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Abstract 
 

Control of nanoparticle size is crucial to the development of nanotechnology. At this 
point in time, no general, rational synthetic strategy for controlling nanocrystal diameters and 
producing narrow diameter distributions has emerged. This is a reflection of a poor 
understanding of the mechanisms for nanocrystal growth.  Based on previous studies of bismuth 
and gold nanoparticle growth, this work clearly establishes two new synthetic approaches to 
controlled growth of colloidal Pt nanocrystals, both based on aggregative-growth mechanisms, 
which afford narrow size distributions and size control over a wide and relevant size regime. 
 The first new method is a phase transfer process, where growth is controlled by varying ligand 
stabilizer concentrations. The second method involves rapid reduction of a molecular platinum 
precursor in the presence of a polymer stabilizer. 
 
 At present the size control is empirical, and incompletely understood and incompletely 
developed.  However, the new synthetic pathways are amenable to kinetic study and analysis, 
establishing that a quantitative, rational control of sizes and size distributions can be achieved. 



4  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5  

Contents 
 

   Page 

Listing of Figures ...............................................................................................................6 

I. Introduction 

 A. Overview ......................................................................................................7 

 B. Background ..................................................................................................7 

II. Preliminary Studies ...............................................................................................8 

III. Results and Discussion.........................................................................................11 

IV. Conclusions...........................................................................................................16 

V. References.............................................................................................................17 

Distribution ....................................................................................................................19 



6  

Listing of Figures 
 

 Page 
Figure 1.  TEM images (scale bars = 50 nm).   (a) bimodal distribution of Bi 
nanocrystals;      (b) post-growth Bi nanocrystals; (c) Au nanocrystals; (d) post-growth 
Au nanocrystals. 
 

 
   9 

Figure 2.  Kinetic data (points) for the aggregative growth of nanocrystals.  The curves 
are calculated fits using eq 1.  (a) Bi nanocrystals.  (b) Au nanocrystals; data were 
collected at the salt concentrations (molarity) given in the inset. 
 

 
  10 

Figure 3.  Pt nanocrystals grown by the polyol method;  Dave = 2.43 ± 0.55 nm. 
 

  12 

Figure 4.  (a) pre-synthesized primary Pt nanocrystallites, d = 2.0 ± 0.8 nm;  (b) Pt 
nanocrystals formed by controlled coarsening, d = 6.1 ± 1.2 nm. 
 

 
  13 

Figure 5.  Evolution of experimental nanocrystal-size distributions in time under 
controlled coarsening. 
 

 
  13 

Figure 6.  TEM images from rapid primary Pt particle generation obtained:  (a) at 20 
min; (b) 240 min.  Final d = 9.1 ± 1.2 nm. 
 

 
  14 

Figure 7.  Nanocrystal-size distributions during aggregative growth after rapid primary 
Pt-nanocrystal generation. 
 

 
  15 

Figure 8.  Kinetic profile for the growth of Pt nanocrystals from Pt(acac)2.       (�) 
average diameter measured from the nanocrystal-size distributions;     (⎯) sigmoidal fit 
as a guide for the eye. 

 
  16 

 
 



7  

Introduction 
 
A. Overview 

Control of nanoparticle size is crucial to the development of nanotechnology.  At this point in 

time, no general, rational synthetic strategy for controlling nanocrystal diameters and producing 

narrow diameter distributions has emerged. This is a reflection of a poor understanding of the 

mechanisms for nanocrystal growth.  The long-term goal of this project is to develop a detailed 

understanding of the growth process of nanocrystals and to apply this knowledge to produce, 

predictably and in a reproducible manner, nanoparticles of a specific size and size distribution of 

a wide variety of materials. 

Due to the short duration of this project, efforts were concentrated on the synthesis and 

growth of platinum nanocrystals.  Our initial studies began with the preparation of colloidal Pt 

nanocrystals and succeeded in reaching several goals: 

• Survey and develop Pt-nanocrystal syntheses for systematic variation of nanocrystal 

size while maintaining narrow size distributions over a range of catalytically relevant 

diameters (ca. 2-10 nm) 

• Identify preparative pathways and controlled aestivation strategies to allow 

quantitative kinetic analysis of nanocrystal growth 

• Look for and promote aggregative-growth mechanism. 

 

B. Background 

Nanocrystalline materials exhibit a range of unusual optical, electrical, and chemical 

properties that are of great interest for applications in sensing, labeling, catalysis, electronics, 

optics, multifunctional composites, etc.1  Nanocrystal properties are generally size dependent, 

requiring narrowly dispersed specimens over a range of mean diameters for systematic 
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experimental studies and certainly for optimum application.  Thus, the production of near-

monodisperse nanocrystal materials has long been a key synthetic criterion.2  Unfortunately, a 

general, rational strategy for controlling nanocrystal diameters and producing narrow size 

distributions has not emerged.  This is a reflection of a poor understanding of the mechanisms for 

nanocrystal growth.  Particle aggregation has long been recognized as a contributing mechanism 

to the growth of micrometer-sized colloidal materials; however, the possible role of aggregation 

processes in nanocrystal growth has been largely ignored.  We argue that aggregative 

nanocrystal growth is more common than has been appreciated, and that aggregative 

growth has intrinsic advantages that can be exploited for achieving diameter and dispersity 

control in nanocrystal synthesis. 

 

II. Preliminary Studies 

We have separately established aggregative-growth mechanisms for near-monodisperse Au 

and Bi nanocrystals.3  Solution-phase decomposition of Bi[N(SiMe3)2]3 produces narrowly 

dispersed Bi nanocrystals with mean diameters in the range of 5 – 25 nm, depending on reaction 

conditions.  TEM images obtained very early in the process reveal bimodal size distributions 

comprising primarily very small (d < 2 nm) Bi nanocrystals, with a few larger nanocrystals (Fig. 

1a).  Over time the larger particles grow at the expense of the smaller particles, until the latter are 

consumed (Fig. 1b).  These results are consistent with aggregative growth.  As a second 

example, the solution-based thermal ripening of small, polydisperse Au nanocrystals (d ≤ 2 nm; 

Fig. 1c) affords larger, near-monodisperse Au nanocrystals having mean diameters in the range 

of 5 – 10 nm (Fig. 1d). 
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Figure 1.  TEM images (scale bars = 50 nm).   (a) bimodal distribution of Bi nanocrystals;      
(b) post-growth Bi nanocrystals; (c) Au nanocrystals; (d) post-growth Au nanocrystals. 

 

 

 

 

In addition to the evidence in Figure 1, studies of growth kinetics by us and by others have 

generally found sigmoidal growth curves consistent with aggregative-growth mechanisms.4 As 

such, in Equation 1, we have adapted the well-known KJMA model5 to the kinetic analysis of 

aggregative growth by redefining nucleation to be the formation (and coalescence) of a critical 

aggregate. 
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 In this expression, M(t) and Mlim are the average nanocrystal mass at time t and the limiting (final) 

average mass at the end of growth, respectively.  These quantities are experimentally determined by 

analysis of TEM images.  The quantity kn is the maximum nucleation rate, and Δtn is the width of the time 

window for nucleation.  These are extracted from nanocrystal size distributions measured from TEM 

images.  The exponent d is the growth dimension, which is conventionally assigned the value 3 for 3D 

nucleation-limited growth, and 1.33 for diffusion-limited growth, applicable when kn becomes very fast.6 

The quantities kg and kOR are the growth rate and equilibrium Ostwald-ripening rate, respectively.  They 

are obtained by fitting eq 1 to the experimental kinetic data (M(t)/Mlim) vs. t) using the well-known Origin 

graphing and function-fitting software package, which is widely accessible and widely used.  In 

(a (b) (c) (d) 
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modifying Equation 1 and the mechanistic model it represents, we have redefined nucleation and growth 

to apply to aggregative processes (see above), developed a method for directly evaluating kn and Δtn from 

experimental data (not detailed here), and added an Ostwald-ripening term. 

Kinetic data for the aggregative growth of Bi and Au nanocrystals are shown in Figure 2.  

The fits to eq. 1 are good, affording experimental determination of the nucleation time window 

Δtn and the rate constants kn, kg, and kOR.  For the Au nanocrystals (Fig. 2b), the maximum 

nucleation rate for critical-aggregate formation (kn) was found to be highly sensitive to the 

concentration of an added salt, [(n-octyl)4N]Br.  The results indicate that alkanethiol-capped Au 

nanocrystals, which are generally presumed to be sterically stabilized, are in fact partially 

electrostatically stabilized.  Addition of salt collapses the electrical double layer surrounding the 

nanocrystals, decreasing the barrier for their aggregation and coalescence.  We found that the 

magnitude of kn varied with salt concentration over ca. two orders of magnitude (Fig. 2b). 
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Figure 2.  Kinetic data (points) for the aggregative growth of nanocrystals.  The curves 
are calculated fits using eq 1.  (a) Bi nanocrystals.  (b) Au nanocrystals; data were 
collected at the salt concentrations (molarity) given in the inset. 
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The ability to systematically vary the aggregative nucleation rate kn provides the important 

control element for nanocrystal synthesis.  As kn increases relative to kg, the induction period 

shrinks and essentially disappears, and a crossover from nucleation-limited to diffusion-limited 

growth is realized.  At this crossover point (kn ≈ 20kg), theory indicates that the final size 

distribution will be the narrowest achievable (standard deviation ≈ 5-7 % of the mean diameter), 

and the final mean nanocrystal size will be the largest achievable, for a given temperature and 

precursor concentration.  Our results with Au nanocrystals bear out these predictions; the largest 

diameters and narrowest diameter distributions are achieved at the salt concentration (0.99 M) 

that produces crossover-point kinetics.  We obtain smaller nanocrystals, without a large increase 

in the size distribution, by systematically decreasing kn. 

 

III.  Results and Discussion 

We began by evaluating existing methods for colloidal-Pt-nanocrystal synthesis.  Only 

two reliable methods have been reported.  The first is the reduction of a Pt salt by a borohydride 

or organoaluminum reagent.7  The second is referred to as the “polyol’ method, where Pt(acac)2 

is reduced by an alkanediol with heating.8  Both methods reliably yield 2-3 nm particles with 

modestly narrowed dispersities (± 40% and 25%, respectively).  A third method, in which Pt 

salts are reduced by H2, was not pursued by us due to its tendency to yield significant amounts of 

agglomerated metal in addition to colloidal nanocrystals.9  

In our hands the polyol method yielded results generally consistent with literature reports.  

The nanocrystals showed no tendency towards aggregation, as shown in Figure 3.  These 

nanocrystals were also resistant to thermal-ripening procedures intended to produce larger, 

controlled nanocrystal sizes.  The maximum size available by this method was limited to 

diameters of ~3 nm, without the use of multiple precursor additions,10 which were impractical.  
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Figure 3.  Pt nanocrystals grown by the polyol method;  Dave = 2.43 ± 0.55 nm. 

Our experimental work established that the polyol-derived Pt nanocrystals exhibited unusual 

stability toward aggregative growth and Ostwald ripening, so this synthetic method was 

abandoned. 

 

 

 

 

 

 

 

We subsequently developed two syntheses that allowed controlled growth of Pt nanocrystals 

within the desired size range (diameters = 2-10 nm).  The first new synthesis was a controlled-

coarsening procedure using small, primary, Pt nanocrystallites (ca. 2 nm) prepared by a phase-

transfer procedure.  This method is analogous to that for Au-nanocrystal synthesis mentioned in 

the previous section.  The primary nanocrystallites were stabilized by tetraoctylammonium 

bromide (TOABr) and dodecylamine (DDA), and were easily stored and manipulated.  

Controlled coarsening through aggregative growth of these nanocrystals was induced thermally 

in appropriate solvents, by adding various concentrations of additional TOABr. 

We have identified boundary TOABr concentrations that distinguish three different growth 

regimes.  At low TOABr concentration only Ostwald ripening occurs, and the 2-nm primary 

particles can be grown to about 3.5 nm with a significant broadening of the size distribution.  At 

intermediate TOABr concentrations, controlled aggregative growth with nanocrystal coalescence 

occurs, which is a desirable growth mechanism.  At high TOABr concentrations, aggregation 

occurs but not coalescence, producing aggregates of primary nanocrystals.  The latter growth 
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Figure 5.  Evolution of experimental nanocrystal-size distributions in time under controlled 
coarsening. 

regime is not synthetically useful, but has great mechanistic significance in that it provides direct 

evidence for the participation of aggregative processes during growth.  Figure 4 shows Pt 

nanocrystals grown under the synthetically useful intermediate conditions, where the primary 

nanocrystals grow by aggregation to 6-nm diameters, while maintaining respectable (but 

unoptimized) size distributions.  Figure 5 illustrates the evolution of the nanocrystal-size 

distributions during the reaction, demonstrating that the controlled-coarsening procedure will 

provide a successful preparation of narrowly dispersed Pt nanocrystals in the desired size range 

(2-10 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  (a) pre-synthesized primary Pt nanocrystallites, d = 2.0 ± 0.8 nm;  (b) Pt 
nanocrystals formed by controlled coarsening, d = 6.1 ± 1.2 nm. 

(a) (b) 
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Figure 6.  TEM images from rapid primary Pt particle generation obtained:  (a) at 20 min; (b) 240 
min.  Final d = 9.1 ± 1.2 nm. 

We have also developed a second new Pt-nanocrystal synthesis by rapid primary particle 

generation.  In this approach, small primary Pt nanocrystals are rapidly generated from a 

molecular precursor, which subsequently undergo aggregative growth affording larger, narrowly 

dispersed Pt nanocrystals.  In this procedure, Pt(acac)2 is reduced by octadecanethiol (ODT) in 

the presence of a polymer stabilizer, polyvinylpyrrolidene-co-hexadecene (PVP-co-PHD) in an 

appropriate solvent.  The strategy is closely analogous to our previous synthesis of Bi 

nanocrystals mentioned in the previous section.  Figure 6a reveals the generation of many ~1.5-

nm primary Pt particles after a 20-min reaction time, along with a much smaller fraction of 5-6 

nm particles, which are beginning to form and grow by an aggregative process that consumes the 

smaller particles.  After 2 hours, nanocrystals with an average diameter of 8 nm are observed, 

with gradual growth up to 9 nm at 4 hours (Figure 6b).  The evolution of the measured 

nanocrystal-size distributions is shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Figure 7.  Nanocrystal-size distributions during aggregative growth after rapid primary Pt-
nanocrystal generation. 

 

 

 

 

 

 

 

 The growth kinetics for this process, plotted in Figure 8 using the Figure 7 data, 

constitute an extremely positive and exciting result.  Figure 8 reveals an initial induction period, 

followed by rapid aggregative growth, and then very slow Ostwald ripening.  That is, the 

preliminary growth kinetics are very consistent with a controlled, aggregative-growth process, as 

we have been seeking in this proposed effort.  The observation of very slow Ostwald ripening is 

a synthetically useful outcome because it indicates that the ultimate nanocrystal size will be 

determined by the aggregative-growth regime, which is amenable to chemical control.  Although 

not yet developed and optimized, the early indications for this growth method strongly suggest it 

will afford narrow size distributions and controlled Pt-nanocrystal diameters in the catalytically 

relevant size range of 2-10 nm.   
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Figure 8.  Kinetic profile for the growth of Pt nanocrystals from Pt(acac)2.     (�) average diameter 
measured from the nanocrystal-size distributions;     (⎯) sigmoidal fit as a guide for the eye.  

 

 

 

 

 

 

 

IV. Conclusions 

The results from our efforts clearly establish two new synthetic approaches to colloidal Pt 

nanocrystals, both based on aggregative-growth mechanisms, which afford narrow size 

distributions and size control over a wide and relevant size regime.  At present the size control is 

empirical, and incompletely understood and incompletely developed.  However, the new 

synthetic pathways are amenable to kinetic study and analysis, as is shown by Figure 8, 

establishing that a quantitative, rational control of sizes and size distributions can be achievable.  

These are extremely successful and promising results, because they suggest that after many years 

of empirical Pt-nanocrystal synthesis with only modest control over nanocrystal sizes, a rational 

basis for synthetic control will soon be in hand. 
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