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Ligand-coated metal nanoparticles!™? (NPs) are a supra-
molecular assembly of a two-dimensional (2D) monolayer
(the ligand shell) wrapped around a 3D metallic core with
applications in fields ranging from biology® to electronics
and plasmonics.”! The chemical nature of the ligand mole-
cules and the morphology of the ligand shell determines a
large fraction of the particles’ properties."® Thus it is im-
portant to investigate how molecules arrange when assem-
bled around a particle core. Recently,”*! we used scanning
tunneling microscopy (STM) to prove that mixed monolay-
ers, which on flat surfaces phase-separate into randomly
shaped domains,” spontaneously form ordered rings of al-
ternating composition when assembled around a NP core
(see Figure 1). Here, we show that it is possible to use infra-
red (IR) spectroscopy to prove the existence of phase-sepa-
rated domains on NPs. We reason that Fourier transform IR
spectroscopy (FTIR), a simple and common technique, can
be used to screen nanoparticles in order to evaluate whether
their ligand shell is phase-separated or not, even though it
cannot unambiguously distinguish between different domain
shapes (a task left for STM). Murray and co-workers have
studied the IR spectra of homoligand NPs coated with al-
kylthiols of various lengths and assigned most of the
peaks.'”? Detailed analyses of alkylthiol monolayers are pos-
sible because the vibrational spectra of methylene chains
have been extensively studied.!*'

In aliphatic molecules an upward shift of the CH,
stretching frequencies (2900-3000 cm ™) as a function of mo-
lecular environment has often been observed and is a well-
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Figure 1. STM height images of a) 0T-d17/UT (2:1) and b) OT/MPA
(2:1) nanoparticles. The lack of structure of the former is indicative
of the absence of a ripple formation. The striation presented on the
latter are the signature of the formation of ribbonlike domains of
alternating composition.

established phenomenon.">'!l This feature seems to be well
understood and can be ascribed to various phenomena such
as intramolecular conformational disorder,'>'* librotorsion-
al modes,'" and twistons. All these phenomena sustain
longitudinal and transversal diffusion in polymethylene sys-
tems. It has also been suggested,'” but never fully ex-
plained, that similar shifts may also originate from the fact
that some kind of intermolecular coupling effect (electronic
and/or dynamical) takes place. This non-negligible problem
is at present a matter of extensive theoretical and experi-
mental studies." Whatever the origin of the upward shifts
may be, we can assume that chains that do not feel such per-
turbations give rise to a CH, symmetric stretch near
2848 cm™!, while the perturbed ones have their frequencies
up-shifted to approximately 2852 cm™. In the absence of
any ionic species in sp® systems, electronic and/or dynamical
perturbations cannot be cooperative (i.e., long range), but
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are certainly localized on or around each n-alkane mole-
cule; conceptually we then expect at least two absorption
bands to exist at very close frequencies with their intrinsic
width (~15-25cm™) much larger than the experimental
resolution and with their intensities proportional to the con-
centrations of the two “species”. Necessarily the two bands
are strongly overlapping and the changes of their relative in-
tensities will cause, as is common in the spectroscopy of a
two-phase system, an evolution of the observed band shape
and, especially, of the observed single-peak frequency,
which will shift upward or downward following the prevail-
ing concentration of either the perturbed or unperturbed
phases.

In spite of such small shifts, it is possible to use the CH,
stretching frequencies as a probe to distinguish between a
predominantly unperturbed state (~2848 cm™') and a state
where any of the above perturbations are active
(22852 cm™). This, for example, has been experimentally
observed in a mixture of an alkane molecules and their deu-
terated analogues.™

Hence, it is possible, in principle, to use the C-H
stretching frequencies as probes of the molecular environ-
ment, for example, to distinguish between homogeneous
mixing and phase separation in a mixed self-assembled
monolayer (SAM). Only in the case of homogeneous
mixing of two types of molecules (A and B) as the molar
fraction of B increases, the probability that an A molecule
has another A molecule as a nearest neighbor decreases lin-
early. In contrast, in the case of phase separation, as the
molar fraction of B increases a nonlinear variation in the
composition of the nearest neighbors of A, and consequent-
ly in the CH, stretching frequencies, is expected.

To prove our reasoning on homogeneously mixed
SAMs, we studied NPs coated with mixtures of varying
composition of 1-octanethiol (CH;-(CH,),-SH; OT) and its
fully deuterated analogue (OT-d17). This system is an ideal
model for homogeneous mixing because the enthalpic driv-
ing force for phase separation is minimal. The deuteration
of a compound is a common spectroscopic “trick” to investi-
gate and assign specific molecular vibrations. While, to a
first approximation, the deuteration of a compound could
be thought of as unpertubative to its molecular environ-
ment, it has been observed™® that this isotopic substitution
leads to a smaller volume and smaller polarizability of the
C-D bond with respect to the C—H bond. The physical rea-
sons for these changes are to be found in the anharmonicity
of the chemical bonds and consequently to the different
zero-point motion for the C-H or C-D bonds. These
changes are very small but meaningful: In particular, the
change in polarizability implies a change of the attractive in-
termolecular interactions with the surrounding molecules;
this is the reason why mixtures of two alkanes (one deuter-
ated and one not) are subjected to microphase segregation
even when the difference in length of the two molecules is
small.'*'” For hydrogen it has been found that an increase
of the attractive intermolecular interactions, via dispersion
forces, leads to a weakening of the intramolecular bond and
consequently to a downshift of the hydrogen frequency of
vibration."® In contrast, a relative increase of the repulsive
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intermolecular dispersion forces leads to a compression of
the intramolecular bond and an increase in frequency. Thus,
it would be expected for NPs coated with mixtures of one
thiol and its deuterated analogue that the C—H stretching
frequencies would be affected by the relative increase in the
number of close intermolecular interactions between C—H
and C—D bonds, which would cause a slight increase of the
C—H stretching frequencies (due to reduced polarizability
of the C—D bonds) with a linear dependence on the compo-
sition only in case of homogeneous mixing. As expected, we
found a linear increase in the CH, stretching frequency for
decreasing OT molar fraction (Figure 2 a).

We observed a markedly different trend (Figure 2b) of
CH, stretching frequencies as a function of composition for
a series of NPs coated with OT and 3-mercaptopropionic
acid (MPA), known to phase separate!’®! because of cooper-
ative effects of the different dispersion forces and dipolar
interactions between the MPA molecules. As soon as the
molar fraction of MPA increases, the frequency of the sym-
metric and antisymmetric stretching increases (see also Fig-
ure S1 of the Supporting information). New boundaries are
created, leading to an increase in conformational disorder.
Then, for a wide range of compositions, the frequencies
remain almost constant (within experimental errors). The
invariance in frequency in this region suggests that the inter-
molecular forces and the conformational disorder of OT
molecules do not vary with composition, something that can
only be explained by invoking phase separation. It should
be noted that in the flat region, the highest frequency ob-
served was for the equimolar composition. STM data show
that at this composition the narrowest domains are pres-
ent.’) STM images measure the average dimension of two
neighboring phases, but do not distinguish between the two.
The fact that at this composition the measured spacing is
the smallest indicates that this is the composition where the
probability of OT molecules having MPA molecules in prox-
imity (or vice versa) is at its highest, thus matching the
FTIR data. We had already postulated that when the MPA
content exceeds 80%, ribbonlike domains would cease to
exist and become isolated rounded domains.”*! This situa-
tion would lead to OT molecules being found mostly at the
boundaries of extremely small domains. The observed up-
shift in frequency in our plots seems to confirm this picture.

To avoid the overlapping effect of the OT and the MPA
CH, stretching modes, we synthesized and studied NPs
coated with MPA and OT-d;; (CD, stretching frequency
~2090 cm™"). The trend (Figure 2¢) in the CD, stretching
frequencies was found to be analogous to the one shown in
Figure 2b. In these particles, the intensity ratio between the
antisymmetric carboxylate stretching peak (MPA) and the
peaks in the entire CD stretching region (OT-d17) can be
used to estimate the ligand-shell composition (assuming that
the relative intensity of the vibrational peaks is mostly un-
perturbed by the environment). We found this ratio to be in
very good agreement with the stoichiometric ratio used to
synthesize the NPs (Figure 3).

It should be mentioned that all of the NPs were synthe-
sized using a one-phase method!"! to avoid possible contam-
ination with the phase-transfer agent and to have full con-
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Figure 2. a) Plot of the CH, symmetric-stretching frequencies for OT/
0T-d17 NPs as a function of OT-d17 composition. The dotted line is
an interpolated linear trend; it has a correlation coefficient (R? of
0.96. The inset shows a schematic representation of homogeneous
mixing in the ligand shell. b) Plot of the CH, symmetric-stretching fre-
quencies for OT/MPA NPs as a function of MPA composition. The
inset shows a schematic representation of “rippled” phase-separat-
ed domains.”® ¢) Plot of the CD, symmetric-stretching frequencies
for OT-d17/MPA NPs as a function of MPA composition. The dotted
lines are solely meant as a guide for the eye. d) Plot of the CH, sym-
metric-stretching frequencies for OT-d17/UT NPs as a function of OT-
d17 composition. The interpolated linear trend R*=0.98. Throughout
this Communication, the molar composition is based on the stoichio-
metric ratios used during the particle synthesis. All of the FTIR spec-
tra studied were taken by preparing a KBr pellet containing roughly
the same amount of nanoparticles. The pressure used to prepare the
pellet was always the same (10 tonnecm™?) to avoid pressure effects
in the spectra.'® Error bars are the largest variation in frequency
observed for different scans on the same sample and on samples
with the same composition synthesized on different occasions.

trol on the ligand stochiometry; the two-phase synthesis
does have not these properties."” The underlying assump-
tion in this study is that ligand-shell composition variations
do not affect size distributions, thus enabling vibrational
spectroscopy comparisons across all samples. Transmission
electron microscopy (TEM) images show that all of the par-
ticles studied have average diameters in the range of 3.5-
4.8 nm, all with a size distribution characterized by a ratio
of the standard deviation to the average diameter of ~0.25.
A detailed description of the all-size distribution observed
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Figure 3. Plot of the ratio of intensity of the C—O stretching peak to
the sum of the C—O stretching peak and of the C—D stretching region
as a function of stoichiometric fraction of OT(d17) used to synthesize
OT(d17)/MPA NPs. The dotted line (which shows perfect correspond-
dence to stoichiometric ratio between the ligands) is designed to
guide the eye. The inset provides a qualitative cartoon to explain
how the peak intensity ratio was calculated.

can be found in Figure S2 and Table 1S in the Supporting
Information. We have not observed any systematic change
in the average size with OT/MPA composition. Hence any
eventual shift of the C—H frequencies due to the influence
of NP size should be so small as to only affect the error bars
in our measurements.

To prove the validity of our approach, we used FTIR as
a tool to predict and investigate whether phase separation
occurs in the ligand shell of all-aliphatic mixed-ligand NPs.
A series of NPs coated with mixtures of 1-undecanethiol
(CH;-(CH,),o-SH; UT) and OT-d17 of varying ligand shell
composition was studied. The nanoparticles showed a linear
trend in CH, stretching frequencies (Figure 2d), thus sug-
gesting that the ligands on these NPs are not phase separat-
ed. This was confirmed using STM (Figure 1a).

Here we have shown that plots of CH, stretching fre-
quencies versus composition provide evidence for homoge-
neous mixing or for phase separation in the ligand shell of
monolayer-protected gold nanoparticles. FTIR is a much
simpler and more common characterization tool when com-
pared to STM, and thus the approach shown in this Com-
munication could be used in many laboratories to prescreen
nanoparticles in order to determine whether the molecules
that compose the ligand shell are homogeneously mixed or
phase separated. These studies could be also extended to
larger, less-soluble particles and to nanomaterials of various
shapes.

Experimental Section

Materials and methods: 1-Octanethiol, 3-mercaptopropionic
acid, 1-undecanethiol, and sodium borohydride were purchased
from Aldrich. 1-Octane-d17-thiol (OT-d17; 98.5 at% D) was pur-
chased from CDN isotopes (Quebec, Canada). Hydrogen
tetrachloroaurate(1) hydrate (99.9% HAuCl,-xH,0) was pur-
chased from Alfa Aesar. Ethanol (200 proof absolute) was pur-
chased from Pharmco, and acetone was purchased from Mal-
linckrodt Chemicals. All chemicals were reagent grade and were
used as received.
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A Nicolet Nexus FTIR spectrometer was used for measuring
the IR spectra of the nanoparticles. Spectra were taken from KBr
pellets made by sintering mixtures of small amounts of the
nanoparticles and KBr, mechanically prepared at a pressure of
10 tonnecm 2 256 spectra taken at a 1 cm ™! resolution were ac-
quired and averaged for every sample. No smoothing was ap-
plied to the spectra, but a baseline correction was always made
before the determination of the peak frequencies. STM images
were acquired as described in a previously published paper.®

Nanoparticle average core sizes were determined using TEM
images. A JEOL 200CX was used at 200 kV and approximately
200 NPs were counted for every sample.

Nanoparticle synthesis: Nanoparticles were synthesized
using a one-phase method following a previously published
report.'” Briefly, a mixture (in the proper desired ratio) of thiol
molecules was added to an ethanol solution (200 mL, kept at
0°0) of HAuCl, (0.9 mmol) so that the total thiol concentration
was 0.9 mmol. A large excess of NaBH, (26.43 mmol in 200 mL
of ethanol) was added dropwise over 200 min. After the addition
of NaBH, was completed, the solution was stirred for 2 h and
kept in a refrigerator for the following 36 h in order to allow the
NPs to precipitate. The solution was filtered on a quantitative
filter paper (VWR 28297-942) under vacuum and then washed
thoroughly with ethanol and acetone to yield a black powder
(=130 mg).
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