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Interparticle Influence on Size/Size Distribution Evolution of Nanocrystals
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The understanding of crystallization has played a decisive role Representalive Basis Spectia
in developing synthetic chemistry for high-quality nanocrystals both
in solutiort—3 and on substratésSemiconductor nanocrystals have
been used as the main models for studying nanocrystal formation E\\/&:":
due to their size-dependent optical properties, both photolumines- 5 a3m
cence (PL) and UV vis.>® Their PL spectra are usually a single- § = A%
peak, but PL quantum yield may differ from one size to another in
a sample and vary greatly by changing the chemical environffent.
UV —vis is normally not sensitive to the environment, but it is a
superposition of different peaks even for a monodisperse sémple.
As a result, such studies have been qualitative or semiquantitative,
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although in sitd® and microfluidié¢* methods have been developed Figure 1. (a) Representative standard spectra of CdS nanocrystaid) (b

for accurately recording UVvis and PL spectra. This work intends
to solve this challenge by quantitatively deconvoluting s
spectra of semiconductor nanocrystals with a series of standard
spectra. Initial results obtained using this new technique imply that
interparticle interaction needs to be considered in size/size distribu-
tion evolution of nanocrystals although this parameter has been
largely ignored in the past.

CdS and CdSe nanocrystals were synthesized using standard
methods’ 12 For computer deconvolution, 45 standard JWs
spectra of CdS nanocrystals were collected (Figures 1a and S1),
with one spectrum for every-23 nm interval. For most experiments
(Supporting Information (Sl)), CdS nanocrystals were treated with
tolusulfonic acid in octanol at ambient conditions in a sealed cuvette,
and the U\+vis spectra were recorded in situ using an Ocean Optics
fiber-optic spectrophotometer.

Each spectrum was deconvoluted by fitting it with the standard 9 B o 28,38 o 43
spectra using Monte Carlo simulation (SI). The simulation protocol rig e 2. (a) Temporal evolution of Uv-vis spectra and (b) corresponding
was examined by the excellent fitting (Figure 1b, c, d) of the spectra parameters obtained by deconvolution of a CdS nanocrystal sample in the
of a standard sample, and a mixture of either two or three standardacid solution. (c, d) [M] at different conditions. (e) Size distribution
samples. The monomer concentrations and size distribution obtainecfvolution in dissolution/ripening.
from the deconvolution were confirmed for a few samples by atomic
absorption and TEM (see below), respectively.

The Gibbs-Thompson equation is shown in ed=L.

Si=S. exp(dV,/dRT)

Comparison of simulated spectra and size distribution with the experimental
results for single size and mixtures.
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peak position, and the particle concentration continued to decrease
(>10 s). All these qualitative features matched well with a typical
Ostwald-ripening process, which is confirmed by the quantitative
results (Figure 2b) obtained by deconvoluting the-tks spectra.

The transition point from net dissolution to net growth of average
size is indicated by a red line in Figure 2b, and the related monomer
concentration, [M] should be the solubility of an average-sized
crystal in the solution according to eq 1.

However, additional experimental results with differently sized
nanocrystals reveal that [M]s unlikely the solubility of the
nanocrystals. In Figure 2c, two opposite trends can be identified, a
decrease of [M]for a low particle concentration (constant CdS
units for all sizes) and an increase of [Mpr a high particle
concentration (constant initial [particle] for all sizes). To clarify
this conflict, [M]' with different particle concentrations was
examined (Figure 2d). A linear increase of [Myer the increase
of [particle] occurred for all sizes.

To confirm the role of particle concentration in ripening, one
CdS nanocrystal sample (405 nm BVis peak) was subjected to
ripening with/without another size (368 nm UWis peak). The

@)

o andVp, are the specific surface energy and molar volume of a
crystal, respectivelys, is the solubility of the bulk crystal, an§
is that for a crystal with its diameter @k R is the gas constant,
andT is absolute temperature. For a given sized nanocrystal, it
dissolves (grows) if the monomer concentration in solution is lower
(higher) than its solubility determined by ed3}*which is known
as Ostwald ripening?

When the acid was injected into the nanocrystal solution, net
dissolution occurred instantaneously (Figure 2a10 s)—indicated
by the blue-shift and intensity decrease of the absorption speetrum
because the monomer concentration in solution was initially zero.
Subsequently, the average size increased, judged by thevidV
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Equation 3 implies a linear relationship between'[afid [P], and
the slope should increase with the sidedf the nanocrystals. These
two predictions are quantitatively consistent with the data in Figure
2d. The solubility &;) of nanocrystals determined by tiexis inter-
cept for each line in Figure 2d increases as the particle size de-
creases, which is consistent with the initial assumption. Equations 2
and 3 further indicate that, as the size-dependent solubility becomes
insignificant for large particles, the interparticle diffusion becomes
negligible becauseS,e — i) approaches zero. This is probably
why interparticle interaction is readily observable in nanosize range.
The second term in eq 2 is always positive (negative) for the
results (Figure S2, top) indicate that the existence of the small particles bigger (smaller) than the average size. As the large particles
nanocrystals almost prevented the dissolution of the large ones.started growing, the ones smaller than the critical size determined
This implies that the large particles “felt” the existence of the small by eq 3 would still dissolve rapidly, much more so than that
ones. The related results also confirm that focusing of size predicted by eq 1. Thus, a gap was developed between the large
distributiont* may occur more substantially (Figure S2, bottom) in  particles in growth and small ones in rapid dissolution. After the
ripening than that predicted by the theori@s! bimodal distribution (Figures 2e and 3a), or starting from a broad
The temporal evolution of size distribution of the nanocrystals distribution (Figure S2), focusing of size distribution will follow
in ripening (Figure 2e) showed a bimodal distribution as transient due to the complete dissolution of the small particles.
states, instead of a constant log-normal distribution predicted by In summary, quantitative study of crystallization in a few-
Lifshitz—Slyozov-Wagner (LSW) theory>6 Such bimodal dis- nanometer-sized regime is critically important but has been
tribution seems to be common as shown by further experiments extremely challenging. The technique reported here offers the
using different nanocrystals and/or with different temperature/ possibility for experimentally solving this challenge, and the initial
solvent systems (Figure 3 and Figure 3S). In some cases, theresults are encouraging. Interparticle interaction was for the first
nanocrystals emitted well, which offered an opportunity for time identified as a determining role in Ostwald ripening of colloidal
comparing size distribution profiles implied by the PL spectrum nanocrystals although related phenomena were observed previously
and determined by deconvolution of the BVis. Evidently, the for relatively larger sized crystals in melts with high solid/volume
size distribution determined by computer deconvolution of-UV  ratio?2 and 2D islands on substraf€'® The preliminary model
vis (Figure 3b) was substantially more accurate than that implied proposed can explain the observed experimental results, i.e., the
by the PL spectrum (Figure 3a) using TEM results as the reference concentration-dependent transition of dissolution to ripening,
(Figure 3c). This is consistent with dynamic distribution of PL bimodal size distribution, and focusing of size distribution in
brightness of nanocrystals. ripening. A more precise theory is under development, which should
Equation 1 and LSW theoly/*6cannot directly explain the results  impact several fields in science and technology, such as chemistry,
in Figure 3. However, study of Ostwald ripening on solid substrates biology, geology, and materials.
for two-dimensional (2D) nanosized islands revealed that the beha-  g,5551ting Information Available: Experimental details and
vior of a given island was determined by the size and distance of g,,50rting results. This material is available free of charge via the
its nearest neighbor islan#isi®which was quantitatively explained  |nternet at http://pubs.acs.org.
by considering the inter-island diffusion of monomers based on
Gibbs-Thompson equation. In our case, the interparticle distance References
was estimated as several tens of nanometers, which should allow (1) Murray, C. B.; Kagan, C. R.; Bawendi, M. Gnnu. Re. Mater. Sci.
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Figure 3. Ostwald ripening of CdS nanocrystals at 573 K in oleic acid
octadecene solution. (a) PL spectra at three reaction times. (b) Size
distribution at 15 min by the deconvolution of the corresponding-Wwig
spectrum. (c) Size distribution at 15 min determined by TEM.

significant diffusion sphere overlapping. This implies that, for a
diffusion controlled process (commonly assumed for most studies
of colloidal nanocrystals) the interparticle diffusion (the second term
in eq 2), in addition to the well-known solutierparticle diffusion

(the first term in eq 2}#1%21 might also play a key role in
determining the size growth ratd') of a nanocrystal in solution.

d = 10D7¢ (S~ P +4D/d(M] - S)  (2)

(IM] — S): monomer concentration gradient between the bulk
solution and a given nanocrystag,(e — Si): mean interparticle
diffusion gradient (SI)D: diffusion coefficient of monomersy:
radius of the diffusion sphere, and [P]: particle concentration. This
preliminary model and interpretation below only requires solubility
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