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nanoclusters. (b) High-angle peaks due to diffraction from the (CdSe),s clusters. The full width
at half maximum (FWHM) was fitted with a Gaussian profile in a bold black curve.

X-ray diffraction (XRD) also confirmed lamellar structures of (CdSe);s nanoclusters
before and after annealing. In Figure 1.7, the (CdSe);3 nanoclusters showed no significant
difference in layer-to-layer d-spacings before and after annealing at 71 °C for 74 min. Several
narrow diffraction peaks (unfitted green spikes) in Figure 1.7 (a) and (b) disappeared after the
annealing process. According to the calculated d-spacing (27 =2 A) from XRD and the
measured thickness (17 + 3 A) from TEM, the spacer distance (OA and TOP) between two
layers was calculated as 10 £ 5 A (27 — 17 A) in as-made (CdSe) 3 nanoclusters. This distance

was close to the spacer height (8 A) in bilayer model assumed in Scheme 1.1 (a).

Therefore the TEM and XRD measurements gave different spacer heights, of 2.2 £ 0.7
nm and 1.0 £ 0.5 nm, respectively. These values were experimentally distinguishable in
consideration of the errors in the measurements. I speculated that the difference in spacer height
is due to the different sample preparation procedures used in the two methods. The TEM sample
preparation required washing with i-PrOH or acetone to remove sufficient organic residues to
produce resolved images. XRD sample preparation required only washing with toluene, which is
less disruptive to the lamellar structures. Consequently, different inter-penetration degree (77)

and/or tilting angle (6) could have resulted from two treatments, leading to the different spacer

height (4).

The annealing temperature also determined the completeness of the morphological and
crystallographic transformation. As shown in Figure 1.8 (b), with an annealing temperature of
98 °C, the (CdSe) 3 nanoclusters were completely transformed to CdSe QBs. Higher-angle

diffraction peaks between 20-30 °C indicated a wurtzite structure for the transformed CdSe QBs.
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Due to the lamellar nature of the original (CdSe);3 NCAs , the transformed CdSe QBs
persistently gave a series of low-angle diffraction peaks for a lamellar structure. In Figure 1.8 (a),
the d-spacing (29 A) was calculated to be 7% larger than the d-spacing (27 A) in the (CdSe) 3
NCAs. Such a layer increment was explained by both layer thickness and a spacer expansion.
The assumption of layer thickness expansion was based on significant lattice relaxation from a
strained nanocluster to a less strained QB (2.8-4.7 % in Figure 1.8b) in the wurtzite QBs. The
assumption of spacer expansion was based on ligand re-alignment after annealing, which was

subject to change the tilting angle (6) and inter-penetration degree (7).

For the transformed QBs, the first two low-angle diffraction peaks gave an estimated
diffraction coherence length (/) of 15 nm as calculated from the Scherrer equation. This value (15
nm) reflected coherence in the layer-to-layer stacking dimension normal to the layers. In
comparison to the interlayer d-spacing of 2.93 nm, the / value corresponded to coherence over 5

to 6 layers of the transformed QBs.
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Figure 1.8 XRD patterns of transformed CdSe QBs from annealed CdSe NCAs at 98 °C. (a)
Low-angle diffraction peaks indicated preservation of lamellar structures. Calculations from the
Scherrer equation indicated that the coherence length (/) of the QBs was 15 nm, based on the
FWHM of the first two peaks (purple and green curves) fitted with Gaussian profiles. (b) High-
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angle peaks clearly indicated the strained wurtzite structure (red lines) after annealing, with
lattice contraction of 2.8 — 4.7 %.

The transformation process was mainly controlled by annealing temperature, rather than
by annealing time. The morphology and optical property-changes (NCA-> transformed QB),
crystal-structure transformation (molecular = wurtzite, strained > less strained), and lamellar-
structure retention (low-angle diffraction) reveal a topotactic structural transformation in which a
substantial structural reorganization occurs while significant orientational relationships are

preserved.

1.2.5 Unbundling of magic-sized (CdSe) 3 nanoclusters

After annealing up to 85 °C, (CdSe);3 nanoclusters were chemically and structurally
stable in the lamellar octylamine templates. In the presence of oleylamine, ligand exchange
occurred spontaneously even at room temperature. In Figure 1.9, (CdSe) 3 nanoclusters
maintained their absorption features after ligand exchange (10-12 h) and a sonication process
(20-40 min) in oleylamine-toluene solution (10 %, w/w). Sonication did not significantly change
the 1% absorption feature (350 nm), but caused a small red shift to the 2nd absorption feature (328
- 335 nm). A reduced extinction intensity of scattered-light tail at longer wavelengths (> 350
nm) was an indication of decreasing nanostructure dimensions. On the basis of the above two
evidences, the (CdSe);3 nanoclusters still maintained their original quantum-confinement
properties, but a disruption of lamellar stacking after ligand exchange and sonication in

oleylamine occurred.
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Figure 1.9 Absorption features of annealed (CdSe) ;3 nanoclusters before and after sonication.
(red curve) Ligand-exchanged (CdSe),; nanoclusters in oleylamine (OLAm)-toluene solution
before sonication. Ligand exchanged (CdSe);3 nanoclusters after sonication in oleylamine-
toluene solution for 20 min (green curve) and 40 min(blue curve). The intensity was normalized
to its peak maxima around 350 nm. Reduced baseline intensity at the longer wavelength
indicated less scattering from the OLAm-exchanged (CdSe);3; nanoclusters.

Furthermore, after sonication of NCAs in oleylamine solution, lamellar structures were
no longer detected in TEM images. When the NCAs were not annealed prior to ligand exchange,
the lamellar structures were apparently fully disassembled, leading to release of the (CdSe);s
clusters. These free clusters are too small to be imaged by TEM. When the NCAs were annealed
prior to ligand exchange, a layer unbundling occurred, leading to individual template sheets

entrapping the (CdSe) ;s clusters (see below).

During the ligand exchange, the oleylamine (spacer) increased the layer-to-layer distance,
which led to a gradual unbundling. With assisance of sonication, the unbundling process was
expedited in 5-11 min. The ligand exchange caused a small angle shift to larger d-spacing, in the
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comparison original XRD patterns, for the residual lamellar nanostructures. In Figure 1.10, a
layer-to-layer distance of 24.5 A (#y) in as-made CdSe NCAs, gradually increased to 37.9 A after
ligand exchange with oleylamine, and further increased to 46.4 (¢*) and 45.7 A after sonication
for 20 and 40 min, respectively. The spacer incremental increase after sonication was around

2.19 nm (4.64 nm - 2.45 nm) along the interlayer direction.
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100 d,, (t) Sonicated in OLAM (20 min) ~ dyp=46.4£0.3A
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Figure 1.10 Low-angle XRD of NCAs during unbundling. As-made (CdSe);3 NCAs precipitated
from a octylamine solution with tri-n-octylphosphine (black curve). Ligand-exchanged (CdSe)3
NCAs precipitated from a oleylamine-toluene solution (orange curve). CdSe);3 NCAs sonicated
in a oleylamine-toluene solution for 20 min (green curve). (CdSe);3 NCAs sonicated in a
oleylamine-toluene solution for 40 min (blue curve).

In addition, the low-angle reflection FWHM of as-made (CdSe)3 nanoclusters was
noticeably smaller than the FWHM after ligand exchange. According to the Scherrer equation, a
sharper diffraction peak corresponded to a larger dimension for the nanostructures, while a
broader diffraction to a smaller dimension. A similar conclusion was also made in the absorption

spectrum from the decreasing baseline extinction (Figure 1.9).
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Transmission electron microscopy (TEM) was used to reveal the morphology of
unbundled (CdSe) 3 NCAs. In bundled forms, the NCAs exhibited parallel patterns orthogonal to
the layer-stacking direction. Very limited information was obtained from TEM images of the
bundled (CdSe);3 NCA. Triangle shapes were most commonly observed in annealed (CdSe) ;3
NCAs after unbundling. These images were very similar to the morphology of CdTe nano-sheets
reported by Hyeon et al.'® However, the triangle shapes were composed of several individual
stripes of nanoclusters. The data suggested that the sheet-like structures contained one to a few
layers that were exfoliated from the original bundled NCAs. The stripe patterns evident in the

individual layers indicated that the bundled NCAs actually possessed double lamellar structures.

Figure 1.11 Representatives TEM images of (CdSe) ;3 NCAs after unbundling. These (CdSe) 3
clusters were originally assembled into stripe stacking horizontally (side-by-side) and vertically
(layer-by-layer). After unbundling, most (CdSe),s stripes still laid horizontally (side-by-side) in
irregular nanosheets.
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After the unbundling process, most of the (CdSe);3 NCAs were still laying together in
side-by-side stripes, as a pseudo-1D lamellar structure. In Figure 1.11, partial or full unbundling
resulted in parallel stripes with wide faces laid upon the TEM grids horizontally. Full unbundling
was evidenced by the disappearance of vertical stacking along the thickness direction for some of
the sheet-like structures. However, horizontal stacking along the width direction was still
maintained. At lower magnification, a single stack or a few stacks could be distinguished by
image darkness. At higher magnification, multiple stripes were individually resolved in irregular
or triangle shapes. The stripe thickness was 1.7 + 0.3 nm (Figure 1.6a), the strip widths were
usually 4-12 nm (Figure 1.12), and the stripe lengths were less than 200 nm (Figure 1.12). To
prepare these TEM grids (Figure 1.12), two aliquots of as-made CdSe NCAs were sonicated in
oleylamine for 5 min (partial unbundling) and 11 min (full unbundling), and then purified with

an acetone-toluene mixture (1/20, v/v).

(@) sp=10.5+0.8 nm (b) s*=14+2nm

Figure 1.12 Spacer expansion of (CdSe);3 nanocluster stripes in oleylamine-toluene solutions.
The distances between two adjacent stripes were 10.5 = 0.5 nm (s¢) in an early stage of
unbundling (sonication for 5 min, a) and 14 £+ 2 nm (s *) after total unbundling (sonication for 11
min, b).
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Scheme 1.2 A schematic of spacer expansions of double-lamellar CdSe NCAs in oleylamine
solution. Vertical expansion (red arrows, #p = t*) was observed by XRD (Figure 1.10).
Horizontal expansion (green arrows, 59 = s*) was observed by TEM. The black boxes are to
highlight the expansion in two dimensions.

Both vertical and horizontal expansions were observed during the unbundling process. A
vertical expansion was resolved by a d-spacing increment of 2.19 nm (4.64 nm - 2.45 nm) from
low-angle XRD data (Figure 1.10). A horizontal expansion was measured by an increment of 3.5
nm (14 nm = 10.5 nm) from the TEM images taken during the unbundling process (Figure 1.12a
and b). Both expansion results by XRD and TEM reveal the existence of the double-layer
lamellar structure for CdSe NCAs in Scheme 1.2. Both vertical (red arrow) and horizontal
expansions (green arrow) indicated a 2D ligand exchange and expansion processes with
oleylamine. The expansion occurred simultaneously during the ligand exchange. The maximum
vertical expansion observed by TEM was approximately of 4.64 nm. Beyond this distance, the

spacers (oleylamine) no longer held the CdSe NCA slabs and the lamellar structure was
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