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Mixed Self-Assembled Monolayers
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Ordered Domains on NPs

topographical power spectral density (PSD)

MPA

Octanethiol
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MPA/MPA+OT

5:1  3:1 2:1    1:1 1:2     1:3

OT/MPA 2:1
Decanethiol/MPA 2:1d 3.7 nm

organization of mixed-monolayers

Jackson, A. M et al Nat. Mat., 2004, 3, 330; Jackson, A. M. et al J. Am. Chem. Soc., 2006, 128, 11135; 
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organization of mixed-monolayers

Q. Ong, Z. Luo, F. Stellacci ACR 2017, 50, 1911

methods of characterization

 STM Scanning tunneling microscopy
 AFM
 TEM (CryoTEM)

 SANS Small angle neutron scattering
 MS    mass spectrometry
 NMR   Nuclear magnetic resonance
 FT-IR infrared spectroscopy
 ESR  electron spin resonance

• MD-DPD Molecular dynamics-dissipative particle dynamics
• Monte Carlo simulations

 activity
 interaction with environment – solubility, interactions with cells (membranes), etc.

microscopy

spectroscopy

simulations



Predicted NMR patterns for nanoparticles coated 
with a binary mixture of ligands

X. Liu, M. Yu, H. Kim, M. Mameli, F. Stellacci Nature Commun. 2012, 3, 1182.

d = dBxA + dI(1-xA)
dB chemical shift in the  bulk
dI chemical shift at interface
xA composition of the NP
r  NP core radius
t  thickness of the stripe

Random Janus Patches

d = dB + (dI-dB)t

2rxA

d = f(dB,dI,xA)
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Predicted NMR patterns for nanoparticles coated 
with a binary mixture of ligands

Random Janus Patches

NOESY - atoms of ligands that are in close proximity to each other can give a NOE

distance between groups smaller than 0.4 nm

S. Pradham, L. E. Brown, J. P. Konopelski, S. Chen J. Nanopart. Res. 2009, 11, 1895.
X. Liu, M. Yu, H. Kim, M. Mameli, F. Stellacci Nature Commun. 2012, 3, 1182.
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Nature Commun. 2012
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MALDI-MS investigation of molecular phase separation in 
mixed ligand coated NP 

Harkness, K. M.; Balinski, A.; McLean, J. A.; Cliffel, D. E. s. Angew. Chem., Int. Ed. 2011, 50, 10554−10559
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MALDI-MS investigation of molecular phase separation in 
mixed ligand coated NP 

Harkness, K. M.; Balinski, A.; McLean, J. A.; Cliffel, D. E. s. Angew. Chem., Int. Ed. 2011, 50, 10554−10559
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The Nano Lotus Leaf Effect
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equal length unequal length

AuNP 7.0 nm in diameter
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UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

surfaces with varying degrees of curvature, different length C4:C6, 
same end group.

Entropy-Mediated Patterning of Surfactant-Coated Nanoparticles and Surfaces

morphologies of mixed-monolayers

same length same length
different tail group
bulkiness

4:6                    4:7                     4:13



Freeze fracture electron micrograph of a phase-
separated
liposomal membrane (95 mol % DMPC and 5 mol % 
fluorinated lipid 3. The ripple structure shows the parts
of membrane composed of DMPC, surrounding a 
domain 
of the fluorinated lipid (smooth surface). R. Elbert, T. 
Folda, and H. Ringsdorf J. Am. Chem. Soc. 1984, 
106, 7687-1692

Liposomes

AFM images of a mixed monolayer of 1:1 C18H37SO3Na–
C8F17COOH deposited on a freshly cleaved mica surface at a 
compression rate of 35 cm2 min-1. Coll. Surf. A, 1999, 157, 63–
71.

T. P. Lodge et al. Science 2004, 306, 98 

block terpolymer

monolayers

phase segregation of hydrogenated/fluorinated units
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3D SAMs composed of thiols with immiscible chains

HS
O

O
O

O
F F

F F

F F

F F

F F

F F

F F

F F

n
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ESR Spectroscopy as a tool to investigate the monolayer properties

organization of mixed - monolayers 
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C. Gentilini, F. Evangelista, P. Rudolf, P. Franchi, M. Lucarini, L. Pasquato J. Am. Chem. Soc. 2008, 130, 15678-15682.

S
S

SS
S

SS S S S S
S

SAu

perfluorinated alkyl chain
poly(oxoethylene) chain

highly hydrophobic 
region

hydrophilic region

MPC-F8-PEG

hydrophobic organic 
compound

S
S

SS
S

SS S S S S
S

SAu

S
S

SS
S

SS S S S S
S

S
S

SS
S

SS S S S S
S

SAu

perfluorinated alkyl chain
poly(oxoethylene) chain

highly hydrophobic 
region

hydrophilic region

MPC-F8-PEG

hydrophobic organic 
compound

radical probe



Au

MPC-F8-PEG

S
O O

4 n
F F

F F

Au

MMPC-C8-TEG/F8-PEG

S
H
N

2
O

O

2
p

S O
O

4 nF F

F F

m

O

S O
O4

n
F F

F F

HS
H
N

2
O

O

2O

MeOH, 28 ºC, 72 h

Au

n = 10,11

HAuCl4 + MeOH NaBH4

r.t.

+Na-S O
O

F F

F F

4 n

MMPC-C8-TEG/F8-PEG

+Na-S
H
N

2
O

O

2

S
H
N

2
O

O

2
p

S O
O

4 nF F

F F

m

O
O

Homogeneous phase synthesis (methanol/water) using mixtures of thiolates
with immiscible chains

synthesis of mixed-monolayer by exchange reaction

C. Gentilini, P. Franchi, E. Mileo, S. Polizzi, M. Lucarini, L. Pasquato  Angew. Chem. Int. Ed. 2009, 48, 3060.

gold nanoparticles protected by H-/F- mixed-monolayers
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Table 1: Gold nanoparticles coated with mixtures of thiolates of 1 and 2. 

Sample RSAM
[a] Core diameter[b] (nm) % Organic[c] MPC composition[d] 

1 1 2.2 ± 0.4 47 Au400(SC8TEG)54(SF8PEG)54 

2[e] 1 1.6 ± 0.2 59 Au150(SC8TEG)33(SF8PEG)33 

3 2.5 2.5 ± 0.4 42 Au540(SC8TEG)108(SF8PEG)43 

4 4 1.9 ± 0.2 45 Au230(SC8TEG)66(SF8PEG)16 

5 20 1.9 ± 0.3 35 Au240(SC8TEG)68(SF8PEG)3 

[a] Ratio of the two thiols forming the monolayer determined by integration of 1H NMR 
signals pertaining to thiol 1 and to thiol 2 in the nanoparticles. [b] Average core diameter by 
TEM measurements of at least 300 NPs. [c] Determined by TGA. [d] Estimated composition 
based on TEM and TGA analysis and considering RSAM. [e] Prepared from MPC-F8-PEG by 
place-exchange procedure.  

C. Gentilini, P. Franchi, E. Mileo, S. Polizzi, M. Lucarini, L. Pasquato  Angew. Chem. Int. Ed. 2009, 48, 3060.

0.00 .51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

C8-TEGF8-PEG

0.00 .51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

C8-TEGF8-PEG

1H-NMR (CDCl3, 400 MHz) of MMPC-C8-TEG/F8-PEG. 

RSAM = H-thiol/F-thiol

water-soluble perfluoro GNPs
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C. Gentilini, P. Franchi, E. Mileo, S. Polizzi, M. Lucarini, L. Pasquato  Angew. Chem. Int. Ed. 2009, 48, 3060.
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ESR Parameters in the Presence of Homoligand NP Mixtures

P. Posocco, C. Gentilini, S. Bidoggia, A. Pace, P. Franchi, M. Lucarini, M. Fermeglia, S. Pricl, L. Pasquato, ACS Nano 2012, 6, 7243-7253.

gold nanoparticles protected by H-/F- mixed-monolayers
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gold nanoparticles protected by H-/F- mixed-monolayers
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water-soluble perfluoro GNPs – organization of the monolayer 

Models of the NPs were obtained employing an innovative multiscale molecular 
simulation approach

This approach combines mesoscale techniques, developed to describe systems 
with properties at the nanometer scale, and atomistic techniques, which model 
matter at the level of atoms

In particular, morphological characterization of the NPs was predicted using 
mesoscale models (Dissipative Particle Dynamics), whose chemical potentials 
were derived from simulations at a lower level of detail (Molecular Dynamics)

atomistic and mesoscale calculations

Simulation have been carried out in the presence of water as solvent, 
at 298 K, and considering the mobility of the thiolates on the gold surface

P. Posocco, C. Gentilini,‖ S. Bidoggia, A. Pace, P.Franchi, M. Lucarini, M. Fermeglia, S. Pricl, L. Pasquato 
ACS Nano 2012, 6, 7243.



L. Pasquato, et. al. ACS Nano 2012, 6, 7243-7253.

gold nanoparticles protected by H-/F- mixed-monolayers
multiscale molecular simulation: validation of the procedure 

Rippled morphology predicted using a multiscale approach. 

S

MUS

OT

S SO3 Na

water

Au NP with a core size of 4.5 nm coated by a mixture of 2:1 of MUS and OT ligands ( F. Stellacci et al. 
Chem. Commun. 2008, 196.)

gold core



H = 0.50,  2.2 nm H = 0.50,  1.6 nm H = 0.71,  2.5 nm

H = 0.80,  1.9 nm H = 0.95,  1.9 nm

Ligand organization on the surface of gold NPs at different molar fraction 
of the two ligands

L. Pasquato, et al. ACS Nano 2012, 6, 7243-7253.

gold nanoparticles protected by H-/F- mixed-monolayers
multiscale molecular simulation 
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S1C3 S1F3 S1C3 S1F4

S1C3 P10 S1 F3 P10 S1C3 P10 S1F4 P10

S1 C3 P2 S1 F3 P10 S1C3 P2 S1F4 P10

gold core Ø 2.2 nm 
54 H chains (bead C) 
54 F chains (bead F)
bead P is for PEG
bead S is for Sulfur



33

N O

OH
KF = 200 M-1

KF = 600 M-1



Equilibrium constants (T = 298 K) in the presence 
of Heteroligand mixed-monolayers

H&F H F

Radial distribution functions (RDFs) for the SAM components of 
MPC-C8-TEG/F8-PEG, 1:1

shell thickness   F8PEG 2.82 nm in 
homoligand NPs

C8TEG  1.40 nm

F8PEG  2.60 nm in 
heteroligand NPs

C8TEG  1.59 nm

L. Pasquato et al., ACS Nano 2012, 6, 7243-7253.

gold nanoparticles protected by H-/F- mixed-monolayers
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