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ABSTRACT: Using in situ liquid cell transmission electron iy -
microscopy (TEM), we visualized a stepwise self-assembly of N Q?f{,
surfactant-coated and hydrated gold nanoparticles (NPs) into k- w;g‘g._-ﬁﬁ‘i&f

linear chains or branched networks. The NP binding is
facilitated by linker molecules, ethylenediammonium, which

v surfactant s,
form hydrogen bonds with surfactant molecules of neighboring

—linker

NPs. The observed spacing between bound neighboring NPs, IO
) C R ) o
~15 A, matches the combined length of two surfactants and one L den SEL R L N
linker molecule. Molecular dynamics simulations reveal that for 0.64s 1.08s  R164s
I BRNNRNRRNNNENRRRRERRN]

lower concentrations of linkers, NPs with charged surfactants =20 nm
cannot be fully neutralized by strongly binding divalent linkers,

so that NPs carry higher effective charges and tend to form chains, due to poor screening. The highly polar NP surfaces
polarize and partly immobilize nearby water molecules, which promotes NPs binding. The presented experimental and
theoretical approach allows for detail observation and explanation of self-assembly processes in colloidal nanosystems.

KEYWORDS: nanoparticle, self-assembly, in situ TEM, nanoparticle chains

for forming nanostructures with optical,"” mechanical,’ applications, especially in optoelectronic,” biological,”" and

magnetic,” and electrical’ properties that are distinct chemical®™ sensing. In many applications the pairwise spacing
from their nanoparticle (NP) building blocks and those of
bulk materials.” The assembly of NPs into a desired structure
is typically driven by interparticle interactions, external forces,
or a combination of both.”® Examples of NP organization
directed predominantly by external forces include: assembly

f ; elf-assembly is a robust “bottom-up” fabrication method silver,”® or quantum dot”® NPs have a wide range of potential

between adjacent NPs within the chain needs to be precisely
defined.”™*° This spacing between NPs in 1D structures
could be controlled by introducing into the system small
linker molecules that have specific interactions with NPs.**~**

through evaporation of organic solvents,”'® assembly at However, the sequence of steps that take place during the
liquid—liquid interfaces,'' and DNA-directed assembly.'” On assembly of 1D chains with precisely spaced NPs is not yet
the other hand, assembly directed solely by interparticle fully understood.*

interactions takes advantage of intermolecular forces such as Herein, we studied the formation dynamics of 1D
van der Waals (vdW) forces,'*'* dipolar interactions,*'® 7—z nanochains from citrate-stabilized 10 nm spherical gold NPs

stacking interactions,'”'® and hydrogen bonding.'”*° For

instance, short-range hydro§en bonding is a major contributor
in the assembly of NPs”' and organization of biological
structures such as a-helices””* and f-sheets.”* The ability to
understand and control these interparticle forces at the
nanoscale is crucial for the formation of intricate patterns with
different functionalities (i.e., plasmonic assemblies for

linked by a small molecule, ethylenediammonium, using in situ
transmission electron microscopy (TEM) imaging in
liquids.”***~* The assembly dynamics in solution was
visualized using TEM imaging at 25 and 100 frames per
second with electron flux of 50—400 e/(A%s).

biosensing).25 Received: March 11, 2016
One-dimensional (1D) NP chains are one of the simplest Accepted: August 5, 2016
self-assembled structures.’® Chains formed from gold,27 Published: August S, 2016
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RESULTS AND DISCUSSION

We used citrate-coated gold NPs where their binding was
initiated by introduction of 50 M ethylenediamine, into the
NP suspension. Liu et al.** had previously investigated the
assembly of charged gold NPs using liquid cell TEM and
found that citrate stabilized gold NPs do not aggregate in
water when imaged with an electron beam. This is consistent
with our observations where surfactant-coated NPs remain
dispersed at all times (Figure S1). However, linker molecules
can promote the attachment of two adjacent NPs via
hydrogen bonding between ethylenediammonium, protonated
form of ethylenediamine in water,*® and surfactant molecules
coating the NPs as illustrated in Figure 1A. Here, two
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Figure 1. (A) Schematic of a gold NP chain assembly. Linker
(ethylenediammonium) connects the surfactant (citrate) mole-
cules of the adjacent gold NPs by forming hydrogen bonds
between —NH;" of ethylenediammonium and —COO~ of citrate.
(B) Time series of in situ TEM images shows the growth
dynamics of a gold NP chain.

hydrogen atoms of each —NH;* group of ethylenediammo-
nium form hydrogen bonds with the two oxygen atoms in the
—COO™ group of citrate. With one —NHj;" group at each end
of ethylenediammonium, up to four hydrogen bonds in total
can bind two neighboring gold NPs. The net binding strength
between one end of a single linker molecule and a NP is the
sum of the two hydrogen bonds: N—H--O=C and N-H--
O™—C, which gives a binding energy of ~12—20 kzT (6—10
kyT per hydrogen bond).* When multiple linkers bind NPs,
the binding energy can be very large. This binding energy is
expected to keep NPs linked together and lead to their chain
formation. Figure 1B shows the sequence of images depicting
assembly of the NP chain with 14 gold NPs, which is ~100
nm in length and formed within 6.5 s.

We examined more than 150 chain formation events. Figure
2 presents various ways in which self-assembly was observed
to take place. Single chains grow either by the sequential
attachment of single NPs (Figure 2A) or by the addition of
short chain fragments consisting of 2—3 NPs (Figure 2B).
Figure 2C shows an example where the first segment already
consists of three NPs. Furthermore, NPs can attach from both
ends of the growing chain as seen at t = 0.84 and 2.04 s in
Figure 2C. Lastly, Figure 2D shows that the existing chains
can also combine into ramified structures. Here, the two
growing chains labeled as I and II link up to form a branched
structure. Note that these NP chains are weakly adhered to
the surface and retain some degree of rotational mobility
(1.12—2.52 s in Figure 2A and 0.84—1.16 s for chain I in
Figure 2D).

To further investigate the assembly kinetics, we imaged the
chain formation with a fast direct electron detection CMOS
camera at a rate of 100 frames per second (Supporting Video
1). The recorded self-assembly for 10 NPs took about 1.1 s,
which again reveals that the chain grows by attachment of
individual NPs or short NP chain segments. It is quite clear
from the movie frames in Figure 3 that even 10 ms temporal
resolution is not sufficient to reveal the detailed interaction
dynamics leading up to the attachment of NPs to chains.

To verify that the observed assembly dynamics of NP
chains is not an artifact of the electron beam used for in situ
TEM imaging, we compared our in situ results with the chains
synthesized ex situ on the laboratory bench. NPs mixed with
ethylenediamine in a test tube formed similar chains (Figure
S2). Moreover, randomly dispersed gold NPs were found in
both in situ liquid cell experiments and drop cast ex situ
samples where ethylenediamine was absent (Figure S1).
Hence, these experiments confirm that ethylenediamine is
essential to linking of NPs into a chain.

Next, we examined the separation between all neighboring
NPs in the chains to gain further insight into the role of
linkers. Figure 4A shows the narrow distribution of the
interparticle spacing between two adjacent gold NPs in 147
chains. Remarkably, the average spacing is 1.51 + 0.11 nm,
which matches well with the sum of two N—H:-O hydrogen
bond lengths (~0.2 nm for each),"” length of the linker
molecule (~0.4 nm)," and the combined length of two
surfactant molecules (~0.35 nm each).”” This narrow
distribution of pairwise separations (Figure 4A) further
supports that the attachment between NPs is due to direct
hydrogen bonding between linkers and surfactants. With a
longer linker molecule, hexamethylenediamine, which has
extra four —CH,— groups than ethylenediamine, the
separation between the neighboring NPs increased by ~0.5
nm (Figure S3). This difference of ~0.5 nm is consistent with
the length of extra four —CH,— groups, ~0.52 nm,”® and
supports our hypothesis that the spacing between two
adjacent NPs in the chain is controlled by the length of
linkers.

Moreover, the NP ordering in a chain is highly linear
(Figures 2 and 3). Figure 4B displays a histogram of the
angles between three adjacent gold NPs in chains. The angle
distribution is peaked at around 170°, implying the presence
of a direction specific interaction between the growing chain
and an incoming NP.’"** The aligned linear growth of the
NP chains by end-to-end attachment has been suggested to be
indicative of a dipolar interaction between growing chain and
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Figure 2. Time series of in situ TEM images of different growth modes of gold NP chains. (A) The growth of gold NP chains by
assembling six monomer gold NPs together. (B, C) The growth of chains by assembling monomer, dimer, and trimer gold NPs to form
the chains. (D) At t = 0.40 s, it appears that three gold NPs were attaching to form the chain I, subsequent images show the attachment of

two chains (I and II) into a branched chain (I + II).
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Figure 3. Time series of in situ TEM images showing the growth of a gold NP chain acquired at a rate of 100 frames per second
(Supporting Video 1). From 560 to 970 ms, three NPs attached sequentially to form a chain. Next, at t = 1010 ms, a three-NP chain was
added, after which two NPs were added at £ = 1200 ms, and finally one NP was added into the chain at ¢ = 1660 ms.

272952754 byt at this point, the exact origin of

39

incoming NPs,
dipolar interaction on chain formation is still unclear.

Next, we examined how the self-assembly behavior of NPs
changes with increasing concentration of added ethylenedi-
amine linker molecules. When the concentration was
increased from 50 to 250 uM, the gold NPs assembled into
extensive chain networks (Figure SA). The excess of doubly
charged linkers (having a multivalent binding to the NPs) can
change the NPs’ charge due to the replacement of
monovalent counterions with multivalent counterions. There-
fore, in addition to better connectivity between NPs, linkers
may also change long-range Coulombic forces between NPs
during the assembly process. So it should not come as a
surprise that sometimes networked structures start to form
together with linear chains (Figure 2D). Figure SB shows an
image sequence describing the branched chain formation in
the presence of 250 uM ethylenediamine linkers. While NPs
are still added to the chain one at a time, branches extend
outward from a bunched cluster of NPs (see ¢t = 1.24 s, Figure

SB) (Supporting Video 2). Here, NPs are added at a slightly
faster rate than in the case of purely linear chains (Figures 2
and 3), revealing the relative easiness with which branched
NP chains form.

Atomistic molecular dynamics (MD) simulations were
recently used to describe self-assembling NP systems.’>*°
To understand mechanisms controlling the self-assembly of
NPs in the present study, we performed atomistic MD
simulations of citrate-stabilized and hydrated gold NPs
interacting through ethylenediammonium linkers at different
concentrations. To match the experimental observations, we
considered two cases: (i) a situation matching the self-
assembly of linear chains described by a low linker
concentration (Figure 6A—C), where one-half of the 702
counterion charges are provided by 175 ethylenediammonium
linkers and the rest by 352 monovalent Na* ions, and (ii) a
situation matching the self-assembly of branched chains
described by a high linker concentration (Figure 6D—F),
where 351 ethylenediammonium linkers are counterions. No
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Figure 4. (A) Histogram of pairwise separations between two
adjacent gold NPs in the chains displays narrow distribution of
interparticle spacing centered at ~1.5 nm. Right inset shows the
same distribution expanded over 6 nm range (for total of 147
chains and 919 NPs). Left inset is a TEM image of short NP
chain where NP spacing, D, is indicated by red dashed line. (B)
Histogram of angles of every three adjacent NPs in the chains.
Angles are defined from one side of NP chains as shown in the
inset. The attachment angle between NPs is evaluated for 150
chains and 995 gold NPs.

other ions are present in either of these systems to match the
weakly screened conditions of the experiments.

We examined the possibility of NPs to form linear (Figure
6 AD), triangular (Figure 6B,E), and L-shaped clusters
(Figure 6C,F). In all the cases, two NPs are initially bound,
and a third free NP is positioned at a center-to-center
distance of 5—6 nm from one or both bound NPs (see Figure
S5). At low linker concentration, we found that NP (3)

moves away from the NP-pair (1, 2) (Figure 6A—C). This is
caused by a Coulombic repulsion of the NP-pair and the free
NP due to their relatively large effective equilibrium charges
of about +20e. The linear case is the least repulsive for NP
(3), but the barrier of ~40—60 kgT can only be overcome at
long time scales, which is in good agreement with the
experimental results shown in Figures 2 and 3. At high linker
concentration, we found that NP (3) moves closer to the NP-
pair (1, 2) (Figure 6D—F) and binds in the linear
configuration (Figure 6D). The NPs eventually also bind in
the other geometries (Supporting Video S5). Here, the
Coulombic barrier is ~25 times smaller, since the effective
equilibrium charge of each NP is roughly +4e. This reduced
barrier, due to ethylenediammonium linkers, might be too
small to fit the time scales for branched chain formation
observed in Figure 5, however, the overall trend of NP
binding is correct.

When considering the self-assembly dynamics, besides the
Coulombic interaction, we also need to consider a weak vdW
attractive potential (1—3 kgT) and very strongly distance-
dependent attraction due to hydrogen bonds (Figure 6D
(inset)) that form between the linkers, Na*, and surfactants
(N—H:-O—C with 6—10 kgT binding energy per bond).*
The hydrogen bonds allow chain stabilization even in the
presence of a large Coulombic repulsion (NPs (1, 2) in
Figure 6A—C). Finally, we have also observed a weak
attraction at large distances caused by polarized water (NP
(3), and NP-pair (1, 2) in Figure 6D was attracted and
coupled even when vdW coupling between the NPs in MD
simulations was disconnected).

In order to clarify the origin of water-related forces, we
visualized the dynamics of water molecules between NPs
separated by 1 and 2 nm (Figure 7) (see Figure S6 for
zoomed out view). Three water molecules were chosen in the
volume between the NPs and their evolution was tracked for
300 ps. We found that during this time the selected water
molecules stayed within ~1 and ~2 nm from each other for
NPs separated by 1 and 2 nm, respectively. In a free-water
system, individual water molecules depart ~5 nm during the
same 300 ps simulation time (Figure S7). These results
illustrate that water is largely immobilized between the NPs
and polarized by corrugated polar NP surfaces. This localized
and polarized water appears to cause additional attraction
between NPs at relatively large distances, which can overcome

A

0.52s

Figure S. (A) Ex situ TEM image of a branched NP-chain network assembled with 250 uM ethylenediamine that has been drop-casted on a
carbon film and dried. (B) In situ TEM image sequence showing that the formation mechanism here is the result of single NP addition.
Here, the branch growth starts from a NP cluster in the presence of 250 uM ethylenediamine (Supporting Video 2).
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Figure 6. (A—C) Dynamics

of NPs when the half of the counterions are ethylenediammonium linkers, and the other half are Na* ions.

Motion of NP (3) away from a pair of NPs (1, 2) in 4 ns simulations, when NP (3) is initially placed (center-to-center distance): (A) 5.6
nm from NP (2) (Supporting Video 3), (B) 5.6 nm above NP (2), and (C) 5.6 nm away from both NPs (1, 2). (D—F) Only
ethylenediammonium linkers are counterions. Attachment of NP (3) to a pair of NPs (1, 2) in 10 ns simulations, when NP (3) is initially
placed (center-to-center distance): (D) 6.2 nm from NP (2) (Supporting Video 4); inset shows the magnified view of the attachment
region, (E) 5.2 nm above NP (2) and (F) 5.2 nm away from NPs (1, 2) (Supporting Video 5). In (E, F) NP (3) stays close to linked NP-
pair (1, 2) and eventually binds to them (branching). Water molecules are omitted for clarity. Orange, red, blue, and lime colors represent
gold atoms, citrate molecules, ethylenediammonium linkers, and Na* ions, respectively. (See Figure SS for initial configurations of NPs).

Figure 7. (A) Time dynamics of three selected water molecules (shown in cyan) between two NPs separated by ~1 nm. During 300 ps
long simulations, selected water molecules stay within 1 nm from each other. (B) Time dynamics of three selected water molecules
between two NPs separated by ~2 nm. Here, selected water molecules stay within 2 nm. In a free-water system, individual water molecules

depart ~5 nm during the same simulation time of 300 ps.

the repulsive Coulombic barrier present between weakly
charged NPs.

CONCLUSION

In conclusion, we use a combination of experimental and
theoretical approaches to study the linker-mediated self-
assembly dynamics of charged and polar NPs into chain-like
structures with precisely defined interparticle spacing. The

attachment of NPs and subsequent growth into chains is
facilitated by hydrogen bonding between surfactant and linker
molecules present on NPs surfaces. The combined length of
surfactant and linker molecules defines the spacing between
neighboring NPs. The linear and branched chain-like growth
is explained by the limited availability of divalent linkers,
which determine the net charge of NPs. The assembly
conditions are also affected by vdW forces and correlated
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forces from polarized water molecules present at NP surfaces.
Further improvements in detection schemes should allow fast
imaging of assembly formations, which will be important in
revealing the exact nature of NP attachments.

METHODS AND MATERIALS

Sample Preparation. In our experiments, 10 nm gold NPs
stabilized with citrate (cat. no. GP01-10-20, ~ 5.7 X 10'* particle/
mL; Nanocs Inc, New York, NY, USA) were used as received
without any further treatment. First, 300 uL of the stock gold NP
solution and S or 25 uL of stock 10 mM ethylenediamine (cat. no.
03550-250 ML, Sigma-Aldrich Co., St Louis, MO, USA) aqueous
solution were mixed with 695 uL pure water (cat. no. 320072-2.5L,
Sigma-Aldrich Co., St Louis, MO, USA). Then, this solution was
transferred into a syringe and slowly loaded into a liquid cell located
in a Liquid Flow TEM Holder (Hummingbird Scientific, Lacey, WA,
USA) via the connected PEEK tubing (loading speed S yL/min).
Next, the flow holder was inserted into the TEM. Each liquid cell
comprises of two flat microfabricated Si chips (2.6 X 2.6 mm) with a
small SiN, window (~200 X 30 um) in the center.

Fabrication of Liquid Cells. The liquid cells were assembled
from two flat Si chips (2.6 mm X 2.6 mm) with a small SiN,
window (~200 ym X 30 um) in the center.""”” These Si chips were
fabricated from 200 um-thick double-side polished 4 in. (100) Si
wafers with SiN, film deposited on both sides by low-pressure
chemical vapor deposition. The central windows and grooves
separating individual chips are patterned on the SiN, layer by
photolithography, followed by deep reactive ion etching of the SiN,
layer. Next, KOH etching of the exposed Si creates the windows and
the grooves. Then, the chips were cleaved from the wafer along the
grooves. Finally, for each experiment, two chips were aligned based
on the best overlap of the respective central windows, and a space
between two membranes was sealed from the TEM column vacuum
with o-rings.

Imaging. Two field emission TEMs were used for in situ imaging.
The JEOL 2010F (JEOL Ltd., Akishima, Tokyo, Japan) was operated
at an accelerating voltage of 200 kV and movies were acquired at a
rate of 25 frames per second using an ORIUS SC200 CCD camera
(model 830, Gatan Inc., Pleasanton, CA, USA) with the full field of
view of 512 X 512 pixels (at 4 X 4 binning). For faster imaging, the
liquid cells are loaded into a JEOL TEM 2200FS (JEOL Ltd,
Akishima, Tokyo, Japan) operated at an accelerating voltage of 200
kV. Here movies were acquired at a rate of 100 frames per second
using a direct electron detection CMOS camera (model: DE-12,
Direct Electron, LP, San Diego, CA, USA) at 1024 X 1024 pixels (2
X 2 binning). The electron flux of 50—400 e/(A%s) was used for all
in situ imaging experiments. Both distance and the contact angle
between NPs are measured by using Image] software,”® which is an
open source image processing program designed for scientific
multidimensional images.

Atomistic MD Simulation. We modeled ligand-functionalized
gold NPs using atomistic MD simulations. Each model NP with a
gold core of 3.652 nm diameter is covered by 78 triply charged
citrate ligand molecules (two charges on —COO~ groups, and third
charge homogeneously spread on the NP upon binding). The ligand
is attached to the gold surface through the central —COO™ group
with a #'-coordination.’® The linker molecule is modeled as
ethylenediammonium. CHARMM general force field®®" s imple-
mented for the bond, angle, and dihedral parameters of the ligands
and the linker molecules.

Nonbonding interactions were calculated using a cutoff distance of
d 10 A, whereas long-range electrostatic interactions were
calculated by the PME method” in the presence of periodic
boundary conditions. vdW coupling of NPs was described by the
potential energy acting between the NPs’ gold cores:*

2R? N 2R?
(4R + D)D (2R + D)

U(D):—%( (4R+D)D]

n 2
(2R + D)

7448

Here, A is the Hamaker constant for gold—gold interaction in water
(A=3x107"]), R = 1826 nm is the radius of the gold core, and
D is the distance between surfaces of the gold NPs. Simulations were
performed with NAMD®' in an NPT ensemble, using Langevin
dynamics with a damping constant of yi,,, = 0.1 ps™' and a time
step of 2 fs.

First, we modeled two citrate-capped gold NPs in a 170 X 140 X
140 A® water box with 234 randomly distributed molecules of
ethylenediammonium. Second, to form a NP pair, we placed two
NPs at center-to-center separation of 52—54 A. After 7 ns, we
observed that the separation between the centers of NPs reduced to
47—48 A at which point they are linked by linker molecules into a
pair (Figure S). Next, to model the NP chain formation, we placed a
third NP on the side (linear configuration), above (triangular
configuration) the linked NP-pair, or in L-shaped configuration
(Figure SS) and then simulated their interaction for 10 ns.
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