
Internationale Ausgabe: DOI: 10.1002/anie.201500906Mass Spectrometry
Deutsche Ausgabe: DOI: 10.1002/ange.201500906

Development of Experiment and Theory to Detect and Predict Ligand
Phase Separation on Silver Nanoparticles**
Zachary Farrell, Steve Merz, Jon Seager, Caroline Dunn, Sergei Egorov,* and David L. Green*

Abstract: MALDI mass-spectrometry measurements are com-
bined with self-consistent mean-field (SCF) calculations to
detect and predict ligand phase separation on Ag nanoparticles.
The experimental and theoretical techniques complement each
other by enabling quantification of the nearest-neighbor
distribution of a ligand mixture in a monolayer shell. By
tracking a characteristic metallic fragment family, analysis of
a MALDI spectrum produces a frequency distribution corre-
sponding to specific ligand patterning. Inherent to the SCF
calculation is the enumeration of local interactions that dictate
ligand assembly. Interweaving MALDI and SCF facilitates
a comparison between the experimentally and theoretically
derived frequency distributions as well as their deviation from
a well-mixed state. Thus, we combine these techniques to detect
and predict phase separation in monolayers that mix uniformly
or experience varying degrees of de-mixing, including micro-
phase separation and stripe formation. Definition of MALDI
removed as this is a commonly recognized technique.

The interfacial engineering of nanoparticles is an emergent
area of research that is garnering significant interest for
application in areas such as optics,[1] electronics,[2] and drug
delivery.[3] Thus, it is important to exert control over the
interface of nanoparticles, which dictates their degree of
compatibility with and assembly in soft materials,[4] provides
reactive sites for attachment of molecules, such as drug
payloads,[3] and tunes the surface plasmon to a wavelength of
interest.[1] The starting point for interfacial modification is the
self-assembled monolayer (SAM), or the layer of molecules
(i.e., ligands) that form a shell around the nanoparticle. One
strategy for controlling SAM properties involves the use of
two or more ligands, resulting in a mixed-ligand monolayer.
On interfaces where ligands can attach and detach through
adsorption/desorption equilibrium or move through surface
diffusion, molecular simulations indicate that the phase

separation of ligands occur for those with significant physical
and/or chemical differences, such as alkane thiols with
a sufficient chain-length mismatch.[5] Experimentally, ensem-
ble-based methods, such as FTIR spectroscopy, or single-
nanoparticle methods, such as scanning tunneling microscopy
(STM), have been used to interrogate ligand phase separa-
tion.[6] However, such ensemble-based methods typically yield
semiquantitative results on mixed ligand SAMs, and STM
measurements of ligand phase separation have recently been
called into question.[7] Towards the advancement of single-
nanoparticle methods, we have developed a complementary
set of experimental and theoretical tools to probe the effects
of nearest-neighbor interactions on ligand phase separation.

The experimental technique employed is MALDI mass
spectrometry, an ensemble-based method which produces
mass spectra of solid analytes through ionization with
a UV laser, thereby accelerating analyte fragments towards
a detector that typically resolves species by time-of-flight.[8]

This technique has general utility for metallic nanoparticles,
but we currently employ only silver (in this Communication)
as well as a further study of gold (in the Supporting
Information). In the case of silver, fragments are produced,
which have a generic formula of Agn+1Ln where n is the
number of ligands (L) on a fragment with n + 1 Ag atoms.[9]

We chose to analyze the Ag6L5 fragment family as it was
prevalent in every spectrum and its peaks provide good
resolution. The parameter L represents the combination of
two ligands, one being dodecanethiol (DDT) and the other
being deuterated DDT [D25]DDT or butanethiol (BT).
Analysis of the fragment provides a representative measure
of the mol% of DDT, [D25]DDT, and BT on the surface and
the phase separation. (For a detailed comparison of the Ag6L5

ion family with others, see the Supporting Information).
Figure 1 shows the MALDI spectrum for the Ag6L5 fragment
from silver nanoparticles functionalized with a 49:51 mol%
mixture of adsorbed DDT and its deuterated analog
[D25]DDT, respectively.

Anticipating that the Ag6L5 fragment provides a repre-
sentative sampling of the surface, it is possible to create
a frequency distribution. In the case of Ag6L5 with dodeca-
nethiol as one of the two ligands, it is convenient to
conceptualize each of the six possible ions in terms of how
many DDT are present in each fragment (i.e., 0–5 ligands).
Knowledge of the frequency distribution also facilitates the
computation of the relative amounts of each ligand, enabling
a calculation of the binomial distribution, indicative of
random ligand mixing. By comparison of the experimental
frequency distribution with the binomial distribution in
Equation (2) (discussed below) it is possible to calculate
a sum-of-squares residual (SSR), which is representative of
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the degree of ligand phase separation. Random mixing is
anticipated for the DDT/[D25]DDT monolayer; thus, its
frequency distribution coincides with the binomial distribu-
tion in Figure 2b.

Calculations on the volume-fraction profiles from the
Scheutjen–Fleer self-consistent mean-field lattice model
(SCF)[10] were used to simulate a theoretical spectrum,
which could be compared to that obtained experimentally
using MALDI mass spectrometry. It is appropriate to employ
the SCF adsorption theory to model ligand interactions on
silver as the SAM has a graft density approaching 5 ligands/
nm2,[11] equating to the concentrated brush regime where the
mean-field approximation applies.[12] Further approximations
were made to speed up computations. Although silver
nanoparticles are faceted icosahedrons,[13] the particle geom-
etry was modeled as a pixelated sphere, permitting analyses to
be carried out in Cartesian coordinates. Moreover, each
ligand monomer fills a lattice site of constant size, thus ligand
and solvent monomers are the same size in the simulations. To
this end, three species are considered: the solvent and two
chemically distinct ligands whose effective interaction is
modeled by a Flory parameter, c. The particle diameter was
set to 20 lattice units, equivalent to the actual particle size of
3–4 nm,[14] and the number of monomers in a ligand were
equated to the same number on the lattice; thus, dodeca-
nethiol and butanethiol, respectively, are twelve and four
lattice monomers long. An additional parameter is the
dimensionless surface coverage q which we set to q = 0.44,
equating to full monolayer coverage. The adsorbed ligand
concentrations in the simulations were varied by changing the
ratio of the two ligands on the surface. Subsequently, the
resulting SCF calculations were then compared to the
MALDI results with a similar ligand ratio. The SCF
calculations were carried out subject to the constraints of
the minimization of the free energy and the conservation of
mass. The resulting equilibrium volume-fraction profiles were
determined by solving the polymer diffusion equation for
each species with the appropriate boundary conditions, where
each ligand was pinned and allowed to move around the
interface. The current SCF formalism does not account for

inter-chain crystallization known to occur in alkane thiols
with carbon lengths C� 10–12.[15] The agreement between
theory and experiment below indicate that although the
effects of inter-chain crystallization may be present, their
influence is minimal on the random mixing between DDT/
[D25]DDT and phase separation between monolayers of DDT
and much shorter butanethiol(BT) chains.

To simulate a MALDI spectrum, statistical analysis was
performed on the monomer of each ligand pinned at the
interface to mimic tracking of the Ag6L5 fragment. In
particular, the two species of ligands on the fragment result
in six peaks on a MALDI spectrum, representing the six
possible binomial combinations. To simulate this distribution,
a histogram was calculated from the probability, Pw,i, which
was computed by summing the probability at each lattice
space that was treated locally as a binomial of the six possible
ligand combinations as weighted by the local volume fractions
of the pinned monomers. The probability, Pw,i, is shown in
Equation (1), where i = 0…n, is the number of fragments out
of a total of n = 5 fragments of the first ligand species; this
species is DDT. The ligand volume fraction is f and the
subscript B denotes tracking of the other ligand species; the
total interfacial concentration of DDT and species B are
considered when f includes the subscript T. The subscript, k =

1m, is an index for each ligand site for a total number of
sites M. Equation (3) displays the SSR, which is determined
by squaring and summing the residual, Pw,i¢Pbi,i, where Pbi,i is
the binomial distribution in Equation (2).

Pw;i ¼
PM

k¼1 �DDTk
þ �Bk

¨ ¦n n
i

¨ ¦
�i

DDTk
�n¢i

BkPk¼M
k¼1 �DDTk

þ �Bk

¨ ¦ ð1Þ

Pbi;i ¼ n
i

¨ ¦
�i

DDTT
�n¢i

BT
ð2Þ

SSR ¼
Xn

i¼1
Pw;i ¢ Pbi;i

¨ ¦2 ð3Þ

To connect experiment and theory, we analyzed the
MALDI distributions of monolayers composed of DDT, an
alkane thiol with 12 carbons, in combination with butanethiol
(BT), a shorter alkane thiol with four carbons, or deuterated
dodecanethiol [D25]DDT. One purpose is to use MALDI and
SCF to establish the existence of phase separation for the
DDT/[D25]DDT- and DDT/BT-mixed monolayers, which
should result in well-mixed or striped monolayers, respec-
tively. Well-mixed monolayers are anticipated for the DDT
and [D25]DDT coated nanoparticles as a result of the
chemical similarity of the ligands. Striped monolayers
should result from the microphase segregation of DDT and
BT, promoted by an increase in the conformational entropy of
the longer ligand. A Flory parameter of cCH2

= 0 was chosen to
model the athermal interaction between the methyl and
methylene groups of DDT, [D25]DDT, BT, and a simulated
ethanol solvent. The Flory parameter between the hydroxy
group of ethanol and the methyl and methylene groups of the
ligands was set at cCH2/OH = 2.0.

Figure 2 shows the comparison between the MALDI
spectra for the 50/50 mol% DDT/[D25]DDT and DDT/BT
monolayers and the corresponding SCF predictions. The SCF
images display the locations for DDT in blue and the

Figure 1. MALDI spectrum of the Ag6L5 fragment from Ag nanoparti-
cles functionalized with DDT and its deuterated analogue [D25]DDT.
Depicted above the spectrum are the number of DDT (blue) and
[D25]DDT (red) ligands on a fragment corresponding to each MALDI
peak.
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opposing ligand in red. Thus, the color of the well-mixed
monolayer is uniform, that is, one color, denoting random
mixing in Figure 2 a. This random mixing is supported by the
correspondence between the MALDI and SCF spectra for
DDT and [D25]DDT in Figure 2b where random mixing is
indicated by the higher probability of having silver fragments
with either two or three DDT ligands. In contrast, Figure 2c
illustrates microphase separation and striped nanoparticle
formation for semimiscible ligand mixtures, which is also
supported by the agreement between the simulated and
experimental spectra for DDT and BT in Figure 2 d.

Although the error in the MALDI data is not shown in
Figure 2 for clarity, variance in the data is due to random
fluctuations in ligand ordering and error resulting from small
variations in the triggering time or accelerating voltage in the
MALDI system. Error in peak alignment is typically mea-
sured to be on the order of 0.1%,[16] which is anticipated to be
smaller than random error. Hence, the standard deviation (s)
resulting from random fluctuations was estimated by compar-
ing the spectra of the well-mixed monolayer DDT/[D25]DDT
to the binomial distribution through s = [SSR/(j¢1)]1/2 for j =

84 peaks yielding s = 0.04, indicating that the peaks derived
experimentally from MALDI mass spectrometry deviate
from those calculated using SCF by 4%.

A plot of the SSR in Figure 3 provides
another measure of ligand phase separation
by quantifying the deviation from random
mixing. To this end, we employed a one-step
reaction scheme[14] to synthesize silver nano-
particles with monolayers of DDT and
[D25]DDT as well as DDT with BT to detect
of the effect of differences in the carbon chain
length in the ligands, DC, on phase separation
over a range of interfacial concentrations. As
a result of their chemical similarity, low
SSR values from SCF and MALDI are antici-
pated for the DDT/[D25]DDT monolayer
with DC = 0. For example, the SSR values
from SCF are negligible (SSR� 10¢19, i.e.,
smaller than the relative error caused by
rounding in floating-point arithmetic). Thus,
the SCF calculation for favorably interacting,
similar-sized ligands converges to the bino-
mial distribution in Equation (2), supporting
our choice of this distribution to model a well-
mixed monolayer. The experimental SSR val-
ues for the DDT/[D25]DDT monolayer are
low, on the order of 10¢3–10¢2, similar to
values obtained with MALDI for randomly-
mixed monolayers by Cliffel and co-work-
ers.[8] The SSR values should increase with
monolayers of DDT and BT with DC = 8, as
microphase separation is expected to occur
for alkane thiol mixtures with a sufficient
chain-length difference through gains in
mixing entropy.[5] The SSR values obtained
from MALDI experiments for DDT/BT
monolayers increase 10-fold in comparison

to the well-mixed case (10¢1 @ 10¢2). The theoretical
SSR value matches the trends and magnitude of the
MALDI SSR, indicating good agreement between experi-
ment and theory.

Through this work, we have demonstrated the ability to
quantify and predict the phase separation of alkane thiols on
Ag nanoparticles using MALDI and SCF as a function of both

Figure 2. Comparison between the MALDI mass spectra and SCF predictions. a) SCF
image of well-mixed monolayer with simulated dodecanethiol (DDT) in blue and [D25]DDT
in red, colors mix as purple. b) MALDI spectra for the well-mixed DDT/[D25]DTT
monolayer functionalized Ag nanoparticles and the corresponding SCF prediction. c) SCF
image of the striped nanoparticle with simulated DDT in blue (overlapping with red to
give purple) and butanethiol (BT) in red. d) MALDI spectra for microphase separated
DDT/BT monolayer functionalized Ag nanoparticles and corresponding SCF prediction.
For clarity, error bars are not shown.

Figure 3. Comparison between experimental and theoretical SSR values
from MALDI experiments and SCF calculations.
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ligand concentration and carbon-chain-length difference.
These results indicate that when pairing DDT with either its
deuterated analogue [D25]DDT or BT the SAM morphology
progressed from a random ligand distribution to an inter-
mediate degree of phase separation. We anticipate these
methods will find utility in the design of nanomaterials with
properties arising from phase-separated SAMs as they offer
an inexpensive, high-throughput method for the measure-
ment of ligand phase separation in nanoparticle systems.

Experimental Section
Silver nitrate (99.9999% purity), sodium borohydride (99.99%), 1-
dodecanethiol (� 98 %), 1-butanethiol (99%), and trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB,
� 99.0%) were purchased from Sigma–Aldrich. Absolute ethanol
and toluene (ACS reagent grade) were purchased from Fisher
Scientific. Deuterated 1-dodecanethiol ([D25]dodecanethiol, 98.9
atom% deuterium) was purchased from C/D/N Isotopes. All reagents
were used with no further purification. Ultrathin (< 3 nm) carbon film
on 400 mesh copper holey carbon grids for TEM imaging were
purchased from Ted Pella.

Mixed self-assembled monolayer Ag nanoparticles were synthe-
sized by our direct method with the molar ratio of thiol ligand to silver
nitrate held constant at 12 throughout all syntheses while varying the
individual thiol concentrations in a given pair.[14] Silver nitrate was
maintained at 0.5 mm in ethanol in all reactions and sodium
borohydride was kept at a 12-fold excess at 6 mm. After initiation
of the reaction by combining the reagents, the mixture was stirred for
30 min and then transferred to centrifuge tubes and centrifuged at
12000 rpm for 20 min. Following centrifugation, the supernatant was
decanted and replaced with fresh ethanol. Subsequently the nano-
particles were redispersed by sonication and were again centrifuged.
This was repeated three times and after the third and final
centrifugation the nanoparticles were redispersed in toluene.

Nanoparticle samples were characterized using TEM and
MALDI mass spectrometry. All TEM images were taken with an
FEI Titan at an accelerating voltage of 300 kV. A drop-mounting
method was used to prepare TEM samples. A TEM grid was held
within self-closing tweezers and a pipette used to place a drop of
nanoparticle solution onto the grid. A small piece of filter paper was
used to wick away extra solvent and the grid was dried for at least one
hour. Determination of nanoparticle size was performed using
automated routines built into ImageJ software. MALDI measure-
ments were performed on a Bruker MicroFlex. To prepare solutions
for spotting onto a MALDI plate, trans-2-[3-(4-tert-butyl-phenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB; 0.025 g) were dis-
solved in 1 mL of nanoparticle solution. 100 mL of this solution was
spotted per well of a standard ground-steel Bruker MALDI plate.
Laser power was kept at 40 % across all measurements with the
detector operated in linear mode. Individual ion counts were
calculated by integrating the area under the peak of interest using
the trapezoid rule; in every case, these values were calculated for each
ion of interest in the Ag6L5 series.
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nanotechnology · self-assembly · statistical thermodynamics
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