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Abstract

Gold nanoparticles have attracted considerable attention in recent research
because of their wide applications in various fields such as material science,
electrical engineering, physical science, and biomedical engineering.
Researchers have developed many methods for synthesizing different kinds
of gold nanoparticles, where the sizes and surface chemistry of the nanoparti-
cles are considered to be the two key factors. Traditionally, the sizes of nano-
particles are determined by electron microscopy whereas the surface
chemistry is characterized by optical spectroscopies such as infrared spectros-
copy and Raman spectroscopy. Compared with that, nuclear magnetic reso-
nance (NMR) spectroscopy provides a more advanced and convenient way
for size determination and surface chemistry investigations by combining
one- and multiple-dimensional NMR spectroscopy and diffusion-order NMR
spectroscopy. Here, we show a thorough study that NMR spectroscopy can
be applied to characterize small thiol-protected gold nanoparticles, including
size determination, surface chemistry investigation, and structural study. The
results show that the nanoparticles’ sizes determined by NMR agree well with
transmission electron microscopy results. Furthermore, the ligand densities of
nanoparticles were determined by quantitative NMR spectroscopy, and the
structures of ligands capped on the surfaces were studied thoroughly by one-
and multiple-dimensional NMR spectroscopy. In this work, we establish a gen-

eral method for researchers to characterize nanostructures by using NMR

spectroscopy.
1 | INTRODUCTION yield, and satisfied purity, researchers are recently focusing
on mechanistic studies of multiple synthetic methods, try-
Noble metal nanomaterials, such as gold/silver ing to understand the pathways for controlling the quality

nanomaterials, have been studied extensively in recent

of nanoparticles.!'®'®! For characterizing AuNPs, many

years because of their wide applications in catalysis, sur-
face-enhanced Raman scattering, biological imaging, drug
delivery, and cancer therapy.'™ Gold nanoparticles
(AuNPs) can be synthesized and functionalized with a
variety of ligands through Au—S chemical bonds or elec-
trostatic interaction.!®'*! These ligands control the nucle-
ation and growth of nanoparticles and provide chemical
and colloidal stability as well.*>! In order to produce high
quality nanoparticles with good size homogeneity, high

techniques have been developed in the past decades and
utilized to investigate the morphologies, structures, optical
properties, and surface chemistry of nanoparticles.>"!
Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) are able to determine the size
and to investigate morphology whereas optical spectros-
copies such as ultraviolet (UV)-vis spectroscopy, fluores-
cent spectroscopy, Raman spectroscopy, and infrared
spectroscopy are used for understanding the optical
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properties and surface chemistry of gold nanomaterials.!*!
Recently, mass spectroscopy and single crystal X-ray crys-
tallography have been demonstrated to be excellent tools
for characterizing gold nanoclusters. Mass spectroscopy
has been used for investigating the ligand density of
nanostructures, molecular formula for molecular-like
nanoclusters, and charge state of nanoclusters.!**->?! Single
crystal X-ray crystallography not only can determine the
size of the nanostructures but also the exact stacking
patterns of atoms. However, this technique requires suffi-
cient very good quality single crystals to give well-defined
diffractions, which limits the technique to be utilized
extensively. Until recently, only the structures of Au,;
(SC6H11)16,[23] Auys (PET)IS’[24] Auys (SEt)wa[zs] Auyg
(TBBT)10,2°! Ausg (SPh-tBu)ss,?”! Ausg (SR).4,'?®! and
Auig, (p-MBA)L?*! have been successfully determined
by X-ray crystallography. Comparing with all these
techniques, nuclear magnetic resonance (NMR) spectros-
copy has been demonstrated to be a universal and versatile
technique for characterization of nanomaterials.[?-3-33!
One-dimensional/multidimensional NMR spectroscopy
combined with homonuclear/heteronuclear NMR
spectroscopy provides considerable methods for character-
izing nanostructures including purity, ligand density, and
surface chemistry.**>®! Furthermore, diffusion-ordered
NMR spectroscopy (DOSY)*?! is able to determine the size
of nanoparticles in solution state.[*0~*3]

In this paper, we provided a thorough study that
NMR spectroscopy could be applied as a universal tool
for characterizing different types AuNPs, determining
the purity, size, structure of ligand, and even the Au/
ligand ratio. Briefly, 'H direct, two-dimensional (2D)
correlation spectroscopy (COSY), and 2D heteronuclear
single quantum correlation (HSQC) spectroscopy were
performed to investigate the ligand structures on the
surfaces and to determine the purity and Au/ligand ratio.
DOSY was applied to measure the diffusion coefficient of
ligands binding to the nanostructures, which is further
used to estimate the diameter of the nanoparticles. By
combining different kinds of NMR spectroscopy tech-
niques, the purity, size, and surface chemistry of AuNPs
can be characterized very efficiently in time and cost.

2 | EXPERIMENTS

2.1 | Chemicals and materials

Gold (IIT) chloride hydrate (HAuClye3H,0, 99.999%),
octanethiol (CgH,,SH, 98.5%), tetraoctylammonium bro-
mide (TOAB, 98%), sodium borohydride (NaBH,, >99%),
L-glutathione, reduced (>99%, Aldrich), toluene (ACS
reagent, >99.5%), methanol (ACS reagent, >99.8%), etha-
nol (ACS reagent, >99.5%), acetonitrile (ACS reagent,
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>99.5%), and isopropyl alcohol (ACS reagent, >99.5%)
were purchased from Sigma-Aldrich, and all chemicals
were used as received. Deuterated chloroform (CDCls,
99.9%) and deuterated water (D,0, 99.9%) were purchased
from Cambridge Isotope Inc. and was used as received.

2.2 | Synthesis of octanethiol-capped
AuNPs (CgH,,S-AuNPs)

CgH,,S-AuNPs were prepared as follows. Briefly, an
aqueous solution of HAuCl,+3H,0 (39.4 mg, 0.10 mmol,
5 ml, 1 equiv) was mixed with a solution of TOAB in
toluene (136.7 mg in 5 ml, 0.25 mmol, 2.5 equiv). The
two-phase mixture was rapidly stirred until Au** was
all transferred to the organic phase to give a wine-red
solution. The [TOA][AuX,] was produced with a mix of
Cl” and Br™ ions. After removing the aqueous phase,
the organic phase was cooled to ~0 °C in the ice bath,
followed by adding in CgH;;SH (70 ul, 0.40 mmol,
4 equiv). The solution was then slowly stirred for about
2 hr until the solution became clear. A freshly prepared
ice-cold aqueous solution of NaBH, (2 ml, 0.5 mol/L,
1.0 mmol) was added to the reaction mixture with vigor-
ous stirring. After 3 hr of reaction, the ice bath was
removed, and the solution was continuously stirred for
over 24 hr. The long aging time will influence the purity
and yield of Au clusters markedly. After reaction was
done, the organic phase was separated out and dried
under vacuum. The dry product was then washed with
methanol and ethanol three times, respectively, to
remove excess thiols and byproducts. The pure CgH,,S-
AuNPs were extracted with pure chloroform.

2.3 | Synthesis of glutathione-capped
AuNPs (GS-AulNPs)

In a typical synthesis, an aqueous solution of 20 mM
HAuCl, (5 ml) and 50 mM glutathione (GSH, 3 ml).
The mixture was then vigorously stirred for 2 min until
the yellowish solution turned cloudy. After being stirred,
1.0 ml 1.0 M NaOH was added to the solution to adjust
the pH to basic condition, which made the color of the
solution turn clear yellow. Thereafter, diluted 40 ul of
NaBH, (35 mM) was slowly added dropwise. The solution
slowly turned orange in the first several minutes. After
stirring for 30 min, 1.0 ml 1.0 M HCI was introduced to
the solution to readjust the pH to acidic condition, which
quench the BH,™ activity and stirred slowly (150 rpm) for
overnight at room temperature. The GS-AuNPs were
purified from the raw product using water-IPA mixtures.
Typically, the raw solution was mixed with 12 ml IPA to
induce the precipitation of the byproducts. After that, the
supernatant fluid was separated by centrifugation, and
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2.0 ml of IPA was added to the supernatant to induce
additional precipitation. Then, the GS-AuNPs were fur-
ther extract from the precipitation using ultrapure water.

2.4 | TEM and UV-vis spectroscopy
characterizations

TEM images were taken using CM200-FEG high-resolu-
tion TEM operating at a bias voltage of 200 kV. The
TEM samples were prepared by evaporating diluted
nanoparticle solution on the carbon-coated copper
grid. The images were analyzed using ImageJ software.
UV-vis and luminescence spectra were collected using
Vernier UV-vis spectrometer, and 1.0 ml of diluted
solution was used in each experiment.

2.5 | Thermal gravimetric analysis (TGA)

TGA experiments were performed on a TA2910 (TA
Instrument Inc.) under N, flow (40 ml/min for furnace
and 30 ml/min for balance). The heating rate was
5 °C/min, and 1-2 mg of the sample was used. Before
experiment, the sample was kept under a N, flow for
10 min to remove most of the physisorbed water and
obtain a stable baseline.

2.6 | NMR spectroscopy

The AuNPs and pure thiols were dissolved in deuterated
solvents, resulting in 600 pl solution for each sample.
All NMR tubes were flame sealed to prevent solvent evap-
oration and concentration change during the characteri-
zation. NMR analysis was conducted on a Varian 500
spectrometer equipped with "H/**C/**N 5 mm XYZ PFG
triple-resonance probe using standard VNMRIJ software.
All experiments were performed with 'H 90° pulse of
730 ws and C 90° pulse of 31.0 ms at 298.15 K.
One-dimensional (1D) 'H spectra were collected with a
sweep width of 8012.8, an acquisition time of 2.045 s, a
recycle delay of 2.5 s, and 128 scans and 8 scans for gold
nanoparticleAuNPs and pure thiols, respectively. In the
quantitative NMR experiment, 64 scans and a recycle
delay of 60 s were applied, and the measurement was
repeated three times. 'H-'H gradient COSY (gCOSY)
were performed with a sweep width of 8012.8 Hz, an
acquisition time of 150 ms, 128 points in the indirect
dimension, and 128 scans per increment, a recycle delay
of 1 s. '"H-"*C gradient HSQC (gHSQC) spectroscopy
was performed with a sweep width of 8012.8 Hz, an
acquisition time of 150 ms, 128 points in the indirect
dimension, and 512 scans per increment, a recycle delay
of 1 s. DOSY measurements were performed with DOSY
bipolar pulse pair stimulated echo pulse sequence. A

pulsed gradient duration & of 2.0 ms incremented from
2.9 to 64.8 g/cm in 32 steps and a pulsed gradient separa-
tion A of 50 ms were used in the measurements. The
spectra were collected with a sweep width of 8012.8 Hz,
an acquisition time of 2.045 s, 32 scans, and a recycle
delay of 10 s. The reported spectra and diffusion
coefficients were obtained using the DOSY toolbox in
VNMRIJ software. A viscosity (1)) value of 0.537 mPa and
a self-diffusion coefficient value of 2.23 x 1072 m?/s
were used for chloroform, and a viscosity (1) value of
0.890 mPa and a self-diffusion coefficient value
of 2.300 X 10~ m?/s were used for water in gradient field
calibration and diffusion coefficient calculations for
AuNPs samples at 298.15 K.[**!

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of AuNPs

In this work, two types of thiol-capped AuNPs, CgH;,S-
AuNPs and GS-AuNPs were prepared. However, their
physical and chemical properties are significantly
different, CgH;,S-AuNPs are organic solvent favorable
AuNPs whereas GS-AuNPs are water-soluble and
biocompatible AuNPs because glutathione is a tri-peptide
(Gly-Cys-Glu).['3143745] Thege two types of AuNPs were
prepared in this work to better demonstrate the general
concept that NMR spectroscopy can be applied to charac-
terize AuNPs regardless of their physical and chemical
properties. More than that, GS-AuNPs have great
potential in biomedical imaging and drug delivery
research due to its biocompatibility and unique lumines-
cent properties.[46] However, few NMR investigations
have been carried out on this material. In this work, we
show some NMR studies on the luminescent GS-AuNPs.

The as-prepared nanoparticles were characterized
with UV-vis/luminescent spectroscopy, TEM, and 'H
NMR spectroscopy to verify the success of the synthesis
and the purity of the materials (Figures 1-3). From the
UV-vis absorption spectra (Figure 1), CgH,;,S-AulNPs
showed step-like multiple bands, indicating it is semicon-
ducting and no surface plasmon resonance band can be
observed in optical spectra.**! For GS-AuNPs, two
absorption peaks were observed (450 and 515 nm), which
is in good agreement with the characteristic values for
luminescent gold nanoclusters reported in previous
literatures.">'*!  Furthermore, the GS-AuNPs show
red-emitting under UV light of 365 nm, and the lumines-
cent spectrum was collected in this work. The emission
wavelength was determined to be a broad band with a
peak value of 700 nm. TEM was carried out to determine
the size and to investigate the morphologies of the
nanoparticles as well. Both kinds of nanoparticles have
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FIGURE 1 Ultraviolet-vis spectra of purified CgH;,S-AuNPs and
GS-AuNPs (solid lines). Luminescence spectrum of GS-AuNPs (red
dashed) with an excitation wavelength of 500 nm. Inset shows the
pictures of GS-AuNPs under (a) room light and (b) ultraviolet light

(365 nm). AuNPs: gold nanoparticles; GS-AuNPs: glutathione-
capped gold nanoparticles

a well-defined spherical shape with diameters of
2.50 + 0.49 and 1.76 + 0.47 nm for CgH;,S-AuNPs and
GS-AuNPs, respectively (Figure 2). The diameters of
nanoparticles were determined by analyzing 100 particles
for each sample in corresponding TEM profiles.
One-dimensional "H NMR spectroscopy was applied to
check the purity of the prepared nanoparticles and to
vfurther obtain some chemical shift information of the
ligands binding to the AuNPs (Figure 3). The results
indicate that 'H resonances of thiols binding to the
AuNPs surfaces were significantly broadened or shifted
or even completely disappeared for both types of AuNPs.
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3-7 .
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FIGURE 3 'H nuclear magnetic resonance spectra of (a)
CsH,,SH and CgH,;,S-AuNP and (b) GSH and GS-AuNPs. * notes
the water (1.56 ppm) and isopropyl alcohol (1.1 ppm). AuNPs: gold
nanoparticles; GS-AuNPs: glutathione-capped gold nanoparticles;
GSH: glutathione

For CgH;,S-AuNPs, the 'H resonances of the protons
attached to C1 completely disappeared, and the 'H
resonances of the protons attached to C2 was shifted
and seriously broadened. For other protons, they showed
little chemical shift changes but significant broadening
comparing with the pure thiol. The chemical shift change

FIGURE 2 Transmission electron microscopy images of (a) CgH;,S-AuNPs and (b) GS-AuNPs, respectively. AuNPs: gold nanoparticles;

GS-AuNPs: glutathione-capped gold nanoparticles
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is due to the structure change of capping groups and
proximity to the nanoparticles surfaces, in which
CgH;,SH forms Au—S with interfacial gold atoms by
eliminating one proton. This affects protons attached to
C1 and C2 primarily. The NMR resonance broadening
is primarily due to the distribution of the chemical
environment (such as CgH;;S—Au bonding), and this
has been studied and discussed in details in previous
research.®>*”! For GS-AuNPs, besides the chemical
shift changes for some protons and resonance broaden-
ing, the protons attached to C8 showed significant reso-
nance shift, and multiple splitting peaks in a broad
chemical shift range, indicating the multiple chemical
environment of the GS- ligands at the AuNPs interfaces.
The similar results were observed in previous work for
Au,s (SG),s nanoparticles, and this is attributed to the
chirality of the ligands at the interfaces.*”! Briefly, after
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combining the optical spectroscopy, TEM, and 1D 'H
NMR spectroscopy, we conclude that small pure spherical
CsH,7S-AuNPs and GS-AuNPs were successfully
prepared.

3.2 | Surface chemistry and ligand
structures at the interfaces

In this work, 2D NMR spectroscopy was performed to
investigate the surface chemistry at the interfaces of the
AuNPs. Figure 4 shows 'H-"H COSY and '"H-'>C HSQC
NMR spectra of thiol-capped AuNPs. 'H 1D spectra
indicated previously that 'H resonances of ligands were
broadened or shifted at the interfaces due to the chemical
shift anisotropic effect on AuNPs surfaces. Furthermore,
for GS-AuNPs, some 'H resonances show splitting
patterns. To understand the splitting patterns and to
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'H-"H correlation spectroscopy nuclear magnetic resonance spectra of (a) CsH;,S-AuNP and (c) GS-AuNP, and (b) 'H-*C

HSQC nuclear magnetic resonance spectra of CgH;,S-AuNP and (d) GS-AuNP, respectively. In HSQC spectra, red indicates CH, group
whereas black indicates the CH or CH; groups. * stands for the water and solvent peak. AuNPs: gold nanoparticles; GS-AuNPs: glutathione-
capped gold nanoparticles; HSQC: heteronuclear single quantum correlation
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obtain more chemical shift information for other nucleus
such as *C, 2D NMR spectroscopies were utilized in this
work and the results are summarized in Table 1. For
CgH,,S-AuNPs, CH; group has a '"H resonance of
0.9 ppm and a '*C resonance of 14.2 ppm. Most CH,
groups (C3-C7) have "H resonances of around 1.3 ppm
and *C resonances varying from 22.9 to 32.2 ppm
(Table 1). "H-'H COSY NMR experiment further showed
a strong correlation between CH; group and CH, groups
of the thiol ligand. According to "H-"*C HSQC NMR spec-
trum, the C2 group can also be detected, indicating a
broad 'H resonance of 1.80 ppm and '*C resonance of
35.9 ppm. For GS-AuNPs, according to the results, C7
and C8 groups of the ligand have multiple 'H and '*C
resonances, respectively. The multiple '*C resonances
for a single group indicate that the surface GS- ligands
exhibit multiple chemical environments and may have
different types of chemically distinct thiolate-gold binding
modes. The 'H resonance splitting of the 3.3/3.6, 3.4/3.6,
2.9/3.2, and 3.2/3.4 (ppm) pair is caused by the nearby
chiral carbon (C8). Due to the size distribution of the syn-
thesized AuNPs and complexity of the molecular
structure of gold nanoclusters, the in-depth investigation
of the binding modes and chirality-induced splitting was
not carried out in this work. However, this idea has been
demonstrated and investigated thoroughly on some well-
defined AuNPs in previous reported literatures. 22548

The Au/thiol (Au/SR) ratio of AuNPs can be also
obtained with NMR spectroscopy. In this work, we used
dimethyl sulfoxide (DMSO) as the internal reference to
determine the Au/thiol ratio of purified CgH,,S-AuNPs
because the 'H resonances of DMSO (2.6 ppm) and -SR
ligand are well separated in the "H NMR spectrum. The
Au/SR ratio can be determined according to following
equations.
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1)7 )

. (Au\ n(Au) Mw(SR), (m(AuNP)
ratio (ﬁ) ~n(SR) _ Mw(Au) ( m(SR)

2*r(CH;3)*Mw(SR)*m(DMSO)

Mw(DMSO) ' @

m(SR) =

where n(Au) and n(SR) are the moles of gold and thiol
ligand, respectively. Mw(Au), Mw(SR), and Mw(DMSO)
are the molecular weight of gold, thiol ligand, and
DMSO, respectively. m(AuNP), m(SR), and m(DMSO)
are the mass of AuNPs, thiol ligand, and DMSO, respec-
tively. (CH;) is the 'H ratio of the methyl group in
CgH,,S-AuNPs to that in the DMSO.

In this work, 4.04 mg dried purified CgH,;S-AuNPs
and 2.44 mg DMSO were used for preparing the NMR
sample, and 1D "H NMR spectrum was collected after
sealing the NMR tube. The mass of the ligand on the
surface can be calculated by using Equation (2).
r(CH,) is the 'H ratio of the methyl group in CgH,,S-
AuNPs to that in the DMSO, and it was estimated to
be 0.105 according to the 'H NMR spectrum
(Figure 5). So the Au/SR ratio was calculated to be
2.39. According to the TGA profile of purified CgH;,S-
AuNPs (Figure S2a), the weight loss was calculated to
be 23.2 wt%. Hence, the Au/SR ratio is estimated to
be 2.44, which is in good agreement with the quantita-
tive NMR result.

3.3 | Determination of hydrodynamic size
using DOSY

The diffusion coefficient of nanoparticles in solution can
be well determined by measuring the diffusion coefficient

TABLE 1 Summary of 'H and "*C resonances of thiols and thiol-capped AuNPs

CgH,,SH CgH,;,S-AulNPs GSH GS-AuNPs
Group  'H (ppm) “C(ppm) 'H(ppm) “C(ppm) 'H(ppm) “C(ppm) 'H(ppm) *C (ppm)
1 2.53 24.6 — — — — — —
2 1.62 34.0 1.80 359 — — — —
3 1.38 28.4 1.30% 29.9% 3.80 55.2 3.91 53.2
4 1.29 29.1 1.30% 29.9% 2.14 28.5 2.20 259
5 1.29 29.1 1.30% 29.9° 2.53 33.7 2.61 315
6 1.27 31.8 1.27 32.2 — — — —
7 1.29 22.5 1.29 23.0 4.54 58.1 4.72 50.5, 52,5, 56.5
8 0.90 14.0 0.89 14.2 2.92 27.9 2.95-3.65 33.5, 35.5, 50.5
11 — — — — 3.96 44.0 3.99 41.3

Note. AuNPs: gold nanoparticles; GS-AuNPs: glutathione-capped gold nanoparticles; GSH: glutathione.

*Broad peak with multigroups.
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FIGURE 5 'H nuclear magnetic resonance spectra of purified
CgH;,S-AuNP with dimethyl sulfoxide at 298 K. * is the water
peak. AuNP: gold nanoparticle

of ligands that are covalently bonded to the surfaces of
nanoparticle by DOSY. If the diffusion coefficient is
determined, the hydrodynamic size of the nanoparticles
can be then calculated by using the Stokes-Einstein
equation. Diffusion is dependent on the size and shape
of individual objects by the well-known Debye-Einstein
equation

kyT
D:b_,
fr
(a) ;
121
= 16
7]
€20
5 24 Vemmme <
X 28f------------oooo-d LB
(=]
40
3.6

16 1514 1312 11100908
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where k;, is the Boltzmann constant; T is the Temperature
in Kelvin; and fr is the friction factor. For a spherical
particle in a homogeneous solution, this equation can
be further simplified.

kT
6mnry

which is commonly known as the Stokes-Einstein equa-
tion. ry is the hydrodynamic radius; and 7 is the viscosity
of the solvent used. So the hydrodynamic radius of the
particles can be calculated on the basis of the following
equation:

_ kyT
~ 6mnD’

rg

In this work, the diffusion coefficients of CgH;,S-
AuNPs and GS-AuNPs were determined by DOSY in
CDCl; and D,O, respectively (Figure 6). The hydrody-
namic radii were then calculated according to the
Stokes—Einstein equation, giving the average hydrody-
namic diameters of 3.28 + 0.38 and 2.63 + 0.20 nm for
CgH;;S-AuNPs and GS-AuNPs, respectively (Table 2).
However, TEM results show that the diameters of
CgH;,S-AuNPs and GS-AuNPs are 2.50 + 0.49 and

0.6
7;" 0.8
E 1.0
g 121 e e «
= r, .
X 14} @ S s
1.8 " "
1
A
42 38 34 30 26 22

H Chemical Shift (ppm)

FIGURE 6 Two-dimensional DOSY NMR spectra of (a) CgH;,S-AuNPs and (b) GS-AuNPs with § = 2 ms, A = 50 ms at 298 K. AuNPs: gold
nanoparticles; DOSY: diffusion-ordered nuclear magnetic resonance spectroscopy; GS-AuNPs: glutathione-capped gold nanoparticles; NMR:

nuclear magnetic resonance

TABLE 2 Summary of DOSY experiments on thiol capped gold nanoparticles

Sample D* (m?/ s) Dsolventb (m2/ s) ry (nm) dy (nm) dygm (nm)
CgH,,S-AuNP (245 + 0.28) x 107*° 217 x 107° 1.64 + 0.19 3.28 + 0.38 2.50 + 0.49
CgH,;,SH 1.40 x 10~° 223 x107° 0.29 0.58 —
GS-AuNP (1.32 + 0.10) x 107*° 1.64 x 107° 1.32 + 0.10 2.63 + 0.20 1.76 + 0.47
GSH 3.44 x 1071° 1.26 x 1077 0.39 0.78 —

Note. DOSY: diffusion-ordered nuclear magnetic resonance spectroscopy; TEM: transmission electron microscopy.
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1.76 + 0.47 nm, respectively, which are smaller than the
values obtained by DOSY NMR spectroscopy. This is
because TEM is mainly focusing on measuring the
physical size of the metal core whereas the DOSY NMR
spectroscopy measures the effective hydrated diameters
of nanoparticles in solution, taking the ligands binding
to the surfaces into account. The hydrodynamic diameter
of octanethiol and glutathione were measured to be 0.58
and 0.78 nm, respectively. So the estimated hydrody-
namic diameter of CgH;;S-AuNPs and GS-AuNPs fall
in the range of 3.08-3.66 nm for CgH,;S-AuNPs and
2.54-3.32 nm for GS-AuNPs, respectively, which agrees
well with the hydrodynamic diameter of 3.28 + 0.38 and
2.63 + 0.20 nm obtained by the DOSY NMR
measurements.

4 | CONCLUSION

In this paper, we showed that NMR spectroscopy is a quite
powerful technique for investigating the AuNPs, providing
useful and reliable structural and dimensional informa-
tion. It is shown that HSQC NMR spectroscopy is able to
provide chemical shift information that can be further
used to study the structure of ligand on the surfaces. Quan-
titative NMR offers a simple and cost-effective way to
determine the Au/SR ratio. Furthermore, hydrodynamic
size estimation can be realized by measuring the diffusion
coefficient of ligand bounded to the surfaces using DOSY
NMR spectroscopy. For recent nanotechnology research,
tools for nanomaterials’ qualitative and quantitative anal-
ysis are of extreme importance, not only for quality control
in production but also for applications in various research
fields. Based on this work, we showed the great potential
of applying NMR spectroscopy in nanomaterials charac-
terizations and expect that NMR spectroscopy including
multidimensional NMR spectroscopy and DOSY NMR
spectroscopy can be applied to characterize a broad range
of nanomaterials including quantum dots, oxide nanopar-
ticles in the future.
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