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Supplementary Figures

Supplementary Figure 1. Preparation of a carbon film based liquid cell. a Schematic
illumination for the fabrication of liquid cell: A droplet of as-prepared solution was
sandwiched by two TEM copper grids with formvar stabilized carbon support films
face-to-face. The sample was then left under atmosphere until the extra liquid volatized. b An
enlarged scheme shows the liquid encapsulated by carbon films. ¢ TEM image of a sealed
liquid pocked with the size of 80 nm.



Supplementary Figure 2. Free rolling of “L” shape nanostructure. To ensure the occurrence

of OA is in solution rather than in vacuum, we have monitored the movement behaviors of
different large particles. This figure is the TEM sequences to show the motion of a “L” shape
nanostructure in the liquid pocket. It can be seen that the particle undergo free translation and
rotation in solution. It does not lay on the carbon films, but keeps rolling freely (not only
along the viewing axis but also off axis) because it is suspended in solution.



Supplementary Figure 3. High resolution TEM image frame of a large gold nanoparticle. A
still snapshot from Supplementary Movie 1 of large gold nanoparticle exhibits the atomic
resolution of our carbon film based liquid cell. The clear lattice fringes and inserted FFT
indicates the viewing direction is [011] zone axis.
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Supplementary Figure 4. Characterization of NaCl crystals. a A high resolution TEM image
of well crystallized NaCl with nearly no defects. The inserted FFT of this image shows the
reciprocal lattice points (200) and (220), in accordance with 0.28 and 0.20 nm d-spacing of
NaCl. This image is recorded at location of a liquid pocket, which indicates that the observed
solid-state NaCl is precipitation from supersaturated solution and adsorbed onto surfaces of
carbon films. b EDX result confirms that the components of this material are only Na and Cl
elements.
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Supplementary Figure S. Nanoparticle morphology for tracking of their motions and
orientations, as well as measurement of their surface area. a The equal proportional atomic
model of a truncated gold nanoparticle. Theoretical calculations have predicted that gold
nanoparticles in the 1 — 3 nm size range, prefer to keep a truncated octahedral or
cubeoctahedral appearance rather than other symmetries such as Ino-decahedral and
icosabedral?®?2. b 2D projection of the model viewed along [011] zone axis. ¢ TEM
sequences show the motion trajectories of a particle. The hexagonal morphology of this
particle along [011] zone axis confirms its truncated octahedral 3D constructions. Thus,
rotation of the particle can be accurately monitored by a combination of its morphology and
crystal orientation. As an example here, the particle clockwise rotate about 6 degree during
5.5 seconds (Arrows indicate the rotation direction and white dashed lines are horizontal
references). Moreover, we find that the surfaces of particles smaller than 3 nm are all
composed of {111} and {100} surfaces, but no any obvious {110} surfaces. It is reasonable
because in such a small size, surface energy may contribute more than volume energy, so the
unstable {110} surface with highest energy is not a favorable surface. d Snapshots captured
from videos show that most of the small particles have a highly symmetrical truncated
octahedron morphology, which is composed of 8 equivalent {111} surfaces and 6 equivalent
{100} surfaces as illustrated in (a). Then we estimated their surface area for each particle and
the ratio between {111} and {100} is shown at the top of images, ranging from about 1 : 1.2
to1:0.09.



Supplementary Figure 6. A single crystal structure formed through oriented attachment.
Image sequences show the OA process of gold nanoparticles at {111} surfaces. The contact at
their aligned {111} surfaces with parallel {100} facets lead to a final single crystal structure.

Supplementary Figure 7. A particle pair with on occurrence of OA. The particle pair is close
enough for more than 230 seconds, during which the right particle keeps rotating but still fails
to get a pre-alignment of their {111} facets. Finally, it coalesces with another incoming
particle (noted by the blue arrow) instead of the left one to form a perfect single crystal
structure. The lower rows are corresponding filtered images.
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Supplementary Figure 8. OA process and the changes of their relative angle between {111}
facets of a particle pair. In this case, the angle changes randomly when D > 1.2 nm. Then as
the particle pair gets closer (D > 1.2 nm), the directional rotation begins to make the angle
gradually decrease to approximate 0°.
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Supplementary Figure 9. OA process and the changes of their relative angle between {111}
facets of a particle pair. In this case, the angle does not change much as D > 1.3 nm. But
when the particle pair approaches to a smaller distance (D < 1.3 nm), it quickly decreases to
nearly 0°.
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Supplementary Figure 10. Distribution of separation distance. Statistical distribution of the
separation distance for the observed OA events by 21 particle pairs and the fitting result using
Boltzmann distribution as given in Supplementary Equation (5).

Supplementary Figure 11. Oriented attachment at {111} surfaces. TEM snapshots from
videos show the contact moment of different particle pairs, illustrating that all OA events

occur at their {111} surfaces. The lower sequences are corresponding FFT images of the neck
location of each particle pair. The d-spacing is confirmed to be 0.24 nm for Au {111} facets.
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Supplementary Figure 12. Ligand configurations on {100} surfaces. Adsorbed citrate
configurations on gold {100} surfaces before (upper row) and after (lower row) relaxation.
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Supplementary Figure 13. Configuration of citrate ligands adsorbed on {111} surfaces of
Auyy particles during Bader charge calculation. a Simulation of relaxation of multifaceted
Auyg particles with a size of 1.3 nm, and two citrate ligands symmetrically adsorb on {111}
surfaces. b Simulation of relaxation of two attaching Au7e particles with ligands. Ligands
adsorb on {111} faces of surfaces 1 and 2, respectively. Atoms are noted with colors (yellow:
gold; red: oxygen; gray: carbon; white: hydrogen).
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Supplementary Figure 14. Relative drift velocity of a particle pair when they approach each
other.
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Supplementary Tables

Bader charge of Au atoms on surface 1 {111}

D (nm) 1 2 5 6 7 8 9 14 15 30 33 34

1.5 11.056 11.050 11.053 10.829 10.875 10.836 11.008 11.038 10.987 11.067 11.030 10.967

1.3 11.056 11.051 11.053 10.830 10.875 10.837 11.007 11.039 10.987 11.068 11.031 10.968

0.9 11.056 11.051 11.051 10.829 10.874 10.835 11.007 11.043 10.989 11.064 11.041 10.965

Bader charge of Au atoms on surface 2 {111}

D (nm) 80 81 84 85 86 87 88 93 94 109 112 113

1.5 11.057 11.046 11.051 10.830 10.875 10.850 11.002 11.034 10.992 11.053 11.032 10.979

1.3 11.055 11.046 11.050 10.804 10.887 10.847 11.005 11.035 10.993 11.061 11.032 10.985

0.9 10.803 10.991 11.037 10.968 10.839 10.937 10.942 11.054 10.996 11.047 11.067 11.047

Supplementary Table 1. The Bader charges of two attaching Au atoms between surface 1
and surface 2.
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Supplementary Notes
Note 1. Dissolution of large particles and generation of small ones

During in-situ observation, it is found that if we apply a relative high dose of electron beam
(4 — 5% 10° e nm 2 s7!), large gold particles are continuously dissolved while small ones
generate. Then this dissolution can be terminated when the electron dose is reduced. In other
words, this dissolution-precipitation process is induced by the irradiation of electron beam
and can be well controlled by it. To figure out how this happens, the solution chemistry is
evaluated first. The solution inside a liquid pocket is the reaction product of 2.5 ml sodium
citrate aqueous solution (34 mM) and 100 ml HAuCl4 aqueous solution (0.24 mM), then the
result solution should include the following types of ions inside: Na*, H*, CI", Ctr’" and
AuCls. In addition, the stoichiometry ratio of citrates and HAuCl4 for production of Au
nanoparticles is usually from 0.23 : 1 to 0.5 : 1!, so most of sodium citrates are not consumed
since the ratio of our original solution is 3.5 : 1. More importantly, despite the small amount
of residual AuCl4, it should possess a saturation concentration because large Au particles and
ionic AuCls™ keep a dynamic equilibrium state in this solution. On the other hand, it has been
reported that the solution containing H" and CI” is a particular environment where dissolution
of Au nanoparticles usually happens especially in the presence of oxidation agents®>. Based
on the reduction potentials, the dissolution is a spontaneous redox reaction of the electrons
and ions in solution, as shown here*>:

Au’ +4H" +4ClI" +0, +e” — AuCl, +2H,0 E,=+0.227V (NHE) (1)
Our solution just provides such an environment to facilitate the dissolution. First of all, the
TEM irradiation offers sufficient electrons for this reaction. What’s more, the oxidation
agents such as H202, OH and O that are produced by the interaction between incident
electrons and water molecules also promote the oxidization of Au particles®. Therefore under
electron beam irradiation, gold atoms on the surfaces of large particles are captured by CI” to
become AuCls ions and diffuse around in the solution. Consequently, these ions are reduced

again by the excessive citrates to generate small particles.
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Note 2. Interaction potential between gold particle pairs.

The interaction potential between two particles contains four parts:
U=U +U_+U, +U, 2)
where U, , U,, U_, and U, represent van der Waals, steric-hydration, magnetic,

electrostatic and interaction potentials respectively’-®. For magnetic interaction U _, it can be

ignored because gold nanoparticles are not magnetic materials. For electrostatic interaction
U,, the electric dipole-dipole interaction is first evaluated. In general, binary or polynary
semiconductors can exhibit large dipole moments and polarizabilities because of the
non-coincidence of the centers for atoms charged negatively and positively. Such a
circumstance does not hold in present case based on the fact that our particles are composed
only by gold atoms. Another way to introduce dipole moments is the adsorption of opposite
charges on different surfaces. It is also not applicable for our situation since citrate ions are
negatively charged when adsorbed on nanoparticle surfaces’. And in consideration of the high
symmetrical morphologies of the particles (Supplementary Fig. 5), their surface charges will
not lead to effective dipole moments. However when the particle get close enough, their
surface charges may undergo redistribution due to the mutual influence, and thus leading to
re-arranged distribution of dipoles moments. To qualitatively analyze this dipolar
re-distribution during the OA growth process, we have simulated theoretical model (two
attaching Aur9 particles with ligands at different distance), and calculated the Bader charges
of the model. When the attaching Au particles get closer (Supplementary Fig. 13b), to a
distance of about 1.5, 1.3 and 0.9 nm (0.9 nm is close enough in our situation. This is because
when the distance reaches about 0.7 nm, the directional rotation stops and citrates detach
from surfaces; and more importantly at this moment, the expulsion of surface ligands creates
a transient vacuum state between the interspace of two attaching surfaces, making the
pressure of surrounding liquid become the dominant force.), the Bader charges of Au atoms
between surface 1 and 2 were calculated (Supplementary Fig. 13b), by which the evolution of
dipole interaction between Au surfaces is qualitatively evaluated. As shown in Supplementary
Table 1, when the separation distance changes from about 1.5, 1.3 and 0.9 nm, the change of
Bader charge value of every atom is at most 0.1% for surface 1 and 2.3% for surface 2. It
means that when the particles get closer, there is little change in the Bader charges of Au
atoms on both surfaces. In other words, as the attaching crystals get close, the redistribution
of dipole moments which origin from surface charges could be ignored. The results are
summarized here: (1) extremely small permanent dipole moments for individual particle; (2)

nearly no redistribution of dipole moments as the particles approach. We can deduce that
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dipole evolution rarely plays a role in OA growth. Therefore, electric dipole-dipole
interaction can be ignored in our gold particle systems, in accordance with the conclusion
from other literature'®. On the other hand, the range of electrostatic force is determined by the
Debye screen length which depends on the concentrations of solution. In our system, the
remnant solution inside the cell possesses high level of ionic concentrations due to the
continuous evaporation of solvent during the liquid cell fabrication procedure. As discussed
in Note 1, the solution contains Na*, H*, CI", Ctr>~ and AuCls", the Debye screen length of
this multi-ionic electrolyte at room temperature (293 K) can be described by the following

equation’:

-1/2
2 2 22 22 22 22
1 (pooNae ZNa T Peri€ Zn T Puci€ Zot T Posce® Zen T Pooruct, © ZAuCl4)
K = 3)
£,k T

where p is number density, z is the valence of ions, e is electron, & and & are
vacuum and relative permittivity respectively, k, is Boltzmann constant, and 7 is
temperature. Although the concentrations of some ions are difficult to estimate due to the
evaporation of solvent in liquid cell fabrication process, the observed solid phase
precipitation of NaCl crystals (Supplementary Fig. 4) suggests the solution is saturated of
NaCl. Accordingly, the Debye screen length in Supplementary Equation (3) satisfies

K <[(Pus@2h, + P2 €6k, TT > =0304/ [NaCl] | =0.12nm

This indicates that both dipole-dipole and charge-charge interactions are screened at the

separation distance larger than 0.12 nm.

As a result, the final interaction between the gold nanoparticles in our system is the

steric-hydration and van der Waals potentials, described as follow” !

Al 2R N 2R’ (4R+D)D
6\ (4R+D)D (2R+D)  (2R+D)’

U(D)=W0eg+{—— +1In ]} (D>0.12nm) (4)

where W, depends on the hydration of the surfaces, D is the distance between particle
surfaces, A4 is the decay length, 4 is the Hamaker constant and R is the radius of the
interacting gold particles. Apparently the combined potential between two particles is only
related to their separation distance, which indicates that the work done during relative motion
of the particle pair is independent with the taken path. In other words, this combined potential
satisfies the definition of a typical conservative force field. Accordingly, the distribution of

the separation distance should be described by Boltzmann statistics'?:
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P(D)=Cexp(-U(D)/k,T) (5
By adopting Supplementary Equation (4) and (5), the relationship between the separation
distance and the corresponding distribution can be expressed as:

D 2 2 4R+D)D
P(D)=Cexp _ M et + A 2R + 2R 2+ln( * )2 (6)
k,T 6k,T | (4R+D)D  (2R+D) (2R+D)

Supplementary Fig. 10 shows the combined separation distance distribution of 21 particle
pairs during their approaching process (Figure 3a) and the corresponding fitting curve using
Supplementary Equation (6). Here R=1.41 nm is the mean radius of these particle pairs,
C is a constant and k; is Boltzmann constant. The related parameters are extracted from
the fitting result: 4=0.21+£0.01nm, W, =(3.7+£0.4)x10™"" J and 4=(4.7£0.9)x107" J.
Since our steric-hydration interaction comes from two polymer covered surfaces approaching

-7D/L

each other, it obeys U_ o< e (Lis the thickness of polymer layer)’, which leads to the

thickness of sodium citrate layer L. __=zA (0.21 nm)= 0.66 nm. Eventually the interaction

citrate

potential U(D) and F(D) (F(D)=-dU(D)/dD) are calculated by the obtained fitting

parameters and presented in Figure 3b.
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Note 3. Au nanoparticles passivated with citrate: density functional theory (DFT)

Computational Models and Methods

Au{l111}, and Au{100} surfaces were modeled as p (4x6), p (4x4) and p (4%5) periodic slab
model includes four, four and three atomic layers respectively. Atoms in the top two layers
were relaxed, and all other atoms were fully frozen. The neighboring layers were separated in
the direction perpendicular to the surface by a vacuum distance of 15 A. DFT calculations
were performed using projector augmented wave (PAW) potentials and the PBE functional
implemented in the Vienna ab initio simulation package (VASP)!3'6, Relaxations were
carried out using conjugate-gradient algorithm, and stopped if all forces were smaller than
0.03 eV A’!. The kinetic-energy cutoff of plane wave was set to 400 eV. Brillouin-zone was
integrated using Monkhorst-Pack-generated sets of k points. A 2x2x1 k-points grid was used

for the surface calculations.

Surface energy
The surface energy ( E, ... ) was calculated as follows:
Esurface = (Esqab - nEbulk )/2A (7)

where E], is the total energy of the slab, £, is the total energy of the bulk per unit cell,

urface

n 1is the number of bulk unit cells contained in the slab, and A is the surface area of each

side for the slab. The calculated results are summarized in Supplementary Table 1.

Ligand configuration

For citrate configurations, infrared and X-ray photoelectron spectroscopy analysis have
demonstrated that in aqueous solution citrates will bond with two hydrogen atoms to form
dihydrogen citrate anions (H2Citrate™), which are adsorbed on gold surfaces by the central
carboxylate group (5>-COO~ )!. In this consideration, we propose three possible initial
configurations depending on the position of oxygen atoms, described as follow:

Top configuration: the oxygen atom of central carboxylate group directly sits on the top of
surface atoms.

Bridge configuration: the oxygen atom of central carboxylate group locate above the center
between two surface atoms.

Hollow configuration: the oxygen atom of central carboxylate group locate above the
vacancy of surface atoms.

Figure 4 and S9 show the comparison between initial and finial configurations on {111} and

{100} surfaces. After relaxation, the citrate of top configuration stays still. However for
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bridge and hollow configurations, the citrate spontaneously moves from its original position
and develops to become the top configuration despite there is some slight deviations. This
change can be observed on both these two surfaces, suggesting that the top configuration is

energetically most stable state for adsorbed citrates.

Binding energy

The adsorption/binding energy ( E ) of citrate radical (HzCitrate™) on the Au {111} and

Binding
Au {100} was investigated, which was defined as:

E E

Binding — *Surface + EHZCitrate' - EHZCitrate' /Surface (8)

where E and E

Surface > EHz Cimate i, Citratefsurtace 1€ the energies of the surface, citrate radical

and citrate radical adsorbed on the surface respectively. Each individual energy term on the
right side can be achieved directly from DFT calculation.

Bader charges
In this part, the model has been simplified to the configuration that two citrate ligands
symmetrically adsorb on {111} surfaces of Auyy particles (with the size of 1.3 nm), as shown

in Supplementary Fig. 13a. Then the Bader charges are calculated when they get closer.
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Note 4. Comparison of OA trajectories between our results and other studies.

Trajectories of OA in solution have been in-situ investigated for PtsFe'® and Fe»03'°. The
difference between our phenomenon and previous publications should be emphasized here.

In our previous work'®, it is found that polycrystalline nano-chains can be built by imperfect
attachment of nanoparticles when the dipolar interaction compels the particles to arrange
end-by-end. In that work, the drift velocity increases greatly at very close distance because
the attractive dipolar interaction (U ~ 1/r?) increases dramatically as the particles get closer.
This increase of dipolar interaction also leads to an apparent acceleration process when the
distance decreases to 3 nm for particle-particle pair and 6 nm for particle-chain pair (Figure
4A, Science 2012, 336, 1011). However, the situation is different in this work. The attractive
force does not change much as the particles get closer, and then even becomes repulsive force
when the distance is smaller than about 1 nm (see the dashed magenta curves in Figure 3b,
this manuscript). This is why the drift velocity slightly decreases as they closer
(Supplementary Fig. 14). In addition, the abrupt increase of velocity before the final contact
(Supplementary Fig. 14) well indicates that the expulsion of surface ligands leads to the
vanishing of repulsive force and then quick contact. Therefore the jump to contact in this
work should be distinguished from the increase of drift velocity in our previous work, similar
behavior but different mechanism.

In another previous work!, the pathways of OA in solution has been in-situ observed.
Although the authors have imaged the successive pre-alignment, jump to contact and
interface elimination process, they have not performed quantitatively statistical analysis about
the detailed evolvement laws of particle’s movement and rotation before contact. In
comparison, here in our work, the small size of gold particles allows us to study the
movement and rotation behavior more easily, and a large number of statistical data also allow
us to investigate the nature of driving force. More details about OA have been discovered in
our work.

Most importantly, numerous literature about nano-synthesis have noticed the crucial role of
surface ligands in OA, whereas there is still no direct evidence to elucidate this mechanism.
Our results have, for the first time, revealed how the surface ligands control OA and provided
a new mechanism of the binding energy related crystal facet selection. These new findings
were enabled by the liquid cell TEM with significant improved spatial resolution as

compared to the previous reports.
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