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ABSTRACT: We report a solution NMR-based analysis of (16-mercaptohexadecyl)trimethylammonium bromide (MTAB) self-
assembled monolayers (SAMs) on colloidal gold nanospheres (AuNSs) with diameters from 1.2 nm to 25 nm, and gold nanorods
(AuNRs) with aspect ratios from 1.4 to 3.9. The chemical shift analysis of the proton signals from the solvent-exposed headgroups
of bound ligands suggests that the headgroups are saturated on the ligand shell as the sizes of the nanoparticles increase beyond ~10
nm. Quantitative NMR shows that the ligand density of MTAB-AuNSs is size-dependent. Ligand density ranges from ~3 molecules
per nm? for 25 nm particles, and up to 5 — 6 molecules per nm? in ~10 nm and smaller particles for in situ measurements of bound
ligands; after I/I" treatment to etch away the gold cores, ligand density ranges from ~2 molecules per nm? for 25 nm particles, and
up to 4 — 5 molecules per nm” in ~10 nm and smaller particles. T, relaxation analysis shows greater hydrocarbon chain ordering and
less headgroup motion as the diameter of the particles increases from 1.2 nm to ~13 nm. Molecular dynamics simulations of 4, 6, and
8 nm (11-mercaptoundecyl)trimethylammonium bromide (MUTAB) capped AuNSs confirm greater hydrophobic chain packing or-
der and saturation of charged headgroups within the same spherical ligand shell at larger nanoparticle sizes and higher ligand densities.
Combining the NMR studies and MD simulations, we suggest that the headgroup packing limits the ligand density, rather than the
sulfur packing on the nanoparticle surface, for ~10 nm and larger particles. For MTAB-AuNRs, no chemical shift data nor ligand
density data suggest that two populations of ligands that might correspond to side-ligands and end-ligands exist; yet T, relaxation

dynamics data suggest that headgroup mobility depends on aspect ratio and absolute nanoparticle dimensions.

INTRODUCTION

Synthetic inorganic nanoparticles are often functionalized
with an organic ligand shell, such as surfactants and polyelec-
trolytes, to improve colloidal stability in water and to facilitate
their biological or environmental applications. The molecular
composition and conformation of the ligand shell are crucial to
the chemical and biological behavior of the nanoparticles.' Thi-
olated ligands are known to bind strongly to gold nanoparticles
and form self-assembled monolayers (SAMs), which impart
colloidal stability and desired functionality to the nanoparti-
cles.? Surface functionality of SAMs on gold nanoparticles also
plays an important role in nanoparticle cytotoxicity.’> Spectros-
copy and microscopy techniques, including UV-Vis*, FTIR?,
XPS*%, TEM’, and STM?, have been explored to investigate the
chemical environment of SAMs on gold nanoparticles. How-
ever, the determination of the ligand conformation at the mo-
lecular level is still challenging.’

Nuclear Magnetic Resonance (NMR)-based approaches pro-
vide great potential in elucidating the surface chemistry of lig-
and shells on nanoparticles in solution.'” NMR has been used
previously to investigate ligand shells on nanoparticles, to dis-
criminate between bound and free ligands, to identify and quan-
tify bound ligands, and to understand the binding mode of lig-
ands and their dynamics.”''"'® Recent work has used NMR to

infer protein orientation and conformation when bound to na-
noparticle surfaces.'”'® The majority of the reported NMR stud-
ies on small molecule SAMs on gold nanoparticles have been
limited to isotropic spherical nanoparticles with diameters less
than 6 nm. This is partly due to the relative low sensitivity of
NMR, which requires a very concentrated nanoparticle sample.
Typical gold nanoparticle colloidal solutions, for instance, are
nM to uM in particles and the concentration limit for the larger
nanoparticles is inherently lower because of their larger vol-
umes. Moreover, ligands that are associated with larger nano-
particles experience significant line broadening, which can ob-
scure peak assignments and integration. On the other hand,
chemical shift, quantitative NMR, and T, relaxation experi-
ments can provide crucial molecular-level information on the
ligand shell in solution, which is inaccessible with other tech-
niques. '

To overcome the aforementioned problems of using NMR to
study ligand environment on larger nanoparticles, we synthe-
sized (16-mercaptohexadecyl)trimethylammonium bromide
(MTAB) and used MTAB SAMs on gold nanoparticles
(AuNPs) as a model for solution NMR analysis (Scheme 1).
MTAB-AuNPs are very stable in aqueous solution at very high
particle concentrations, allowing the low sensitivity of NMR to
be overcome." The protons in the trimethylammonium head-
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Scheme 1. A cartoon of the MTAB monolayer binding to a
gold surface.
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groups that are exposed to the solvent are the most mobile pro-
tons in the ligand, which makes them suffer the least from line
broadening.” Furthermore, their chemical shift is ~ 2 ppm away
from that of the interfering protons in the methylene main chain.
Taken together, we choose these protons to infer ligand pack-
ing, mobility, and conformation.

It is known that the conformation of SAMs on gold nanopar-
ticles less than 5 nm is highly dependent on the nanoparticle
size and the surface curvature.?' To further investigate the role
of surface curvature on the ligand environment, and to examine
the upper limit of the nanoparticle size that is suitable for NMR
analysis, MTAB-AuNSs of sizes ranging from 1.4 nm to 25 nm
were synthesized and analyzed by solution NMR. We used
complementary MD simulations to investigate (11-mer-
captoundecyl)trimethylammonium bromide (MUTAB), an an-
alog of MTAB, on 4, 6 and 8 nm MTAB-AuNSs at different
ligand densities. These simulations provide exquisite detail on
the typical positions of the ligands at each of these three diam-
eter sizes. Indeed, the NMR determined ligand packing order
and headgroup mobility are seen to be commensurate with the
structuring of the ligands seen in the MD simulations. For ani-
sotropic nanoparticles such as gold nanorods (AuNRs), many
experimental studies have inferred preferential reactions at the
ends of the rods compared to the sides.”*** One key rationaliza-
tion of anisotropic reactivity is a purported difference in ligand
packing density on the ends vs. the sides of the rods; but no
definitive proof, for instance by quantitative light-element im-
aging, has yet appeared.”*”® To investigate the potential differ-
ences between ligands at the ends and at the sides of AuNRs,
MTAB-AuNRs with aspect ratios ranging from 1.4 to 3.9 were
synthesized, in which the ligand side population and end popu-
lation might be different, and analyzed by solution NMR.

EXPERIMENTAL SECTION

Materials and instrumentation. All chemicals used in na-
noparticle synthesis and functionalization, ligand synthesis, and
NMR analysis (chloroauric acid, trisodium citrate, cetyltrime-
thylammonium bromide (CTAB), sodium borohydride, silver
nitrate, hydrochloric acid (37%), 16-hexadecanediol, potassium
thioacetate, acetyl chloride, hydrobromic acid (48 % aqueous
solution), acetic anhydride, trimethyl amine solution in ethanol
(4.2 M), anhydrous tetrahydrofuran, methanol, ethyl acetate, ac-
etone, chloroform, maleic acid, iodine, potassium iodide, ben-
zoic acid, CDCl; and D,0) were obtained from Sigma-Aldrich
and used as received.

After synthesis, nanoparticles were characterized by UV-Vis
spectroscopy, dynamic light scattering (DLS), zeta potential
analysis, and transmission electron microscopy (TEM). Con-
centrations were determined either according to published UV-
Vis extinction coefficients or ICP-MS of digested solutions of
known extinction.”’*° UV—Vis spectra were measured with a
Cary 5000 UV—Vis—NIR spectrophotometer (Agilent Technol-
ogies). DLS and zeta potentials were measured by a Malvern
Zetasizer Nano-ZS (Malvern Panalytical Ltd.). Transmission

electron microscopy (TEM) images of MTAB-AuNPs were
collected by JEOL 2100 Cryo microscope (JEOL Ltd., Tokyo,
Japan) in the Frederick Seitz Materials Research Laboratory,
Central Facilities at the University of Illinois. Average sizes,
lengths, widths, aspect ratios were determined by ImageJ soft-
ware (National Institutes of Health). At least 300 particles were
counted to determine the dimensions of each batch of MTAB-
AuNPs. Inductively coupled plasma mass spectrometry (ICP-
MS) was used to determine the gold concentration of each di-
gested solution. A minimum of three measurements were taken
for each batch of MTAB-AuNPs using a PerkinElmer Elan
DRCe/NexION 350D ICP-MS instrument (PerkinElmer Inc.) in
the Microanalysis Laboratory at School of Chemical Sciences
at the University of Illinois.

MTAB-AuNPs were dispersed in deuterated water (99 atom
% D). Released MTAB ligands were dissolved in CDCl; (99.8
atom % D). Nuclear magnetic resonance (NMR) spectra were
acquired using a Varian Unity Inova narrow-bore 500 MHz
(UI500NB) spectrometer and Varian Unity Inova narrow-bore
750 MHz (VNS750NB) spectrometer (Varian Inc.) at 298.15 K.
Spectra were processed with MNova (Mestrelab Research).
Chemical shifts are reported in parts per million (ppm) and are
referenced to the residual proton solvent peak. Water suppres-
sion was not used. Spinning was turned off for all experiments.
T, was measured by the inversion recovery method. T, was
measured by introducing the Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence and plotting the fitted peak area against
decay time. The recycling time was set to 10 s, which is more
than 5 times longer than the T, of the protons of interest. For
quantitative NMR analysis, a known amount of maleic acid
(with D,O as solvent) or benzoic acid (with CDCI; as solvent)
was added as internal standard and peak integrations were com-
pared to this internal standard. Acquisition time was set to 2
seconds. Relaxation delay was set to at least 5 times of T; of the
internal standard used (10 seconds for UIS00NB and 15 seconds
for VNS750NB).

MTAB ligand synthesis. MTAB ligands were synthesized
by a modified reported 4-step method.' See supporting infor-
mation for detailed synthesis procedures and 'H NMR, "“C
NMR and MS characterization (Figure S4-S6). MTAB slowly
oxidized over time to its disulfide (Figure 3, Figure S5). Both
thiol and disulfide form SAMs on gold nanoparticles.’!

MTAB-AuNP synthesis. In a typical synthesis, citrate- or
CTAB-stabilized gold nanoparticles are first synthesized and
then MTAB ligands are exchanged at elevated temperature in
excess. See supporting information for detailed synthesis pro-
cedures.

MTAB-AuNP dissolution. MTAB-AuNPs were treated
with I/I' by a modified procedure.*? In a typical reaction, 100
pL of MTAB-AuNPs from the NMR measurement was added
to 2 mL aqueous solution containing 0.5 M I, and 2 M KI under
gentle stirring. After 48 hours, CHCl; was added to the solution
to extract the released ligands (1 mL each, three times). The ex-
tracted ligands were dried by rotary evaporation before 600 puL
of CDCl; was added. A known amount of benzoic acid was
added as internal standard. Quantitative NMR was used to de-
termine the concentration of released ligands.

Molecular dynamics simulations. Computational structures
of AuNSs at sizes 4, 6, 8 nm in diameter were constructed
through a sequence of steps: placing gold atoms at least two
atomic radii apart within a sphere, heating the system to 1400
K, slowly cooling to 300K, and equilibrating at 300K. We used
(11-mercaptoundecyl)trimethylammonium bromide (MUTAB)
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as a simplified model for MTAB. The OPLS-AA force field is
used to model the interactions of MUTAB ligands.*® Previous
simulation studies of SAMs on gold surfaces with chain lengths
in the range of 9-20 carbons have shown that the hydrophobic
chain packing dominates the structure with a negligible effect
of the headgroup chemistry on the positioning of head-
groups.**** The interaction between the gold atoms is modeled
using a Lennard-Jones potential initially with the parameters
specified by Heinz and co-workers.3® The Lennard-Jones pa-
rameters for the interaction potential between gold atoms em-
ployed in simulations of MUTAB functionalization onto gold
were subsequently adjusted so that the gold-carbon parameters,
after applying geometric mixing rules, fit those developed by
Landman and co-workers to model alkane adsorption onto gold
surfaces.’” The adjusted parameter for gay.au is 1.55 kcal/mol
and for Gay-au 15 2.629 A.

To simulate ligand attachment, a Morse potential was used
for the interaction between sulfur and gold atoms, using the pa-
rameterization of Ghorai and Glotzer.>* MUTAB ligands were
placed with sulfur atoms near the nanoparticle surface with the
AuNS fixed at the center of the simulation box, and simulations
were run for 0.1 ns at 300 K. We subsequently defined harmonic
bonds between sulfur atoms and their nearest gold atoms. The
system was equilibrated for 2 ns at 300 K, and then heated for
3 ns at 400 K, following the protocol of Luedtke and Land-
man.*® The system was re-equilibrated for 10 ns at 300 K and
until a convergence in the average tilt angle of ligands was
reached (Figure S16). Production simulations for an additional
10 ns were then run to obtain data for analysis with samples
collected once every picosecond, and are used in constructing
the figures.

Packmol was used to construct initial configurations for
AuNS synthesis and to distribute MUTAB ligands on the AuNS
surface at 4.0 and 6.0 molecules per nm* densities.*® All simu-
lations were propagated using LAMMPS at 2 femtoseconds per
timestep.*’ Periodic boundary conditions were employed with a
10 A cutoff for pairwise interactions at constant NVE condi-
tion—that is, number of atoms N, volume V, and energy E. A
Langevin thermostat with a damping constant of 10 ps™ pro-
vided energy dissipation and maintained the average energy vis-
a-vis effective temperature. The particle-particle particle-mesh
(PPPM) method was used to calculate electrostatic interactions
with explicit bromide counterions included to neutralize each
ligand. The relative permittivity was set to 80.1 so as to repre-
sent water. Box sizes were chosen so that the total bromide con-
centration was 0.136 M.

RESULTS

MTAB-AuNP synthesis and characterization. TEM im-
ages and UV-Vis spectra of the obtained MTAB-AuNPs con-
firm that the particles are reasonably monodisperse (Figures 1
& 2). The TEM size distributions and UV-Vis spectra of
MTAB-AuNPs are consistent with reports from the litera-
ture.?#!42 MTAB-capped gold nanospheres (MTAB-AuNSs)
remain stable for at least five rounds of centrifugation and re-
dispersion."” After MTAB ligand exchange, it is difficult to di-
rectly centrifuge gold nanospheres with diameters less than 10
nm. Therefore, we purified these nanospheres by first adding
acetone and then centrifuging the solution, washing precipitates
twice with acetone before vacuum-drying, and redispersing in
D,0. The localized surface plasmon resonances (LSPR) of the
obtained MTAB-AuNSs red-shift from 521 nm to 529 nm as
the size increases from 4.8 nm to 25.4 nm (Figure 2). For NMR,
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“mini” gold nanorods (MTAB-AuNRs) were prepared accord-
ing to a recently published seed-mediated growth procedure.?®
The longitudinal LSPR of MTAB-AuNRs shift from 527 nm to
770 nm as the aspect ratio of the nanorods increases from 1.4 +
0.3 t0 3.9 + 0.6 (Figure 2). The residual unreacted seeds (~1.5
nm) were found to complicate the NMR analysis and were re-
moved by multiple rounds of centrifugation. The characteriza-
tion data for the library of MTAB-coated gold nanoparticles are
provided in supporting information (Table S1 & S2).

NMR analysis of MTAB-AuNSs. Figure 3 shows the 'H
NMR spectra obtained for MTAB-AuNSs with diameters rang-
ing from 1.2 nm to 25.0 nm. Only two broadened proton signals
can be differentiated for MTAB ligands on nanoparticles: an
NMR resonance centered at about 3 ppm (containing mostly

8 " p W '.
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Figure 1. TEM images and histograms of MTAB-AuNSs and
MTAB-AuNRs. For spheres, mean diameters with one standard
deviation from the mean are: A: 1.2+ 0.3 nm. B: 4.8+ 1.1 nm. C:
6.4+1.1nm. D:82+0.9 nm. E: 10.8+ 0.8 nm. F: 13.4+ 1.2 nm.
G: 19.3 + 3.0 nm. H: 25.0 = 4.4 nm. Scale bars: 20 nm. Aspect
ratios of MTAB-AuNRs are: I: 1.4 £ 0.3. J: 2.3 £ 0.6. K: 3.2 +
0.7. L: 3.9 £ 0.6. Scale bars: 50 nm.

Extinction
Extinction

00 S0 600 00 800 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 2. Normalized UV-Vis spectra of MTAB-AuNSs (left)
and MTAB-AuNRs (right) of various dimensions. The UV-Vis
spectrum of MTAB-AuNSs (1.2 £+ 0.3 nm, A in Figure 1) is not
included because their size is too small to support surface plas-
mons. B: 4.8+ 1.1 nm. C: 6.4+ 1.1 nm. D: 82+ 0.9 nm. E: 10.8
+0.8nm. F: 13.4+ 1.2 nm. G: 19.3+£3.0 nm. H: 25.0 £ 4.4 nm.
Aspect ratios of MTAB-AuNRs: I: 1.4 +£0.3. J: AR: 2.3 +0.8.
K: AR:3.2+009.L: AR: 3.9+ 0.7.
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Figure 3. '"H NMR spectra of free MTAB ligand (bottom, in or-
ange) and MTAB-AuNSs of given diameters in D,O. A: 1.2+ 0.3
nm. B: 48+ 1.1 nm. C: 6.4+ 1.1 nm. D: 82 + 0.9 nm. E: 10.8 +
0.8nm. F: 13.4+ 1.2 nm. G: 19.3 + 3.0 nm. H: 25.0 + 4.4 nm. The
concentration of each sample is given in Table S1. Detailed 'H
NMR spectrum of free MTAB is shown in Figure S5. {: Residual
acetone signal. I: Signal from impurities from plastic centrifuga-
tion tubes. §: Residual CTAB signal. *: Signal from the head group
protons in MTAB disulfide. The other sharp NMR peaks come
from unknown impurities.

headgroup protons) and an even broader NMR resonance cen-
tered at about 1.3 ppm (containing mostly main chain protons).
Headgroup protons, farther away from the core, suffer less
broadening than main chain protons; as a result, the headgroup
proton resonance is less broad than those of the main chain pro-
tons. 2’44 The headgroup proton resonance and main chain pro-
ton resonance in MTAB-AuNSs (gold core 1.2 + 0.3 nm) show
a mono-exponential diffusion decay with the same diffusion co-
efficient of 38 um?/s measured by diffusion-ordered spectros-
copy (DOSY), which yield a hydrodynamic diameter of 13 nm
calculated by the Stokes-Einstein equation. Hydrodynamic
sizes of the other particles studied in this paper are measured by
dynamic light scattering (DLS) and are provided in Table S1 &
S2 in the supporting information. No overlaping sharp peak in-
dicate that free MTAB ligands are at low enough concentrations
to not be detected by NMR. The main chain proton signals grad-
ually broaden into the baseline as the size of nanoparticles in-
creases, whereas the headgroup proton signals can still be de-
tected for nanoparticles of sizes up to 25 nm. 'H NMR spectra
of 25 nm MTAB-AuNSs were also measured by another NMR
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Figure 4. Dependence of the chemical shift of the headgroup pro-
tons of bound MTAB as a function of gold nanosphere diameter.
Error bars for chemical shifts are smaller than the squares. Free
MTAB is at 0 diameter.

instrument with 3-fold higher proton sensitivity (Figure S7).
The headgroup peak integration compared to the internal stand-
ard is almost the same, but the main chain proton peak integra-
tion is significantly higher, which suggests that the headgroup
protons can still be fully detected by 'H NMR. MTAB-AuNSs
with a diameter of 33 nm were prepared with a particle concen-
tration of about 100 nM, but the headgroup proton signals were
already broadened into the baseline under the same measure-
ment conditions, we conclude that for MTAB-AuNSs, ~25 nm
is the largest size that is suitable for NMR analysis (Figure S8).
Concentrations of the samples used are provided in Table S1 in
the supporting information.

Chemical shift. Chemical shifts of the headgroup proton sig-
nals depend on the size of the gold nanospheres (Figure 4). The
chemical shift of the headgroup protons in the free MTAB lig-
ands is 2.99 ppm. We observe a gradual downfield shift in the
headgroup proton signals from 3.05 ppm to 3.23 ppm as the size
of the nanospheres increases from 1.2 nm to 10.8 nm. Then the
chemical shift plateaus after the size of nanoparticles reach be-
yond 10.8 nm.

The chemical shift of thiol ligands is known to be not only
determined by their chemical structures but also by their neigh-
boring ligands.® For single moiety ligand shell such as MTAB,
the chemical shift of headgroup protons is dependent on the
MTAB packing density: the number and/or distance of neigh-
boring positively charged headgroups affect the electron den-
sity of headgroup protons. The 'H NMR signals (in D,O) of the
MTAB head group protons shift downfield from 2.99 ppm to
3.07 ppm when forming MTAB disulfide (Figure 3, Figure S5).

The trend in chemical shift is similar to what is observed for
the MTAB analog CTAB as a function of concentration: as
CTAB transition from single molecules to premicelles, to
spherical micelles, and finally to rod-shaped micelles in water
upon increasing concentration, the headgroup proton signals
shift downfield from 2.98 ppm to 3.11 ppm (Figure S9).** For
MTARB on gold nanospheres, the similar trend in chemical shift
from 2.99 ppm to 3.23 ppm suggests that MTAB packing den-
sity increases as particle size increases, up to 10.8 nm. Beyond
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10.8 nm, MTAB headgroups are saturated on the gold nanopar-
ticle surface. The headgroups might form a more ordered struc-
ture on the particle surface compared to CTAB micelles.

Ligand density. Since the headgroup protons can be fully
detected by '"H NMR for sizes up to 25 nm, we can potentially
use the headgroup proton peaks as a probe to quantify the lig-
ands on nanoparticles by quantitative 'H NMR analysis using
an internal standard. Maleic acid was used as an internal stand-
ard because its proton signals do not overlap with the MTAB
headgroup protons and it does not interact with MTAB ligands.
The headgroup proton peaks are fitted so that the o proton con-
tribution is excluded in the calculation. The peak area (PA) from
Gaussian-Lorentzian line fitting is used for NMR quantifica-
tion. Equation 1 is used to calculate the total molar concentra-
tion of MTARB ligands coMT ABjpyna it

A 2 N PAOMTAB head groupu
¢ bouna= g PAoMaleic acidu

X coMaleic acidu olu

where coMaleic aciduis the molar concentration of maleic
acid molecules, and the 2/9 ratio reflects the relative number of
protons in the two molecules. For MTAB-AuNSs with sizes
larger than 12 nm, the molar concentration of gold nanoparti-
cles coAuNSuwas obtained by UV-Vis spectroscopy through
reported extinction coefficients in the literature.®® For MTAB-
AuNSs with sizes smaller than 12 nm, the molar concentration
of gold nanoparticles coAuNSuwas obtained by a combination
of mass concentration yaduufrom ICP-MS and the radius of
gold nanoparticles r determined by TEM according to Equation
2

yoduu yaduu

VaduNSux N, 4
U A §m"3 X P X Ny

coAuNSu= 2)
where p 4, is the density of gold and N, is the Avogadro con-

stant. Equation 3 is used to calculate the total gold surface area
SAp from ¢ cAuNSuand r.

SA; = caduNSux 4mr? x V. (3)
where V is the volume of the AuNS solution. Finally, Equa-
tion 4 is used to calculate ligand density d:
COMTAByy g tX V

dpound = SA
T

1 cOMTABy pynq UX T
=3Pl T o

One might argue that since the headgroup proton peaks are
broad, the processing of the NMR spectra such as baseline cor-
rection and peak fitting may cause integration errors. Therefore,
we also used an indirect method to quantify the ligand density.
Io/I" was used to etch the gold core in MT AB-AuNPs and release
the surface bound MTAB ligands. Compared to other gold etch-
ant such as aqua regia that may oxidize MTAB ligands and cy-
anides that form side products such as thiocyanide (Figure S11),
I/T is much milder and no side reactions were observed from
NMR (Figure S12). Since MTAB and its disulfide do not dis-
solve in water under room temperature after being released,
CHCI; was used to extract the released the ligands. We found
that no more free ligands can be extracted after 48 hours of re-
action. Benzoic acid was used as an internal standard because
its proton signals do not overlap with the MTAB headgroup
protons and it does not interact with MTAB ligands.

Similar to ligand quantification of surface bound ligands dis-
cussed above, Equation 5 is used to calculated the molar con-
centration of released MTAB ligands

Journal of the American Chemical Society
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Figure 5. Dependence of ligand density of the headgroup protons
of bound MTAB as a function of gold nanoparticle diameter.
Blue dots: data from in situ quantitative NMR integration relative
to a maleic acid internal standard. Orange dots: data from exper-
iments in which the gold was digested and free ligands were
quantified relative to a benzoic acid internal standard.

1 PAOMTAB head groupu

OMTAB u= -
c released 9 PAoBenzoic acidu

X coBenzoic acidu obu

The ligand density determined by released ligands can be ob-
tained by equation 6

d _ COMTABreIeasedu
released COMTABbmdu
The error bars can be calculated by

7, o
cr_d:Jc caM‘TABu,'ugd cymiuu:g d r:r.ruz d7u
d coMTABu yoduu T

X dbound obu

For ligand quantification of surface bound MTAB, the coef-
ficient of variation in coMTABufrom qNMR is estimated to be
20%, and 10% for yoAuufrom ICP-MS analysis. The coeffi-
cient of variation of gold nanoparticle radius r can be deter-
mined by TEM size distribution. For ligand quantification of
released MTAB, the coefficient of variation in caMTABufrom
gNMR is estimated to be 10%.

Figure 5 shows the relationship between the ligand density
and the sizes of the nanospheres. The error bars in Figure 5 com-
bine that of particle size heterogeneity from TEM, gold content
quantification from ICP-MS measurement and of the ligand
quantification from quantitative NMR as described above. The
MTAB ligand density is size dependent from both methods: the
ligand density decreases as the size of the nanoparticles in-
creases, from ~5-6 MTAB molecules per nm’ to ~3 MTAB
molecules per nm? if we directly quantify the bound MTAB lig-
ands, or from ~4-5 MTAB molecules per nm? to ~2 molecules
per nm? if we quantify the released MTAB ligands after I/I
treatment, as nanosphere size increases from 4.8 nmto 25.0 nm.
The 1.2 nm spheres showed some aggregation under TEM
(more than 50 nm), which is not detectable by NMR; but this
sample heterogeneity reduced our confidence in the accuracy
for these very small particles (Figure S10).

T, relaxation and peak width. T relaxation, or spin-spin
relaxation, is a measure of the decay constant for the component
of magnetization perpendicular to the external magnetic field.'
T2 can be measured by introducing the Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequence.**” In this method, an initial 90-
degree pulse is applied, followed by a series of 180-degree spin
echo pulses. The decay time between the spin echo and the next
180-degree pulse was varied, and T2 can be obtained by fitting
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Figure 6. Dependence of T (orange line) and T>" (blue line) of
the MTAB headgroup protons as a function of gold nanoparticle
diameter.

the magnetization (peak area from Gaussian-Lorentzian fitting)
to a mono-exponential function:

My otu= M0~/ (8)

T, relaxation is caused by transient magnetic fields which are
usually due to molecular motion. For bound ligands, it has been
established that the isotropic tumbling of the entire nanoparti-
cle, the motion of a ligand with respect to the nanoparticle and
to each other all contribute to T».!® As the size of the nanoparti-
cle increases, the slower they tumble and the motion of'the lig-
and decreases due to the increasing hydrocarbon chain packing.
Therefore, T2 of the bound ligands shortens as the size of the
nanoparticle increases. For a homogeneous system, T, is in-
versely proportional to the peak width (pw, linewidth at half
height):

T, = 1/or X pwu (9)

Due to the heterogeneity within the NMR instrumentation
and sometimes within the sample itself, T calculated by peak
width, which is referred to T»", is almost always larger than the
T, determined by the CMPG pulse sequence. Equation 9 sug-
gests that protons with slower molecular motion show broader
NMR peaks. However, the relationship between the peak width
of the MTAB headgroup protons and nanoparticle size is more
complicated than we expected: the fitted peak width decreased
from 334 Hz to 216 Hz, or T> increased from 0.9 ms to 1.5 ms,
as the size of the nanoparticle increased from 4.8 nmto 13.4 nm
(Figure S13). On the other hand, T> relaxation times determined
by the CMPG pulse sequence decreased from 20 ms to 0.6 ms
as the size of nanoparticles increased from 1.2 nm all the way
to 25 nm. If we compare T>" and T, their difference is negligi-
ble after 13.4 nm (Figure 6).

We attribute the T» and T,  differences for nanoparticles
smaller than 13.4 nm to the heterogeneous chemical environ-
ment of the headgroups. The observed NMR resonance enve-
lope is composed of a distribution of sharper resonances caused
by different chemical environment of headgroups.* The incom-
plete hydrocarbon chain packing creates free volume in space
available for headgroups at high surface curvatures. As the size
of the nanoparticle increases, the degree of hydrocarbon chain
packing increases, so that there is less space available for head-
groups to move, and less differences between T, and T," are
observed. When the size of the nanoparticles reaches 13.4 nm
and beyond, T and T, differences are less than 0.3 ms, which

suggests that other problems that may also contribute to ob-
served differences in T» and T»", such as magnetic field inho-
mogeneity and temperature gradient across sample, are negligi-
ble compared to headgroup inhomogeneity. Thus, chemical en-
vironment of the MTAB headgroups can be considered homo-
geneous as the size of the nanoparticles increases beyond 13.4
nm. Overall, the trend is that the headgroup motion decreases
as particle size increases.

Molecular dynamics simulations. We used molecular dy-
namics simulations to study the structure of the MUTAB ligand
layer on 4, 6, and 8 nm AuNSs at ligand densities of 4.0 and 6.0
molecules nm?—the minimum and maximum in the range of
ligand densities determined for 4 and 8 nm AuNSs (Figure 5).
Representative images of MUT AB-AuNSs show that MUTAB
forms islands on the nanoparticle surface (Figure 7). The for-
mation of ligand islands is attributed to the competition between
hydrophobic chain packing and the free volume in space avail-
able per ligand particularly at high surface curvatures.’*** To
quantify the structural changes in the MUTARB layer as a func-
tion of AuNS size and ligand density, we calculated the radial
distribution function, g(r), between the AuNS center of mass
and nitrogen atoms in the headgroup of MUTAB (Figure 8) and
the g(r) between all pairs of nitrogen atoms (Figure 9). The
a(r)'s were obtained using histograms with bin sizes of 0.1 A
averaged over 5000 frames per trajectory for five trajectories
per AuNS size and ligand density and normalized by the annular
volume. The g(r)’s for individual trajectories are available in
the Supporting Information (Figure S14 & S15).

At a ligand density of 4.0 molecules nm?, the g(r) between
the AuNS center and MUTAB headgroups for 4 nm AuNSs
shows peaks that appear near the surface (Figure 8). This sug-
gests that a significant number of ligands lie along the AuNS
surface. As the AuNS size increases and curvature decreases,
there are fewer ligands lying on the nanoparticle surface, as
shown by the disappearance of the peaks near the surface, des-
ignated as 2 nm, 3 nm, and 4 nm from the nanoparticle center
for 4, 6, and 8 nm AuNSs, respectively (Figure 8). The hump

A1) AZ)
B1) B2)
c1) C2)

Figure 7. Simulation snapshots of MUTAB-AuNSs with the fol-
lowing size and ligand density: Rows A, B and C correspond to
4 nm, 6 nm, and 8§ nm diameters, respectively; and Columns 1
and 2 correspond to 4.0 molecules nm™ and 6.0 molecules nm=2
ligand densities. Gold atoms are shown in yellow, sulfur in
green, carbon in gray, hydrogen in white, and nitrogen in blue.
Bromide counterions are removed for clarity.
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between peaks at the surface and the major peak also disappears
as the nanoparticle size increases. The greater spatial distribu-
tion of MUTAB headgroups on smaller AuNSs is attributed to
an increase in chain packing disorder due to greater free volume
per ligand and the greater tilt of chains particularly on the edges
of the ligand islands as ligands pack along AuNSs of higher sur-
face curvature.***3*° Further, the disappearance of the hump
and the increase in magnitude of the major peak suggest that
MUTAB ligands on 8 nm AuNSs are more ordered, standing
more upright with decreased tilt due to greater hydrophobic
chain packing on the nanoparticle surface. At a higher ligand
density of 6.0 molecules nm?, the g(r) between the AuNS cen-
ter and MUTAB headgroups reveals a single major peak for all
AuNS sizes (Figure 8). The g(r)’s show a more pronounced tail
near the surface of 4 nm AuNSs and sharper peaks for the larger
AuNSs, signifying greater chain packing order at lower surface
curvatures and higher ligand densities.

8 T T T T T
7L 4nm - 4.0 mcles nm2 ]
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8 t t t t t
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o

Figure 8. Radial distribution function, g(»), between the nano-
particle center of mass for 4, 6, and 8 nm AuNSs and the nitro-
gen atoms of MUTAB at ligand densities of 4.0 and 6.0
MUTAB molecules nm™.
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Figure 9. Radial distribution function, g(r), between all pairs of
nitrogen atoms in the headgroup of MUTAB at ligand densities of
4.0 and 6.0 MUTAB molecules nm?. The coordination number
(C.N.) of MUTAB headgroups is determined by taking the inte-
gral under the first peak in each g(r).
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Measuring the distance between all pairs of nitrogen atoms,
we find that the nearest neighbor for each MUTAB headgroup
is 5.4 A away independent of AuNS size and ligand density
(Figure 9). The coordination number of each headgroup in-
creases and approaches the hexagonal packing limit of 6.0 with
both increasing AuNS size and ligand density. Figure 8 and 9
combined suggest that for smaller AuNSs and at lower ligand
densities, there is a greater spatial distribution of headgroups
relative to the AuNS surface with smaller coordination number
per headgroup. For larger AuNSs and at higher ligand densities,
a higher coordination number per charged headgroup and
greater chain packing order lead to the accumulation of high
charge density within the same spherical shell relative to the

L .
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Figure 10. '"H NMR spectra of free MTAB ligands and MTAB-
AuNRs of various aspect ratios. I: 1.4+ 0.3.J: 23+ 0.6. K: 3.2+
0.7. L: 3.9 + 0.6. The short and long axis of the nanorods are
provided in Table S1.
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Figure 11. Chemical shift of the headgroup protons of bound
MTAB on gold nanorods as a function of gold nanorod aspect
ratio. Free MTAB is at “0” aspect ratio.
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nanoparticle center, which could explain the downfield shifts in
headgroup protons observed under such conditions by NMR ex-
periments.

NMR analysis of MTAB-AuNRs. Compared to the ligand
environments on gold nanospheres, MTAB ligands on gold na-
norods potentially have two different chemical environments:
at the sides and the ends of the nanorods. It is believed that the
curved surface at the ends of the gold nanorods causes the hy-
drocarbon chains to be less densely packed.”? We undertook
NMR studies to assess the ability of NMR to distinguish be-
tween ligands bound to different spatial locations on these ani-
sotropic colloids.

To minimize the undesired line broadening, “mini” gold na-
norods were prepared for studying the differences of ligand en-
vironment between the ends and sides of the rods.” Figure 10
shows the 'H NMR spectra obtained for MTAB-AuNRs with
aspect ratios ranging from 1.4 to 3.9. Concentrations of the sam-
ples used are provided in Table S2. Similar to MTAB-AuNSs,
the headgroup proton peaks in MTAB-AuNRs are also broad-
ened and shifted to downfield with no overlapping sharp peaks,
indicating that MTAB ligands are bound to the gold surface and
no free ligands were observed, while the main chain peaks are
so broadened that they disappear into the baseline.

Chemical shift. Larger aspect ratios of gold nanorods ought
to produce larger side/end ratios of ligand populations. If the
chemical environments or headgroup packing of bound ligands
were sufficiently different on the sides and ends of rods, we
might expect to see two headgroup peaks for the bound MTAB
ligands. However, we observe similar chemical shifts of the
headgroup protons for all the MTAB-AuNRs studied (Figure
11) and those for MTAB-AuNSs larger than 10 nm. According
to the chemical shift study of MTAB-AuNSs, the headgroups
of MTAB on both the sides and ends of the gold nanorods can
be considered to be tightly packed despite the curvature at the
ends of the gold nanorods; therefore, by NMR there is no evi-
dence for distinguishable end and side environments for the lig-
ands.

Ligand density. The MTAB ligand density on gold nanorods
was determined by quantitative NMR studies with two methods
similar to MTAB-AuNSs discussed above. For MTAB-AuNRs
with aspect ratios larger than 2, the molar concentration of gold
nanorods coAuNRu was obtained by UV-Vis spectroscopy
through reported longitudinal extinction coefficients in the lit-
erature.?” For MTAB-AuNRs with aspect ratios smaller than 2,
the molar concentration of gold nanorods ceAulNRuwas ob-
tained by a combination of mass concentration yoAuu from
ICP-MS and length [ and width w of gold nanorods determined
by TEM. Equation 10 and equation 11 was used to calculate the
total gold surface area SA; and gold nanorod volume
VoAuNRu from ¢ cAuNRuand the width w and length [ of
gold nanorods .

SA; = coAuNRux Trw? d mwol — wuBx V

=coAuNRux rwl x V  (10)
I

VoA NRu—4 ot d w2al u=nw? i 11
u —3:-'1'05 mw — wlu=mnw O‘I_lzu olLlu

Ligand density of MTAB-AuNRs calculated from 'H NMR
of bound ligands can be obtained by equation 12.

1 w
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Figure 12. Ligand density for MTAB bound to gold nanorods as a
function of gold nanorod aspect ratio. Blue dots: data from in situ
quantitative NMR integration relative to a maleic acid internal
standard. Orange dots: data from experiments in which the gold
was digested and free ligands were quantified relative to a benzoic
acid internal standard. From equation 12, ligand density d is
cOMTABuwo—=u
——+ 1 Therefore, according to er-
yoduu

ror propagation, error bars can be calculated by g, = p4, Ny X
(caMTABw)z e TABY 5 (ﬂyunu:)2 d (ﬂ_w)2 B
w

found to be p, Ny %
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— 12T 12 d o—=2 d 40=u?d o-u’B
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For ligand quantification of surface bound MTAB, the coefficient
of variation in coMT ABufrom gNMR is estimated to be 20%, and
10% for yoduufrom ICP-MS analysis. The coefficient of varia-
tion of length [ and width w of gold nanorods can be determined
by TEM. For ligand quantification of released MTAB, the coeffi-
cient of variation in coMTABufrom gNMR is estimated to be
10%.

Similar to MTAB-AuNSs, ligand density was calculated after
MTAB ligands were released with [,/ treatment; error bar cal-
culations are given in the caption of Figure 12. Figure 12 shows
the ligand density values calculated from both methods. The er-
ror bars in Figure 12 combine that of particle size heterogeneity
from TEM, gold content quantification from [CP-MS measure-
ment and of the ligand quantification as described above. The
ligand density values range from 2.3 to 3.0 molecules per nm>
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Figure 13. Dependence of T» (orange) and T>" (blue) of the
MTAB head group protons as a function of the aspect ratio of
gold nanorods.
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of gold surface if we directly quantify the bound MTAB lig-
ands, and 1.8 to 2.2 molecules per nm* of gold surface if we
quantify the released MTAB ligands. No significant differences
across gold nanorods of different aspect ratios are observed,
which suggests that the distances between the sulfur atoms in
surface bound MTAB are similar between the sides and ends of
the gold nanorods.

T, relaxation and peak width. Similar to MTAB-AuNSs, T,
and T," were also compared for MTAB-AuNRs of different as-
pect ratios (Figure 13). Mono-exponential decays were ob-
served for MTAB-AuNRs instead of bi-exponential decay that
might have been expected for differential packing at the ends of
sides of rodlike objects (Figure S26-S29). As the aspect ratio
increases, the difference between T, and T," increases. From the
NMR analysis of MTAB-AuNSs, the chemical environment of
the MTAB ligands is highly dependent on the surface curvature.
The observed trend in T, and T," differences for rods is corre-
lated with the decrease in the rod width (from 12.1 + 2.4 nm to
7.4+ 1.0 nm as AR increases from 1.4 to 3.9). Taken together,
the relaxation data suggest that MTAB headgroups are more
heterogeneous on gold nanorods with higher aspect ratios.

DISCUSSION

The literature of self-assembled monolayers of thiols on gold
is vast.? The majority of studies that focus on the details of lig-
and density and conformation are on flat gold surfaces or on
colloidal gold nanoparticles of less than ~6 nm diameter. For
instance, Hékkinen et al. interpreted the 'H spectra of p-mer-
captobenzoic acid capped 1.5 nm gold clusters in solution in
terms of the special ligand environments on the cluster surface
by multidimensional NMR, DFT calculations, and MD simula-
tions.>® Murray et al. investigated dodecanethiolate capped gold
nanoparticles of 1.5 to 5.2 nm in diameter by studying the meth-
ylene stretching modes in infrared spectroscopy (IR), and
showed that ligands adopted a highly ordered conformation on
~4 nm gold nanoparticles in the solid phase. They also analyzed
gold nanoparticles by '"H NMR and showed that NMR signals
are broader as the diameter of the nanoparticles increases from
1.5 nm to 5.2 nm, and the peak broadening causes difficulties
in interpretation.”’ For particles larger than 5 nm, Castner et al.
used ATR-FTIR to investigate the compactness of -COOH ter-
minated SAMs on 14 nm, 25 nm, and 40 nm gold nanoparticles
in the solid phase, and showed that C;sCOOH-SAMs are well-
ordered on 14 nm gold nanoparticles.” To our knowledge, there
are no reports of using NMR to study SAMs on gold nanoparti-
cles larger than ~6 nm. The advantage of using solution-phase
NMR for detailed ligand characterization is that measurements
can be made in situ in aqueous solution, the most relevant envi-
ronment for the many biological applications of these particles;
the disadvantage is the low sensitivity of NMR.'

To overcome the main disadvantage of NMR, colloidal gold
nanoparticle solutions in this study were prepared at concentra-
tions ~100 times compared to those of typical measurements,
without aggregation. The highly charged and somewhat bulky
headgroups of the MTAB ligands helped contribute to this in-
crease in colloidal stability as well as providing a convenient
NMR handle (the solvent-accessible quaternary ammoniums).

For MTAB-AuNSs, the chemical shift analysis of the head-
groups, ligand density analysis and T relaxation analysis allow
us to infer the packing and mobility of the headgroups and the
sulfur atoms respectively in MTAB ligands when bound to gold
nanoparticles of various diameters. One key result is the ligand
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density and the packing of headgroups are not necessarily cor-
related. If we consider Figures 4, 5, and 6, we learn that as the
particle diameter increases, the chemical environment of the
ligand headgroup more and more resembles, and may even pack
denser than that of a well-packed micelle (Figure 4); yet the lig-
and density is largest for the smaller nanoparticles (< 10 nm),
and is smallest for the largest nanoparticles (Figure 5). We are
forced to conclude, then, that for the smaller nanoparticles, the
ligands must be more disordered and mobile, which agrees with
the T, relaxation analysis (Figure 6). The experimental data
agree well with the conclusions from the MD simulations re-
ported above. The pair correlation functions, g(r), in Figures 8
and 9 show that increasing the nanoparticle size leads both to
increased ordering of the headgroups and decreased direct con-
tact between the headgroups and the nanoparticle surface. The
key result from the simulations, illustrated in Figure 7, is the
existence of ligand islands with increased propensity in the
smaller nanoparticles that leads to closer headgroup packing be-
tween proximal ligands than would be seen if they were uni-
formly distributed across the nanoparticle. The consensus inter-
pretation from both the experiments and simulations is summa-
rized in Scheme 2, illustrating how the conformation of MTAB
SAMs on gold nanoparticles changes according to the nanopar-
ticle size.

Ligand densities of MTAB on gold nanospheres and nano-
rods of different diameters/aspect ratios were quantified by
NMR in two independent ways: direct peak integration, relative
to a maleic acid standard, of bound ligands; and peak integra-
tion of released ligands after iodine/iodide etching of the gold
cores, relative to a benzoic acid standard. The numerical values
follow the same trend with sizes (Figures 5 and 12), but the av-
erages differ by ~30-50%, with the in situ measurements sys-
tematically larger than the digested values. Incomplete diges-
tion and/or the ligand losses in the purification process in the
digestion method would cause those calculated ligand density
values to be smaller than the direct, in situ method. The obtained
peak area values after line fitting and baseline correction in the
in situ method may include small contributions from MTAB
non-head group protons, which would cause these calculated
values to be a bit larger than the “true” ligand density. However,
we also note that the error bars in both measurements do overlap
for each sample.

There are many reports of ligand density on SAMs on gold
nanoparticles in the literature, using many different methods.
Some reports suggest that ligand density is size-dependent, sim-
ilar to what we found. As early as 1987, Nuzzo and Dubois et
al. studied methanethiolate SAMs on Au(111) surface under ul-
tra-high vacuum (UHV) conditions, and reported a surface cov-
erage of 0.33, or a ligand density of 4.65 molecules per nm?, by
XPS.3! Murray et al. studied dodecanethiol capped 2.4 nm gold
nanoclusters, and found out that surface coverage is double this
value (0.66), compared to ligands on flat Au(111) surface, com-
bining SAXS and elemental analysis. Their analysis suggested
that the high surface curvature relieves the steric crowding
and/or the reactivity of Au atoms on the surface.** Mirkin et al.
quantified thiolated oligonucleotides on gold nanoparticles of
10 to 200 nm diameters by fluorescence. They also observed
that smaller nanoparticle sizes exhibited larger ligand densities
than larger particles, but the absolute values of ligand density
are smaller than the ones we report here, due to large size of the
oligonucletides.*

Other reports, however, suggest that the ligand density on
gold nanoparticles is size-independent. Lammerhofer et al.
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studied ligand coverage of C3, C11, C16 COOH-SAM:s on gold
nanoparticles of 13 nm to 26 nm in diameter by plotting the ratio
of gold to sulfur amount determined by ICP-MS to nanoparticle
diameter. A linear relationship was observed, implying that the
ligand density is size-independent.>* Millstone et al. also ana-
lyzed the ligand density of C8 and C11 COOH terminated
SAMs on gold nanoparticles of 13 nm and 31 nm in diameter
using NMR to quantify digested ligands and ICP-MS to quan-
tify gold content, and the results also suggest that ligand density
is size-independent.>*

These apparently conflicting reports can be reconciled by
considering the volume of the terminal headgroup on the SAM.
The spherical volume occupied by sulfur, COO™, and N(CH3);*
is 7.24, 8.18, and 82.4 A®, respectively. For ligands with bulky
headgroups and flexible linkers, such as MTAB and DNA,
headgroup size controls ligand density. At small particle sizes,
headgroup jamming is avoided by altered conformations at full
ligand coverage, but at sufficiently large sizes where the head-
groups are saturated on the ligand shells, headgroup sizes and
surface curvature control ligand density (Scheme 2). The com-
puter images captured in Figure 7 and the statistically signifi-
cant structure found through the radial distribution functions of
Figure 9 reveal that MTAB headgroups transition from islands
to uniform coverage with increasing ligand density, and the on-
set occurs at lower ligand density with increasing AuNSs
size. For headgroups that have a similar or smaller size than sul-

Scheme 2. Scheme showing the MTAB conformation
and packing as a function of nanoparticle size.

Scheme 3. Scheme showing for ligands that have head-
groups that are similar or smaller in size than sulfur, lig-
and density should be independent of particle size.

fur bound to the gold surface, such as carboxylic acids, ligand
density is size-independent (Scheme 3).

CONCLUSION

In this work, we have shown that solution NMR spectroscopy
is a robust analytical tool for determining the structural confor-
mation of the ligand shell in situ of both isotropic and aniso-
tropic nanoparticles. In parallel, molecular dynamics simula-
tions provided an atomic resolution of the equilibrium structure
and the transition of the ligand coverage from small to large di-

ameter AuNSs. By studying the chemical shifts, ligand densi-
ties, and T, relaxation behaviors in concert with simulations, we
are able to systematically demonstrate the ligand conformation
of MTAB-AuNSs of sizes from 1.2 nm to 25 nm and MTAB-
AuNRs of aspect ratios from 1.4 to 3.9 in situ in aqueous solu-
tion.
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