra of a sample subjected to five cycles of HEGDT-
induced precipitation ((HEGDT]/[NC] = 4000) and ozone-induced redispersion. Each spectrum was taken 7 days after ozonation to enable direct
comparison with Figure 1. (b) Photograph of the sample after the fifth redispersion. The dispersion is purple-red and noticeably hazy. Note the
residual precipitate at the bottom of the vial. (c) TEM image of a dried aliquot of the dispersion (taken from region c in panel b). (d) Scanning
electron microscope image of the precipitate (from region d in panel b) deposited on a silicon wafer. The inset shows a heavily fused NC aggregate

outlined in the small red box.

mass spectrometry data that ozonation of free HEGDT in
solution produces a mixture of HEGDS, various hydroxy and
aldehyde sulfonic acid fragments, and a small amount of
H,S0, (see below). We expect ozonation of HEGDT bound
to the Au NCs to yield similar products. Our FTIR spectra
prove that ozonation completely removes HEGDT from the
NC precipitates (Figure S7), which is possible only if the
thiolate anchoring groups are oxidized and stripped from the
NC surface. Removal of surface sulfur was confirmed by X-ray
photoelectron spectroscopy (Figure S11).

Quantitative NMR data were acquired to better understand
the kinetics of HEGDT ozonation in pure D,O. In general, the
rate of this reaction will depend on the concentrations of both
HEGDT and ozone. However, since [Os] is constant during
bubbling in our process (Figure S12), the reaction is expected
to exhibit pseudo-first-order kinetics with respect to
[HEGDT]. Rather than quantifying [HEGDT] itself, which
is difficult from 1D NMR data due to the presence of two
identical terminal thiols per molecule, we used the protons of
the methylene groups a to the thiols (labeled a in Figure Sa) to
monitor the total thiol concentration. Time traces show that
the thiol concentration decreases exponentially during
ozonation following first-order kinetics with a thiol half-life
of ~50 s (Figure Sb,c). With this half-life, 98.5% of the thiol
groups are oxidized in the first S min of ozonation. The
sulfonate concentration (quantified with the a-methylene
protons labeled a’ in Figure Sa) increases as the thiol
concentration decreases. The sulfonate concentration peaks
at 4—S min and slowly declines thereafter as ozone cleaves the
HEGDT backbone and releases sulfate ion. Qualitative analysis
with barium chloride confirmed the presence of free sulfate
after ozonation. Meanwhile, the concentration of ether groups
in the oligo(ethylene glycol) backbone (protons c—f + ¢'—f')
also slowly decreases as the molecules are digested by ozone.
We found that ~15% of the ether methylene groups are
destroyed during the first S min of ozonation, suggesting a
significant amount of HEGDT fragmentation, in agreement
with the mass spectrometry results discussed above. Moreover,
a steady accumulation of formic acid (Figure Sb,c) indicates
that some of the organic HEGDT fragments are rapidly
oxidized. These ozonation studies were carried out on free
molecules in D,0. The kinetics should be faster in H,O than
D,0. On the other hand, HEGDT ligands within the NC

aggregates are likely to react more slowly due to steric
crowding, so the reported thiol half-life may be considered a
lower limit for the oxidation of the thiolate linkers that hold
the NC polymer together.

Since sulfonates bind much less strongly than thiols to
gold,"**'%” ozonation causes the NC polymer to lose its cross-
linking and fall apart, but redispersion of the resulting NC
monomers and oligomers depends strongly on the presence of
ions in the solution that promote colloidal stability. We
presumed that citrate ions are the main peptizing agents in the
original NC reaction mixture and that NC redispersion into
the reaction solution is facilitated by the citrate that survives
ozonation. NMR data show that nearly all (~97%) of the free
citrate initially present in solution survives the S min ozone
treatment and so is available to promote redispersion (Figure
S13). To determine the role of citrate and the other major
species in the reaction mixture, we tested redispersion as a
function of solution composition by thoroughly rinsing batches
of NC precipitates (made at [HEGDT]/[NC] = 4000) with
water, then adding a supernatant of known composition and
bubbling ozone in the normal way. The results are summarized
in Table 1. In pure water, the NC precipitates completely
dissolve but incompletely redisperse to form stable, deep blue
colloids of NC agglomerates. Redispersion is improved by
adding trisodium citrate to the supernatant. The sol color
changes from blue to purple and then red as the citrate
concentration is increased from 0.02 to 2.65 mM, indicating
progressively more complete redispersion of the colloidal NCs.
However, significant NC agglomerates persist even in 2.65 mM
citrate (the citrate concentration of the original NC reaction
mixture). We found that adding 1—10 mM of sodium chloride
(NaCl) to the citrate solution causes nearly complete
redispersion of the NCs, with extinction spectra very similar
to those in the full reaction mixture (Figure 1c). Since adding
NaCl without citrate had no effect on NC redispersion (see
Table 1), we believe that coadsorption of citrate and chloride
enhances inter-NC electrostatic repulsion and helps break up
the colloidal NC agglomerates into individual charge-stabilized
NCs. Of course, adding too much salt will decrease the Debye
screening length enough to trigger NC flocculation. The same
is true of citrate. As shown in Table 1, the NCs do not
redisperse at all when the citrate concentration is too high (20
mM). Interestingly, no redispersion occurred in mM solutions

DOI: 10.1021/acs.jpcc.9b06976
J. Phys. Chem. C XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06976/suppl_file/jp9b06976_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06976/suppl_file/jp9b06976_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06976/suppl_file/jp9b06976_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06976/suppl_file/jp9b06976_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06976/suppl_file/jp9b06976_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b06976

The Journal of Physical Chemistry C

—_ ouf HO38 0o OLagme O g0,H

3,

S ssminog g 4

>

-‘é He B0l OL g e 0l gy

(0] C-1

-

£ b *

‘___J 10 MM HEGDT
4.0 3.5 3.0 25
Chemical Shift (ppm)
b T T T T T T T T T T T T T
— thiol
> 20 /\5 - Sljﬁorg\;(::pgsroups 1 '%
—&— eth thyl 3

E (N om0
= 15f 1p |
o
— thiol groups
9 10+ - - —o— sulfonate groups -
-— ~@— ether methylenes
c | L —A— formic acid
8 5H | L - fit(k=0.01405") |
c A
o . /A———A
O 0 1 1 1 1 N C 1 ~-~_:-.---;—

0 10 20 30 40 50 60 01 2 3 4 5
Time (min) Time (min)

Figure 5. NMR analysis of the HEGDT ozonation products. (a) 'H
NMR spectra of a 10 mM solution of HEGDT in pure D,O before
and after 5 min of ozonation. The HEGDT spectrum shows the
expected a-methylene triplet at 2.73 ppm (labeled a), f-methylene
triplet at 3.67 ppm (labeled b), and oligo ethylene glycol backbone at
3.70 ppm (labeled c—f), in agreement with the literature.'” After
ozonation, the a- and f-methylene triplets shift downfield while the
ether backbone peak area decreases by ~15%. The postozonation
spectrum is assigned to a mixture of hexa(ethylene glycol) disulfonic
acid (HEGDS) and its breakdown products. The two triplets are
assigned to the a- and f-methylene groups of sulfonate, while the
backbone protons of HEGDS and its cleavage products are convolved
in the large peak at 3.69 ppm. Labeled molecular structures of
HEGDT and HEGDS are inset with each spectrum. Asterisks denote
peaks from the internal standard. (b) Time traces of the
concentrations of thiol groups (a protons), sulfonate groups (a’
protons), ether methylene groups (c—f and ¢'—f' protons), and formic
acid (quantified from the singlet peak observed at 8.22 ppm) during
ozonation of the HEGDT solution. Note that the ether methylene
data are multiplied by 0.25 for ease of plotting. (c) A magnified view
of the data for the first S min of the reaction. The dashed line is an
exponential fit to the thiol trace, with an extracted first-order rate
constant of 0.0140 s™', giving a thiol half-life of ~50 s.

of HEGDS (made by ozonation of aqueous HEGDT and
adjusted to pH 6), probably because HEGDS has some affinity
for binding to gold and can weakly cross-link the NCs when
present at high concentrations in the absence of better ligands
(such as citrate). We note that adding acetone (the other
major component of the reaction solution, at 0.29 mM) had no
effect on redispersion. These results show that upon ozonation,
the depolymerized NCs spontaneously form colloidal NC
agglomerates, even in pure water, but adsorption of citrate and
chloride ions provides the extra electrostatic driving force
needed to completely dissociate the agglomerates and form a
sol of individual NCs.

Our NC precipitation—redispersion process is not limited to
the use of HEGDT cross-linkers. Other multidentate thiols
with sufficient water solubility are also effective, including 2,2'-
(ethylenedioxy)diethanethiol, pentaerythritol tetrakis(3-
mercaptopropionate), and 1,6-hexanedithiol (Figure S14).

Table 1. Effect of Solution Composition on NC
Redispersion”

supernatant composition

(mM)
percentage of completeness
precipitate solution  of redispersion
Na,Cit NaCl HEGDS” dissolved (%) color (%)°

0 0 0 100 blue S0
0.02 0 0 100 blue N
0.2 0 0 100 purple 60
2 0 0 100 pink 70
2.65 0 0 100 red 80
20 0 0 0 colorless 0

0 4.19 0 100 blue NY
2.65 4.19 0 100 red 95
0 0 0.1 100 blue N
0 0 0.5 20 gray 20
0 0 >1 0 colorless 0

“Italicized rows denote experiments with results indistinguishable
from NC redispersion into pure water. "HEGDS = ozonated solutions
of HEGDT adjusted to pH = 6 with NaOH. “Referenced to NC
redispersion into the normal supernatant (the NC reaction mixture).

However, we found the concentration of dithiols with poor
water solubility, such as biphenyl-4,4'-dithiol, is too low to
trigger NC precipitation within a reasonable time (<weeks).
While NC polymerization in water is facilitated by using water-
soluble linkers, ozone-induced depolymerization is likely
effective for all thiol linkers, regardless of their water solubility
before ozonation.

Lastly, we briefly evaluated an alternative, ozone-free
approach to depolymerizing dithiolate-linked Au NCs by
exchanging the bound dithiols with monothiols. We reasoned
that the NC polymers can be unzipped simply by displacing
adsorbed HEGDT with a large excess of an appropriate
monothiol.'” The monothiols tested were hexa(ethylene
glycol) monothiol (HEGMT) and 3-mercaptopropionic acid
(MPA), both of which are soluble in water, as well as 11-
mercaptoundecanoic acid (MUDA) and 16-mercapto-
hexadecanoic acid (MHDA), which are poorly soluble in
water and so were added as 0.1 M solutions in ethanol,
resulting in the formation of micellar emulsions (see
Methods). We first established that these monothiols cause
no NC aggregation when added to the NC reaction mixture
and are thus suitable ligands for dispersing the NCs. NC
precipitates made at [HEGDT]/[NC] = 4000 were then
incubated in the normal supernatant spiked with one of the
monothiols at monothiol-to-NC ratios as large as 4 X 10°.
Partial redispersion was achieved using high concentrations of
HEGMT ([HEGMT]/[NC] = 4 X 10°), which completely
dissolved the NC precipitates to form a pink sol after 6 days of
incubation at room temperature (Figure S15). More aggressive
exchange conditions (12 h of sonication at 75 °C in the
presence of HEGMT) vyielded red colloids consisting
predominantly of individual NCs, but some of the NCs
reprecipitated during these relatively harsh experiments
(Figure S15). In contrast, the NCs showed no tendency to
redisperse in aqueous MPA (pH 6) at either set of conditions,
perhaps because van der Waals attraction between the MPA-
capped NCs prevents the NC precipitates from dissolving.
While MPA failed to redisperse the NCs, the longer-chain thiol
acids MUDA and MHDA dissolved the NC precipitates to give
pink-white emulsions that, upon filtering to remove the
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micelles, produced pink dispersions (after room-temperature
aging) or red dispersions (after high-temperature sonication).
Sonication in MUDA gave the most complete NC redispersion
of any of the monothiol treatments (Figure S15), nearly
comparable to the results obtained with ozonation. Overall,
our experiments show that monothiol-mediated NC redis-
persion is promising, but ozonation is a simpler, cleaner, and
more effective method for completely reversing the assembly of
covalently cross-linked Au NC polymers.

B CONCLUSIONS

We have shown that Au NCs covalently cross-linked by
dithiols can be completely depolymerized and redispersed as
stable hydrosols of individual NCs by brief treatment with
ozone. Ozone quantitatively oxidizes the strongly bound
dithiolate groups to weakly bound sulfonates and cleaves a
fraction of the linkers into molecular fragments, thereby
destroying the cross-linking and freeing the NCs to redisperse
as charge-stabilized colloids. The speed of NC aggregation and
redispersion depends on the dithiol concentration: at both low
and high concentrations, aggregation is slow and redispersion
is fast because the NCs have a small coverage of linkers or
empty binding sites and can form only a low cross-link density,
while at intermediate concentrations aggregation is fast and
redispersion is slow because similar coverages of HEGDT and
bare gold surface atoms enable a high sticking probability and
cross-link density. Complete redispersion of the NCs is
possible when the concentration of the peptizing agents
(citrate and chloride in this case) is sufficiently high. The
precipitation—redispersion cycle works with water-soluble thiol
linkers and can be repeated multiple times, albeit with some
irreversible fusion of NCs after each cycle. Redispersion of
NCs by exchange of dithiols with monothiols was also
demonstrated, but this approach was less effective than
ozonation for achieving complete NC redispersion. Selective
linker oxidation by ozone is a general way to reverse the
aggregation of covalently linked Au NCs. Interesting future
directions include using smaller, more controlled ozone doses
to stop rather than reverse the aggregation of Au NCs and
extending this approach to Ag NCs, which may require a
milder oxidant than ozone.
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Figure S1. Comparison of Raman and surface-enhanced Raman spectra of HEGDT and biphenyl-
4,4'-dithiol (DBDT). (a) Raman spectra a neat DBDT film (blue) and a HEGDT film (red)
deposited on Si substrates. Several peaks are labeled. A spectrum of a clean Si substrate is included
for reference. (b) Raman spectra of Au NC aggregates made with DBDT in THF (blue) and
HEGDT in water (red) deposited on Si substrates. DBDT peaks are labeled. Reference spectra of
untreated Au NCs (green) and a clean Si substrate are also included.
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Figure S2. A time series of TEM images showing the aggregation process of Au NCs upon
addition of HEGDT. Labels indicate the time after HEGDT addition (0 min refers to the as-made
NC colloid without HEGDT). The samples were prepared using a technique that minimizes the
artificial formation of NC aggregates during drying of the solution on the TEM grid (see Methods).
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Figure S3. Optical extinction spectra of Au NC dispersions before and after adding four different
concentrations of hexa(ethylene glycol) monothiol (HEGMT). (a) [HEGMT]/[NC] = 2,000. The
structure of HEGMT is shown as an inset. (b) [HEGMT]/[NC] = 4,000. (c) [HEGMT]/[NC] =

40,000. (d) [HEGMT]/[NC] = 400,000. The NCs remain dispersed and show no aggregation even
after three days of storage at ambient laboratory conditions.
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Figure S4. UV optical extinction spectra (200-350 nm) of (a) ultrapure water, (b) Au NCs, and (c)
NC-HEGDT precipitates before adding ozone (red curves), immediately after 5 min of ozone
bubbling (blue curves), and after 5 min of ozone and then 1 min of argon bubbling (green curves).
The ozone concentration is determined from the maximum intensity of the Hartley band at 260
nm, assuming &xonm = 2992 M-! cm!. The ozone concentration reaches ~350 uM, and the argon
sparge quantitatively removes the ozone from solution.
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Figure SS. (a) A time series of TEM images showing the redispersion process upon ozonation of
NC-HEGDT precipitates. Labels indicate the time after ozonation (5 min ozone bubbling plus 1
min argon sparge). (b-c) Typical higher-magnification images of the NCs (b) before addition of
HEGDT and (c) 7 days after ozonation. The red arrows highlight several larger NCs in each type
of sample. Most of these large NCs appear to be strongly-fused dimers of the smaller NCs. All
samples were prepared using a technique that minimizes the artificial formation of clusters during
drying of the solution on the TEM grid. (d) Size histograms of the NCs before addition of HEGDT
and 7 days after ozonation, as determined by TEM (500 NCs) and colloidal small-angle X-ray
scattering (SAXS). The average diameter and standard deviation are listed. The histograms show
that the size of most of the NCs is unchanged after one precipitation-redispersion cycle. However,
a small number of NCs do grow in size (apparent as a tail in the size distribution) as a result of the
occasional fusion of neighboring NCs within the precipitates/aggregates.
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Figure S6. Ozone sterilization prevents the growth of fungus in the Au NC colloid. (a) (upper left)
Optical image of a colloid of as-made Au NCs stored in ambient conditions for two months. A raft
of filamentous fungus is visible floating in the liquid. (botfom) An optical microscope image shows
that the filaments are coated in shells of gold. (upper right) Optical image of a colloid of ozone-
redispersed Au NCs stored in ambient conditions for two months. No fungus is visible. The NCs
are gravitationally stratified but remain fully dispersed — mild shaking of the vial results in
complete homogenization of the dispersion. Ozone-redispersed NC colloids showed no fungal
growth for at least two years of storage in well-sealed vials. (b) SEM image of the filaments. (c)
High-magnification SEM image of a cracked filament, showing a thick coating of Au NCs
surrounding an organic or hollow core.
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Figure S7. (a) Attenuated total reflectance FTIR spectra of citrate-capped Au NCs cleaned by four
cycles of centrifugation and washing in anhydrous ethanol and then deposited onto the ATR crystal
from a concentrated aqueous colloid. (red trace) The NCs dried on the ATR crystal. (blue trace)
The same NC sample after rinsing with 1 mL ethanol on the ATR crystal. The citrate remains.
(orange trace) The same sample after rinsing with 1 mL of ultrapure water. The citrate is mostly
removed. (gray trace) The sample after a second water rinse. The citrate is totally removed. (black
trace) A trisodium citrate powder reference spectrum. (b) ATR-FTIR data for the same type of NC
sample as in (a) after drying on the ATR crystal (red trace), rinsing with 1 mL of 10 mM aqueous
HEGDT (purple trace), and subsequently rinsing with ultrapure water once (orange trace) and
twice (gray trace). (c) ATR-FTIR data for the same type of NC sample as in (a) after drying on
the ATR crystal (red trace), then rinsing with 1 mL of 10 mM aqueous HEGDT (purple trace),
rinsing with 1 mL of ultrapure water (orange trace), rinsing with 1 mL of 1 M trisodium citrate
aqueous solution (cyan trace), and subsequently rinsing with ultrapure water for 30 minutes twice
(dark green trace). Reference spectra for trisodium citrate (black trace) and HEGDT (green trace)
are also shown. The strong peak in the HEGDT spectrum at 1100 cm! is from C-O (ether)
stretching. We see that the aqueous HEGDT rinse removes the citrate from the NCs. Subsequent
water rinsing dissolves away the non-adsorbed HEGDT, but the HEGDT that is adsorbed to the
NCs is not removed by pure water or replaced by citrate. This adsorbed HEGDT can be removed
by rinsing the sample in ozone-saturated water, leaving a flat and featureless FTIR spectrum (not
shown). This latter result also indicates that HEGDS (the major product of HEGDT ozonation) is
only weakly bound to the NCs and easily washed away by water.
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Figure S8. Effect of ozone adsorption and desorption on the optical extinction spectra of Au NCs.
(a) Spectral time series upon ozonation of a NC colloid at [HEGDT]/[NC] = 2,000. Some of these
data are replotted from Fig. 2d. (b) Spectral time series upon ozonation of an as-made NC colloid
in the absence of HEGDT. There is an immediate redshift and diminution of the plasmonic peak
due to ozone adsorption on the surface of the NCs. The spectrum recovers over ~3 hours as ozone
and oxidized surface species slowly desorb from the NC surface. Note that the two time series
(with and without HEGDT) are nearly identical after ozonation. We conclude that the redshift and
3-hour recovery are due to ozone and that the NC redispersion is actually very fast (minutes or
less) at both small and large values of [HEGDT]/[NC].
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Figure S9. Electrospray ionization mass spectrum of a 10 mM solution of HEGDT in pure D,0O
(1 mL sample volume) after 5 minutes of ozonation and 1 minute of argon sparging. The sample
was diluted to 10 uM with CH3;OH before injection into the mass spectrometer. The major peaks
index to HEGDS (6) and several of its hydroxy sulfonic acid and aldehyde sulfonic acid breakdown
products (1-5). Peaks from HEGDT (molecular weight = 314.46) are absent, indicating
quantitative oxidation of HEGDT by ozone under these conditions. The monosulfonic acid
derivative (mercaptohexa(ethylene glycol) sulfonic acid) is also not observed. A control spectrum
of HEGDT before ozonation showed peaks at m/z = 337.1 (assigned to [HEGDT + Na]"), m/z =
299.1 (origin unknown), and m/z =209.1 (origin unknown), but no cascade of breakdown products.
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Figure S10. (a) pH versus time during the ozonation of various concentrations of HEGDT in pure
H,0. (b) [H'] as a function of time. (c) The measured pH after five minutes of ozonation versus
the pH expected if ozone oxidizes each HEGDT molecule to produce two equivalents of a strong
acid (e.g., HEGDS). The diagonal dashed line indicates a 1:1 correspondence. The pH change
during ozonation is useful for distinguishing between possible thiol oxidation products because
sulfonic acids and sulfuric acid are strong acids in water whereas aliphatic sulfinic and sulfenic
acids are weak acids (typical pK, values of ~2 and 10-12, respectively)!? and other possible
products (e.g., the cyclic disulfide, thiosulfinate, thiosulfonate, etc.) are nonacidic. The by-
products of thiol oxidation by ozone (e.g., H,O, H,0,, O,) are also weak acids or nonacidic.? Note
that the control experiment (ozonation of pure water, without HEGDT) shows only a small and
gradual decrease in pH during ozonation.

Ozonation of NC precipitates ((HEGDT]/[NC] =4,000) in the NC reaction mixture causes little
change in pH because mM citrate acts as a buffer that prevents acidification of the solution. The
pH is stable at 5.9-6.1 throughout the NC redispersion process.
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Figure S11. Sulfur 2p and gold 4f X-ray photoelectron spectra of as-made (red), HEGDT-
polymerized (blue), and ozone-redispersed (orange) Au NCs on carbon tape stuck to silicon
substrates. Only the spectrum of the NC-HEGDT polymer shows sulfur peaks (at 161.9 and 163.2
eV). The S 2p spectra are offset for clarity. [HEGDT]/[NC] = 4,000.
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Figure S12. Apparent ozone concentration during five minutes (300 seconds) of ozone bubbling
in pure water. Ozone was quantified by monitoring the optical extinction at A = 260 nm using ¢ =
2992 M-! cm'!. Ozone reaches a nearly constant concentration in ~25 seconds. The value of [Os]
is artificially high during bubbling due to light scattering and the presence of gas-phase
(undissolved) Os;. We measure [O3] = 415 uM one minute after the bubbling is stopped, which is
in reasonable agreement with Fig. S4. The sample volume is 2 mL.
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Figure S13. The concentration of citrate ion in the redispersed Au NCs as a function of ozonation
time, as determined by quantitative NMR spectroscopy using an internal standard (DSS sodium
salt). A linear fit of the data (dashed line) shows that the citrate concentration decreases by ~0.6%
per minute of O3 bubbling at these conditions.
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Figure S14. NC redispersion behavior for alternative thiol cross-linkers. Time series of optical
extinction spectra upon five-minute ozonation of NC precipitates made by adding (a) 2,2’-
(ethylenedioxy)diethanethiol, (b) pentaerythritol tetrakis(3-mercaptopropionate), or (c) 1,6-
hexanedithiol to the NC reaction mixture ([thiol]/[NC] = 4,000). The molecular structure of each
linker is shown as an inset. In each case, the NC precipitates totally dissolve, but the redispersion
at 6 days is not as complete as it is with HEGDT (see Fig. 1). Optimization of linker concentration,
ozonation time, and post-ozonation wait time is likely needed to maximize the NC redispersion
for each linker.
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Figure S15. Redispersion of NC-HEGDT precipitates using monothiol exchange instead of
ozonation. (a) Typical extinction spectra after adding 9.1 mM HEGMT, mercaptopropionic acid
(MPA), 16-mercaptohexadecanoic acid (MHDA), or 11-mercaptoundecanoic acid (MUDA) to the
supernatant of a NC-HEGDT precipitate, sonicating for 5 minutes, sparging with argon for 1
minute, and storing unstirred for 7 days at room temperature (all without ozone). The temperature
and time mimic the conditions used for ozone-induced redispersion. (b) Spectra after addition of
the various monothiols and sonication for 12 hours at 75°C (no ozone). These temperature and
sonication conditions are much more extreme than the conditions used for ozonation. In all
experiments, [monothiol]/[[HEGDT] = 1,000. Note that MHDA and MUDA were dissolved in
ethanol and formed an emulsion upon injection into the aqueous supernatant, so the MHDA- and
MUDA-treated samples were passed through a 200 nm syringe filter to minimize light scattering
prior to measurement. An unknown amount of NC aggregates, single NCs, and water was removed
from these samples by filtering. Therefore, the spectra of the MHDA and MUDA samples are
distorted, with unreliable peak amplitudes and artificially small low-energy absorption tails (the
samples actually contain more NC aggregates than the data suggest).
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