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Properties of CdSe nanocrystal dispersions in the dilute regime:
Structure and interparticle interactions
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We report an investigation of the properties of CdSe nanocrystal dispersions using small-angle x-ray scat-
tering. These nanocrystals are prepared from organometallic precursors using high-temperature solution chem-
istry. The study provides direct and accurate measures of the nanocrystal size and size distribution. The low
polydispersity measured confirms the high quality of the nanocrystals prepared using a high-temperature
solution chemistry route, as anticipated from optical data. The study also provides information on the inter-
particle interactions and their dependence on a few relevant parameters, such as nature of the capping mol-
ecules and solvent. Nanocrystal association, e.g., dimers, in dispersions characterized by weakly attractive
interactions, and/or aggregation in solutions with strong attractions, can be observed. The study also unveiled
other features where interactions are reversed from repulsive stabilizing to attractive as the particle size is
decreased. This behavior, unexpected for colloidal dispersions, may be caused by a reduction of the cap density
as the size is decreased. The general trend for the interparticle interactions in these dispersions can be under-
stood within the framework of a van der Waals core to core attractive potential, to which are superposed effects
of cap affinity to the core and to the surrounding solvent. Within these considerations, one can distinguish three
types of dispersions: sterically stabilized dispersions, dispersions thermodynamically stable but governed by
weak attractions, and unstable dispersions where strong attractions induce macroscopic aggregation.
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I. INTRODUCTION

Semiconductor nanocrystals~quantum dots or quantum
crystallites! are small colloids with sizes that vary betwe
10 and 60 Å in radius.1–4 Three-dimensional spatial confine
ment of electronic and vibrational excitations dominate
physical properties of these materials because their siz
comparable to, or smaller than, the bulk Bohr excit
radius.5–8 For example, the widely reported blueshift of th
energy band gap with decreasing size results from those
finement effects.1–8 Spectroscopic properties, e.g., photo
minescence, also depend on the crystallite size, in add
to other parameters such as core crystallinity and part

shape.9–18 In the past decade, considerable effort has b
devoted to understanding the effects of quantum confinem
on the spectroscopic properties of these materials, u
techniques such as photoluminescence, fluorescence line
rowing ~FLN!, cathodoluminescence, electroluminescen
and energy transfer.1–18

These materials are prepared in solutions, for example
growth from organometallic reagents in inverted micelles
in a hot coordinating solvent.1–4 In the synthesis method
based on high-temperature solution chemistry, it has b
shown that by controlling the initial preparation condition
e.g., temperature and time of annealing, one can selec
appropriate particle size and size distribution, thus allow
PRB 580163-1829/98/58~12!/7850~14!/$15.00
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several sizes to be made.2,3,14 Furthermore, because the ca
ping molecules are weakly bound to the particle surface,
possible to modify them~surface derivatization!, allowing
one to tailor the affinity of the crystallites to the surroundi
solvent.19~a!,20,21 The understanding of the interparticle inte
actions and their dependence on some relevant parame
such as nature and size of the cap and solvent, is impor
It allows one to better control the thermodynamic propert
of these dispersions, and can be used for post synth
analysis and processing of these materials. For instance,
should address whether or not the interactions in these
tems behave like those in dispersions of conventional col
dal particles capped with polymer chains. Does the stab
of these dispersions and the presence of a macroscopic
loidal order at high concentrations depend on how the in
actions are affected by the capping groups? The solu
properties of these semiconductor nanocrystals have so
received little attention, however.19

We previously reported a preliminary characterization
CdSe nanocrystal dispersions, where a few aspects of
interparticle interactions have been investigated.22 In this
contribution, we report further investigation of these disp
sions using small-angle scattering. We scanned a wide ra
of sizes and used several types of caps and solvents.
present study permits us to probe changes in the interact
as one or more relevant parameters are varied, in additio
providing accurate measure of the size and size distribu
7850 © 1998 The American Physical Society
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of the particles. Association~and aggregation! of particles in
solvents, where strongly attractive interactions take pla
can be observed. For dispersions where interactions
weakly attractive, existence of ‘‘dimers’’ in very small frac
tions is detected. Interparticle interactions may also dep
on the size and the presence of excess free caps in the
tion, for the smaller crystallites. These features imply t
‘‘dimerization’’ and binding of the capping units to the su
face atoms are dynamic processes. They are influence
the concentration as well as the excess of free caps.
features observed for the interactions are compared to t
retical approaches, such as the model of adhesive sph
and the concepts of steric stabilization, as done for collo
dispersions.

We start with a description of the small-angle x-ray sc
tering ~SAXS! technique and the concepts used in the d
analysis. We then briefly describe the experimental setup
the materials preparation in Sec. II. In Sec. III, we pres
the SAXS spectra and their analysis. We then discuss
data and compare them to theoretical considerations with
and with interactions, in Sec. IV.

II. GENERALITIES: THEORETICAL CONCEPTS

Inhomogeneous media, e.g., dispersions of solid parti
and heterogeneous solids, are characterized by concentr
fluctuations. They scatter electromagnetic radiation such
light or x ray. With x ray, the scattered signal is caused
electron density fluctuations in the medium. For a sam
made of separate objects dispersed in a solution~e.g., a col-
loidal dispersion!, the excess in the scattered intensity w
respect to the solvent is a function of the electronic cont
between the solute objects and the solvent:Dr5rd2r r ; rd
is the electron density per unit volume of the objects~quan-
tum dots in this case! andr r is the solvent~reference! elec-
tron density. For an isotropic sample, this intensity may
expressed as23–27

I ~q!5E Dr̃2~r !H sin~qr !

qr J 4pr 2dr

5E 4pp~r !H sin~qr !

qr J dr, ~1!

whereq is the scattering wave vector,q5(4p/l)sinu, l is
the incident wavelength, and 2u is the scattering angle
Dr̃2(r ) is the autocorrelation function of the electron
contrast.23–27The integration is carried out over all scatterin
elements in the irradiated volumeV. We introduced the pair-
distance distribution function defined a
p(r )5r 2Dr̃2(r ).23–25Equation~1! implies thatp(r ) may be
evaluated from the inverse of the intensity using23–26

p~r !5
1

2p2 E
0

`

I ~q!qr sin~qr !dq. ~2!

For the most general case, the scattered signal re
from intraparticle and interparticle contributions, form fact
P(q) and structure factorS(q), respectively,

I ~q!5P~q!3S~q!. ~3!
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However, one can reduce the intensity to contributions fr
one term or the other. For example, scanning small volu
fractions (f→0), or using an ‘‘ideal’’ solution of noninter-
acting objects, permits us to substantially reduceS(q), and
contributions fromP(q) dominate the signal. We now dis
cuss the cases without and with interactions.

A. Case without interactions

The problem is reduced to addressing the scattering p
erties of an individual object, since the total signal is a s
perposition of single-particle scatteringI 1(q): I (q)>P(q)
;NI1(q), whereN is the number of particles in the volum
V. We now discuss a few features that emerge from
above expressions, which will be used in the analysis.

The extrapolation atq50 provides the area under th
function p(r ) in real space, thus the total contrast of t
scattering objects

I ~0!5E
0

`

4pp~r !dr5E
0

`

4pr 2Dr̃2~r !dr5N~v^Dr&!2,

~4!

wherev is the particle specific volume. For smallf, I~0,c!
}f or c ~with f5Nv/V and the concentrationc5dsf,
whereds is the mass per unit volume of the nanocrystal!.
I (q50) is extracted from extrapolation atq50, I (0)
> limq→0$I (q)%; it is not a directly measured value.

By expanding the sine in the integral@Eq. ~1!# at small to
intermediateq, following Guinier analysis, estimate for th
particle size can be reached from

I ~q,c!>I ~0,c!expS 2
q2Rg

2

3 D Guinier form, ~5!

valid for qr,1. The radius of gyrationRg has a model-
dependent relation to the size and shape of the so
objects.23,24 For instance,Rg

25(3/5)RG
2 for spheres of radius

RG ~Guinier radius!. A plot of ln(I) vs q2 shows a linear
behavior with a slope5RG

2 /5.
The integral ofq2I (q) over the whole reciprocal space

an invariant, Q proportional to the mean square of the ele
tronic density fluctuations, but is independent of the sub
structure of the electronic contrast:

Q5E q2I ~q!dq52p2Dr̃2~0!52p2Vf~12f!^~Dr!2&.

~6!

For a set of noninteracting, or weakly interacting, particlesQ
becomes the sum of single-particle contributions:Q
>2p2Nv^(Dr)2&>NQ1 , i.e., Q}c or f in dilute media
(f!1). For homogeneous scattering particles,^(Dr)2&v
5(^Dr&v)2, and Eqs.~4! and ~6! may be combined to pro
vide a measure of the particle radiusRv ~volume average
size!:23–26

2p2I ~0!

Q
5v5 4

3 pRv
3. ~7!

Examination of the intensity at intermediate and largeq
can also provide information about the solute material.
largeq ~i.e., probing smallr!, one can write a linear expan
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sion for Dr̃2(r ) at small r: Dr̃2(r )'Dr̃2(0)$12(s/4V)r
1¯%, wheres is the solute object’s surface.23,24 Integration
of Eq. ~1! results in damped oscillations, with an average t
decays as a power series ofq. The first of that series is
q24:23,24

lim I ~q!q@0>^~Dr!2&
2pS

q4 . ~8!

S is the total surface of the scattering elements. A plot
q4I (q) vs q would start from zero atq50, followed by
damped oscillations averaged by a plateau that depend
Dr andS. The periodicity of the curve depends on the si
For a narrow distribution the first maximum~at qmax) pro-
vides a measure of the radius:RM>2.75/qmax.

23,24

In reality the particles are always subject to a distribut
in size, and one has to take that into account in the analy
A few distribution functions are widely used to describe t
polydispersity factor.22,29 We will limit our present analysis
to the cases of log-normal and Gaussian distribution fu
tions.

~i! For a log-normal function, the fraction of particle
N(R) with a size laying betweenR andR1dR is given by29

N~R!dR5NPln~R!dR

5
N

A2pRs ln

expH 2
1

2s ln
2 F lnS R

R0
D G2J dR, ~9!

where Pln(R) is the probability to find a sizeR, s ln is the
standard deviation of lnR, s ln

2 5^(ln R2ln R0)
2&, and R0 is

the geometric mean size:^ ln R&5ln R0. The nth moment of
the size can be expressed as^Rn&>R0

nexp(@n2sln
2 #/2). For

small s ln v the variance is v5$^(R2^R&)2&%
>^R&2$exp(sln

2 )21%, the polydispersity, defined asp
5v1/2/^R&, becomesp>s ln v and the full width at half maxi-
mum ~FWHM! of the distribution isDR>2.4s lnR0. From
^Rn& one can derive these relations:RG5$^R8&/^R6&%1/2

>R0exp(7sln
2 ), Rv5$^R6&/^R3&%1/3>R0exp(4.5s ln

2 ), and
RM>R0exp(3.4s ln

2 ). A combination of two of the above re
lations provides preliminary values forR0 and s ln . These
values are used to fit the intensity to theory over a w
range ofq.

~ii ! If the particles are described by a Gaussian distri
tion, N(R) becomes28,29

N~R!dR5NPG~R!dR

5
N

A2psGR0
G

expH 2
~R2R0

G!2

2~sGR0
G!2J dR. ~10!

In Eq. ~10!, we use a ‘‘size normalized standard deviation
for consistency, whereR0

G is the mean size andPG(R) is the
probability to find a sizeR. For smallsG ^R&5R0

G and p
5(v)1/2/R0

G>sG . Also, relations between the different mo
ments of^Rn&, R0

G , and sG can be derived. For example
RG>R0

Gexp(6.5sG
2 ), RM>R0

Gexp(3sG
2 ), DR>2.35sGR0

G ,
andsG>(ln@RG /RM#/3.5)1/2. s ln is equivalent tosG even
thoughR0 is not equal toR0

G . We will show that the choice
of the type of distribution function, log normal or Gaussia
is not crucial for smalls ln or sG .
t
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B. Case with interactions

In a medium characterized by isotropic correlations,
scattered intensity becomes23–29

I ~q,c!>NI1~q!H 11
N

V E 4pr 2@g~r !21#
sin qr

qr
drJ .

~11!

The term between brackets@equal toS(q) in Eq. ~3!# ac-
counts for the interparticle interactions;V/N5v1 is the vol-
ume available for each particle. The correlation functi
obeys the conditionsg(r )50 for r ,2R andg(r )→1 for r
→`.24,30 For distances close toR, r 52R1dr , g(r ) is a
function of the interaction potentialV(r ): g(r )>
exp„2V(r )….30 Equation ~11! for the intensity infers that
S(q) is a ‘‘correction’’ to the form factor, which effects ar
most visible nearq50. A common form for the interparticle
contributions is written in terms of the osmotic compressib
ity, xT5@1/c(]c/]P)T#, using the following approximate
expression for smallc:

I ~q,c!>KcM@ I 1~q!xT~q,c!#. ~12!

K is a constant that depends onDr, M is the particle mass
and P is the osmotic pressure. Equation~12! can also be
expressed in terms of the second virial coefficientA2 :

I ~q,c!>KcMI1~q!@122A2MQ~q,c!c#. ~13!

Q(q,c) is an interference term that can be important
finite q and c.31 Limited to smallc and q, Q(q→0, c→0)
→1, and one may write I (q,c)>KcMI1(q)@1
22A2fdsM ]. 31 In a medium where interactions are repu
sive A2 is positive (A2.0 and S(0),1), resulting in a
negative contribution nearq50. A convex curvature of the
intensity nearq50 is observed in a Guinier plot or a ln(I) vs
q plot. This correction becomes positive forA2,0 ~attrac-
tive interactions: S(0).1) and a concave curvature is ob
served. In particular, for a hard sphere interaction poten
g(r<2R)[0, g(r .2R)[1, and S(q50)>128f. A
negative contribution to the intensity near the origin is th
obtained.23,24,28–30

Different models have been developed to describe me
with attractive interactions. We consider the adhesive sph
model, initially formulated by Baxter, where he used t
Percus-Yevick approximate equation for the radial cor
lation function for hard spheres.32–34 Regnault and Ravey
built on that model and used a square potential well to p
dict the thermodynamic properties of colloidal dispersions35

VA~r !/kBT5` for r<2R ~R being the core radius!,
~14a!

VA~r !/kBT5 ln@12t~2d22R!/2d# for 2R,r<2d,
~14b!

VA~r !/kBT50 for r .2d. ~14c!

2d-2R is the extent of the attractive square well, andt is
equivalent to a dimensionless temperature. It measures
degree of ‘‘adhesion’’ between particles. The caset→` cor-
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TABLE I. Materials studied: nanocrystals, caps, solvents, interactions, and stability conditions.

Cap Nanocrystal:lM ~nm! Solvents Interactions, Stability

TOP/TOPO 600, 564, 550, 540, 520 hexane, toluene repulsive, stable
TOP/TOPO 510, 482, 476, 472 hexane, toluene weakly attractive

stable
TBP/TBPO 621, 562, 476 hexane, toluene weakly attractive,

stable
PYR 560 pyridine weakly attractive,

stable
PYR 550 toluene attractive, unstable
PIC 586 butanol weakly attractive,

stable
th

.
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responds to the hard-sphere potential. We simply recall
the calculation provides the following form forS(q50,f
,1):

S~0!5
1

12C2d~0!
, ~15!

where C2d(q50)>C2R(q50)12f/t1(15/t23/t2

11/6t3)f210(f3); C2R(q50) is the hard-sphere value
S(0)>NkBTxT ; it is related to the phase diagram of th
medium. In particular, there is a critical point with the coo
dinate:tc>0.0976 andfc>0.12. Fort.tc a single domain
exists, whereas fort,tc phase separation occurs. In th
above considerations, the structure factor depends on
product tf.33,35 Consequently, substantial effects onS(q)
and the phase diagram may be seen only at larger conce
tions.

The analysis is carried out as follows. We first compa
the data to theoretical fits using a distribution of nonintera
ing spheres over a wide range ofq, but not in the immediate
vicinity of q50. From the fit, we extract estimates forR0
andp ~or s!. Comparison of the data and fit nearq50 in a
Guinier or ln(I) vs q plots provides information about th
interactions. A positive departure of the intensity with r
spect to the fit nearq50 in either plot accounts for attractiv
interactions. However, a negative departure from the fit
flects dominance of repulsive stabilizing interactions. S
ond, stable dispersions are compared~briefly! to the predic-
tions of the hard-sphere model. We compare the data w
negative correction to the model of adhesive sphere po
tial, and to fits using two distributions of particles, mon
mers, and ‘‘dimers.’’ Last, we compare the data to the c
cepts of steric stabilization, with emphasis on the effects
cap density and affinity to the solvent, their lateral extensi
and nanocrystal size.

III. EXPERIMENTAL SECTION

A. SAXS setup

The x-ray source is a rotating copper anode~Rigaku! op-
erated at 40 kV and 25 mA. The apparent point source
about 1022 mm2. A curved mirror made of gold coate
quartz, placed after the source, eliminates the higher en
photons and reflects the copper wavelengthslCuka and
lCukb . It also collimates the beam onto a position-sensit
at

he
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e
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-
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n-
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gy

e

detector, PSPE~Elphyse!, with a 3 or 4 mmheight window,
a useful length of 50 mm, and a resolution of 200mm. A thin
vertical slit, placed after the mirror, selects a rectangu
beam with the dimensions of 330.3 mm2 on the detector. A
nickel filter after the slit eliminates the wavelengthlCukb ,
allowing one to select a monochromatic beam atlCuka

51.54 Å. This setup permits us to scan aq range between
631023 Å 21 and 0.4 Å21, with a resolution of
331023 Å 21. Experimentally, we collect the signal from
the reference,I ref then from the sample,I s . The difference
I 5I s2I ref is used in the analysis.

B. Materials and sample preparation

The CdSe nanocrystals used in the present study are m
from organometallic precursors, nucleation, growth, and
nealing in a hot ~300–340 °C! coordinating
solvent.2,4,10,11,18,19Temperature is an important controllin
parameter. Size-selective precipitation, carried out two
three times after synthesis, permits us to isolate nanocrys
capped with a mixture of trioctyl phosphine and tryoct
phosphine oxide~TOP/TOPO!, and further narrows the siz
distribution. The capping units can be exchanged, allow
one the ability to modify the electronic properties of th
surface and to tailor the crystallite compatibility with a va
ety of solvents.2,4,19,21The cap exchange is achieved by e
posing the initial dots to an excess of competing capp
groups.2,4,19,21Addition of a solvent compatible with the ini
tial caps but not with the new ones results in flocculation
particles capped with the new groups. Repeating this op
tion two or three times provides a nearly complete cap
change~.95%! as verified by13C NMR.21 Cap exchange
offers the opportunity of exploring the dependence of
interactions on the properties of the dot’s surface and
solvent. In the present study, we explored four types of c
ping groups~Table I!. The first is made of TOP/TOPO mol
ecules. The second are pyridine~PYR! molecules; they are
attached to the surface in an exchange reaction by dissol
the initial dots~with TOP/TOPO! in pyridine. We performed
only one dissolution in pyridine, but anticipated a high ra
of cap exchange, because a small amount of nanocry
was used (c,0.5%). In addition, given the strength of th
reaction, the cap exchange is associated with a slight ero
of the crystallite surface~about 3–5 % loss in size!. The third
type is a mixture of tributyl phosphine and tributyl phosphi
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oxide ~TBP/TBPO!. The fourth type are picoline~PIC! mol-
ecules. Along with these, we explored four types of solven
Hexane and toluene are used to disperse crystallites ca
with TOP/TOPO and TBP/TBPO. Pyridine and toluene a
used to disperse PYR capped dots. Butanol is used to
perse PIC capped particles. uv-visible absorption spe
were taken before and after measurements. No changes
observed. We identify the sample with the location of its fi
absorption peak and the type of cap~Fig. 1!, e.g., samples
586-TOP/TOPO or 586-PYR correspond to nanocrys
with a band-edge absorption atlM>586 nm and capped
with TOP/TOPO or PYR groups, respectively. Given t
high electronic density of the Cd and Se with respect to
solvent and caps, the scattered signal results primarily f
the inorganic core. This permitted the use of small conc
trations to achieve high signal-to-noise ratios. Samples
quartz capillary tubes, with;1 mm optical path, filled with

FIG. 1. uv-visible absorption and photoluminescence spectra
a dispersion of 586-TOP/TOPO capped particles in hexane.
arrow indicates the position of the first absorption peak atlM .
s.
ed

e
is-
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the desired dispersion. They are flame-sealed after filling
avoid contamination and evaporation of the solvent.

IV. RESULTS

Intensity spectra invariant Q

Figure 2 shows the total scattered~SAXS! intensity (I tot
5Idots1I solvent) for a few dispersions~with different concen-
trations! of 550-TOP/TOPO in hexane. These spectra sho
classic behavior with a large contribution from the solu
nanocrystals at small angles, and a decrease to zeroq
increases. The large contribution to the signal in the smaq
regime results from the high electron density of the nan
rystals. Similar behavior is observed with the other disp
sions, except for PYR capped dots in toluene where a w
signal is collected. These dispersions~PYR capped in tolu-
ene! show a macroscopic precipitation.

The intensity extrapolated at the origin,I (0), for disper-
sions of TOP/TOPO and PYR capped dots in hexane
pyridine, respectively, increases linearly with concent
tion: I (0,c1)/I (0,c2)5c1 /c2 ~inset in Fig. 2 and Table II!.
This result is in agreement with the predictions discussed
Sec. II. No concentration scan was carried out for dispersi
of PIC capped crystallites. The scan carried out for disp
sions of PYR capped dots in toluene did not provide use
information because of the precipitation.

Figure 3 shows experimental curves forq2I (q) vs q @Eq.
~6!# for dispersions of 550-TOP/TOPO in hexane and 56
PYR in pyridine, respectively. The corresponding invaria
Q increases linearly with concentration as anticipated~see
Table II and the inset in Fig. 3!. From the values ofQ and
I (0) we extract an estimate forRv using Eq.~7!. Analysis
was limited to stable dispersions, i.e., TOP/TOPO cap
nanocrystals in hexane and toluene, TBP/TBPO dots in h
ane, and PYR capped nanocrystals in pyridine. Similar v
ues are measured for comparable crystallites~samelM), in-
dependent of the cap used.

or
e

e solvent
FIG. 2. Total scattered intensity for a few dispersions of 550-TOP/TOPO nanocrystals dispersed in hexane along with the pur
reference. The inset shows the linear dependence ofI (0) vs c for dispersions of 550-TOP/TOPO in hexane~j! and 560-PYR in pyridine
~m!. The coincidence of the respective data for both sets of dispersions is due to the close size of the nanocrystals.
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TABLE II. Invariants,Q I(0), andsize measurements for the samples used. The variation ofI (0) andQ from one sample to another i
due to variation in the concentration.

Sample identification Q(qM.0.3 Å) I (0) ~a.u.! Rv(Å) .@3pI (0)/2Q#1/3 R0 ~Å! RG ~Å!

550-TOP/TOPO in hexane,
c.1.75%

10.9 17791 19.7 19.3 22.3

550-TOP/TOPO in hexane,
c.0.93%

5.64 9520 19.9 19.2 22.4

550-TOP/TOPO in hexane,
c.0.285%

2.005 3577 20.3

550-TOP/TOPO in hexane,
c.0.26%

1.625 3161 20.9

560-PYR in pyridine,
c.0.47%

2.94 4225 18.9 19.7 22.8

560-PYR in pyridine,
c.0.35%

2.4 3552 19.1 19.7 22.8

560-PYR in pyridine,
c.0.28%

1.557 2470 19.55 19.8 22.8

560-PYR in pyridine,
c.0.235%

1.38 2077 19.2

600-TOP/TOPO in hexane 0.408 1715 25.2 24.9 29.5
564-TOP/TOPO in hexane 1.469 3286 21.9 21.3 23.8
540-TOP/TOPO in hexane 0.978 1606 19.7 18.8 21
520-TOP/TOPO in hexane 1.517 2172 18.8 17.4 19.5
510-TOP/TOPO in hexane 0.750 723 16.5 14.5 18.5

564-TOP/TOPO in toluene 1.332 2829 21.5 21.5 24
540-TOP/TOPO in toluene 0.828 1256 19.25 18.8 21.2

622-TBP/TBPO in hexane 2.165 11700 29.4 29.7 34.5
562-TBP/TBPO in hexane 1.30 2580 21 20.6 23.7
586-PIC in butanol 22 24.5
ne,
ne,
ne.
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FIG. 3. Plots ofq2I (q) vs q for dispersions of 550-TOP/TOPO
in hexane at three concentrations, and for 560-PYR in pyridine.
invariant is obtained from the integration of the above curves o
the whole range ofq. The inset shows the linear dependence ofQ
on c for dispersions of 550-TOP/TOPO~j! in hexane and 560-
PYR in pyridine~m!. The coincidence of the experimental invaria
for both sets of dispersions is due to the close size of the nanoc
tals.
Guinier diagrams

In Fig. 4, we show Guinier plots@ln(I) vs q2# for a few
dispersions studied: TOP/TOPO capped in hexa
TOP/TOPO capped in toluene, PYR capped in pyridi
PYR capped in toluene, and TBP/TBPO capped in hexa

e
r

s-

FIG. 4. Guinier plots for different dispersions. Some of t
spectra are multiplied by a scaling factor to avoid overlapping. T
curvature near the origin with respect to a linear fit varies with
pair cap solvent used.
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All diagrams show a linear regime for small to intermedia
q ~Guinier behavior!, as predicted by Eq.~5!. However, the
type of curvature near the origin, with respect to a strai
line, depends on the pair cap-solvent used. For example,
from dispersions of TOP/TOPO capped particles showe
convex curvature in hexane and toluene, reflecting the p
ence of repulsive stabilizing interactions. PYR capped d
dispersed in pyridine showed a concave curvature neaq
50, however. The negative curvature becomes more
nounced when PYR capped dots are dispersed in tolu
which reflects the presence of strong destabilizing attract
between nanocrystals. The data from TBP/TBPO and
capped dots dispersed in hexane and butanol, respecti
show a behavior similar to that observed for PYR capp
nanocrystals in pyridine. From the linear region in the abo
plots, we extract values for the Guinier radiusRG ~see Table
II !. Similar values are deduced for nanocrystals with sim
lM , independent of the type of caps and interactions.

Remark. Effects of temperature on the above spec
could not be explored in ‘‘extensive’’ details. Only measur
ments at temperatures below 65 °C were attempted, bec
of the solvents low boiling temperatures. No effects we
observed.

Nevertheless, the data from dispersions of alkyl~TOP/
TOPO! capped nanocrystals do not automatically show

FIG. 5. Guinier plots ln(I) vs (qR)2 for various size TOP/TOPO
capped crystallites dispersed in hexane~top! and in toluene~bot-
tom!. Some of the spectra are multiplied by a scaling factor to av
overlapping. A change in the curvature nearq50 from convex to
concave is observed when the size decreases below; 15–16 Å in
either case. Values oflM ~nm! andR0 are given.
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pulsive interactions, namely a convex curvature nearq50,
independent of the size. Figures 5~a! and 5~b! show the ex-
perimental plots for ln(I) vs (qR)2 ~with qR<2) for various
sizes TOP/TOPO capped nanocrystals dispersed in he
and in toluene. A plot of ln(I) vs (qR)2 ~instead ofq2) en-
sures that comparison between the data for different size
carried out at comparable Guinier domains.23 The interac-
tions~reflected in the curvature nearq50) are reversed from
repulsive to attractive when the size decreases below
‘‘critical’’ value of ;15–16 Å. Such behavior is unexpecte
for colloidal materials.36,37 It can result in macroscopic pre
cipitation of the solutions for smaller sizes after excess
‘‘washing’’ ~several size selections!. It is also in agreemen
with luminescence data where smaller quantum yield is m
sured for the smaller particles.19

To better understand the behavior of dispersions w
smaller TOP/TOPO capped particles, we probed change
the interactions in the presence of excess free caps at fi
concentration~titration with free caps!. Figure 6 shows rep-
resentative Guinier diagrams for dispersions of 51
TOP/TOPO in hexane with various amounts of free capscp
~made of 50:50 TOP:TOPO!. The concave curvature nearq
50, present atcp50, is progressively reduced and disa
pears ascp increases. This gradual change results from
progressive reduction of the attractions, and their even
inversion, whencp is increased. The change in the curvatu
nearq50 reaches an asymptotic limit, followed by the a
pearance of a nonzero background at largeq. This reflects
the appearance of micelles of TOP and TOPO in the m
dium. These micelles result from a thermodynamic equil
rium in the solution between the particle surface and f
caps. For the polar heads of the caps, there are two favor
‘‘states’’ with higher electronic activity: on the nanocryst
surface or within independent micelles. The latter state
reached only at highcp .

Porod analysis

In Fig. 7 we show representative Porod plots,q4I (q) vs q,
for a few dispersions studied, e.g., 550-TOP/TOPO in h

d

FIG. 6. Guinier diagrams for dispersions of 510-TOP/TOP
nanocrystals (R0>14.5 Å) in hexane, with various concentration
of excess free cap,cp . The free caps are made of a mixture~50%
TOP and 50% TOPO!. The concave curvature nearq50 decreases
and is suppressed ascp increases.
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ane or toluene, 622-TBP/TBPO in hexane, and 5
TOP/TOPO in toluene. These plots are similar to class
Porod diagrams reported for colloidal particles, e.g., disp
sions of calcium sulfonate in oil and carbonate particles
reverse microemulsions, with zero intensity at the origin a
a peak at qmax, followed by oscillating scattered
intensity.23–27,36,37The scattering in the data at largerq is due
to lower signal-to-noise ratio. The location ofqmax is identi-
cal for particles with similarlM , independent of the cap an
solvent. FromRG andRM we extract preliminary values fo
R0 ands ln ~or R0

G andsG), which are then used to genera
fits to the data. We use Porod diagrams to fit the data
intensity derived from a set of noninteracting polydispe
spheres, over a wide range ofq around the first peak, but no
including the region very nearq50. The use of a population
of noninteracting spheres is justified since the region n
q50 ~where contributions of the interactions are present! is
discarded. Using Porod analysis provides a more accu
estimate forR0 ands ln since a fit to a peak is involved, in
comparison to simply fitting the intensity~e.g., in Fig.
2!.22–27,36,37In the above fits we considered both types
distributions, log normal and Gaussian~see Fig. 8!. We
found that the value extracted forR0 andp are very close in
either case. In the following we limit the discussion to lo
normal distribution. The above generated theoretical cur
are then compared to experiment over the full range oq.
Such comparison is better reflected in Guinier~Fig. 4! and
ln(I) vs q plots,22 with a positive or negative departure b

FIG. 7. Few typical Porod plots for the dispersions studi
550-TOP/TOP in hexane at three different concentrations~top!;
data for other solutions with weaker intensity, 622TBP/TBPO
hexane, 564-TOP/TOPO in toluene, and 562-TBP/TBPO in hex
~bottom!. The intensity is multiplied by 5 for the three bottom
samples. The arrows indicate the positions ofqmax, which moves to
lower values for larger size.
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tween experiment and fits nearq50, for attractive and re-
pulsive interactions, respectively.

Pair-distance distribution function: p„r …

Figure 9 shows three typical experimental curves
qI(q) vs q and the corresponding pair-distance distributi
function p(r ), extracted from the above curves via a sin
Fourier transform@Eq. ~2!#. This Fourier transform require
extrapolation nearq50 with the assumptionI (q)}q2. It
also requires an extrapolation at largeq, whereI (q);1/q4 is
assumed.23–27 The curves ofqI(q) vs q are less symmetric
for PYR capped particles in pyridine and toluene than
dispersions of TOP/TOPO capped particles.p(r ) has a sym-
metric peak at r p'20.5 Å for dispersions of 550-
TOP/TOPO in hexane. The position of the peak is very clo
to what is predicted for spherical particles in stable disp
sions with sizeR0 (r p>1.05R0). However,p(r ) is less sym-
metric for 560-PYR in pyridine, with two disproportionat
peaks. The first is located atr p1'21 Å and the second is a
r p2'53 Å. This may reflect the existence of two popul
tions, monomers and ‘‘dimers,’’ with disproportionate fra
tions, in agreement with Guinier and Porod analyses~see the
discussion below!. The data from 550-PYR capped particle
dispersed in toluene showed a more complex behavior w
one peak located atr p;20.3 Å, similar to what is observed

.

e FIG. 8. Experimental data together with fits to a population
noninteracting spheres, using either log-normal or Gaussian di
butions for a dispersion of 550-TOP/TOPO in hexane. Porod~top!
and ln(I) vs q ~bottom! plots are shown. Very close values are fou
for either fit: R0>19.30 Å ands ln>0.113 whileR0

G>19.25 Å and
sG>0.115. Arrows indicate the lower and upper limits of the fit
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for 550-TOP/TOPO, and a broad second peak made of
eral ‘‘subpeaks’’ with various intensities. This may refle
the existence of several populations, monomers~with small
fractions! coexisting with various size aggregates, e.
‘‘dimers,’’ ‘‘trimers,’’ etc. This picture is a priori incom-
plete, because of the macroscopic precipitation, where
larger aggregates precipitate in the bottom of the capilla
and do not contribute to the signal.

Close-packed precipitates

We also explored the effects of adding various amount
nonsolvent ~ethanol in this case! to dispersions of 550-
TOP/TOPO and 564-TOP/TOPO in hexane, in order
probe the influence of varying the solvent quality on t
interactions. The Guinier diagrams from these samples s
that interactions~convex curvature! are changed only afte
the mixture hexane:ethanol exceeds a ratio of;1:4. Precipi-
tation of the particles follows shortly after. We performe
SAXS measurements on precipitates of those dispers
with a larger amount of ethanol~ratio ;1:10!. The spectrum
is very different from what is observed in Fig. 2. It shows
very low signal at smallq, and a well-defined peak atqp ,

FIG. 9. Experimental data forqI(q) vs q for the three types of
solution~top!; the corresponding pair-distance distribution functi
p(r ) ~bottom!. The data forp(r ) are multiplied by scaling factors
i.e., 560-PYR in pyridine by 3 and 550-PYR in toluene by 5. Thr
different behaviors are reflected inp(r ): single population, mixture
of monomers and ‘‘dimers,’’ and aggregates. Arrows indicate
peak locations for populations of single particles for the differ
samples.
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located at 0.141 and 0.1306 Å21 for 550-TOP/TOPO and
564-TOP/TOPO, respectively~Fig. 10!. We attribute this to
the presence of close-packed particles in these aggreg
The average core to core separation in these close-pa
structures is given byD>(1.5)1/2DBragg>(1.5)1/2D(111).38

This provides a distanceD>(1.5)1/22p/qp'54.5 and'58.5
Å for 550-TOP/TOPO and 564-TOP/TOPO nanocrystals,
spectively. The difference betweenD/2 andR0 ~;7–8 Å! is
due to the capping groups on the nanocrystal surface.

V. DISCUSSION

Size and size distribution, comparison
with other measurements

The linear increase ofI (q50) andQ with concentration,
for TOP/TOPO and PYR capped crystallites, is in agreem
with Eqs.~4! and ~6!. This confirms that when the interpa
ticle contributions are reduced, the intensity results fro
P(q), which has a linear increase with concentration
small c.23–27 The values shown in Table II for the differen
averages of the particle size are consistent. In particular,
find thatR0 ands are in good agreement for dispersions w
similar lM . This is independent of solvent, cap, type of i
teractions, and the distribution function, log normal
Gaussian, used in the analysis~see Fig. 8!. We compare the
present sizes to TEM data and to other SAXS experime
carried out over larger angles (0.1,q,1 Å21). In both
cases, ‘‘solid’’ samples of particles dispersed in a polyme
matrix have been used.19 Very good agreement between th
two SAXS measurements is found. However, high-resolut
TEM always provided smaller estimates forR0 ~2–3 Å! and
s. The discrepancy can be attributed to the high-resolut
TEM lack of sensitivity to the amorphous atomic outer laye
~;1 atomic layer near the particle surface!, despite well ren-
dering of the core crystallinity. Also smaller particle num
bers are involved in estimatingR0 and s. In the present
measurements we could not account accurately for a s
anisotropy~;1.05 to 1.2 from small to larger size!. This is

e
t

FIG. 10. SAXS spectra from a close-packed sample, prepa
from precipitating out an initial dispersion of 564-TOP/TOPO
hexane with a large excess of ethanol. The center-to-center dist
is deduced from the position of the peak,D5(1.5)1/2DBragg

>(1.5)1/22p/qp .
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primarily due to low signal-to-noise ratio at largerq in the
present case, where well-defined oscillations in the inten
have not been reached. The anisotropy in shape may tr
late into a slightly largers with respect to TEM data. Poly
dispersity can be further reduced by performing additio
size selection,19a but at the expense of damaging the surfa
of the crystallites and reducing their solubility.

Because x-ray scattering is sensitive toDr, the present
sizes account only for the inorganic core in the nanocrys
The caps, made of phosphor and hydrocarbon atoms, hav
electron density similar to that of the solvent, but mu
smaller~;5 times smaller! than that of the core. Howeve
the organic caps affect the dynamic size of a moving parti
We measured the hydrodynamic radius,RH , for dilute dis-
persions of 550-TOP/TOPO in hexane, using quasiela
light scattering~QELS! at the krypton linel5647 nm, away
from the absorption band of the nanocrystals.RH is derived
from the diffusion coefficient of the particle,D, using the
Stokes relation,

RH5
1

6phsD
, ~16!

where hs is the solvent viscosity. The size measured,RH
>33 Å, is larger thanRG and R0 , with RH>1.7R0 . The
difference between the two estimates can be attributed to
factors. First, we know that for dispersions of bare so
spheres, contribution from hydrodynamic interactions,
counted for using the Oseen tensor, results in anRH larger
thanRG andR0 .39 Second, those contributions are also se
sitive to the full moving object, core plus shell, which wou
also result in a largerRH compared to bare spheres. A qua
titative account for the shell contributions is difficult, give
their innate complex nature. Nevertheless, their presenc
substantially reflected in the measure ofRH . Effects of the
caps are also reflected in the SAXS spectra of close-pac
nanocrystal aggregates dispersed in hexane and precipi
with an excess of ethanol. The difference betweenD/2 and
R0 accounts for the shell’s lateral extension,L, but is only an
approximate estimate of the cap size since these groups
interpenetrate in a close-packed structure. Nonetheless
contributions of the shell toRH prove that the caps do no
collapse on the particle surface.

Interparticle interactions

The interparticle interactions~and the thermodynamic
properties of these dispersions! are affected by two key pa
rameters: pair solvent-cap and nanocrystal size. We dis
guish three categories. The first category is made of dis
sions characterized by repulsive interactions, and stable f
long time ~years!. They are made up of TOP/TOPO capp
particles and dispersed in either toluene or hexane. Neve
less, within this category there are limitations. Dispersions
particles with size below 15 Å show weak attractions th
can become strong with excessive ‘‘washing.’’ The seco
category is made of stable dispersions but characterize
weak attractions. This category includes PYR capped p
ticles dispersed in pyridine, PIC capped nanocrystals
persed in butanol, and crystallites capped with shorter a
molecules, TBP/TBPO, dispersed in hexane or toluene
these media similar and consistent behavior is observed
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the whole range of particle sizes. The third category is m
of dispersions with strong attractions, where macrosco
precipitation is observed. They are PYR capped nanocrys
dispersed in toluene or in hexane.

For stable dispersions~category 1!, we compared the dif-
ference atq50 for dispersions of 550-TOP/TOPO in hexan
to the prediction of the hard-sphere potential:S(0)>1
28f (A2dsM>4). The experimental ‘‘correction’’ in the
above structure factor is slightly larger than the predictio
Furthermore, it does not show a clear linear dependence
concentration for the values scanned. This implies that a
tential of hard spheres is not appropriate in describing
interactions in the present dispersions. The disagreem
may be understood when considering the microscopic st
ture of the materials~inorganic core and a soft shell!. The
shell made of polar heads and alkyl chains results in a
tential more complex than the one for hard spheres.

For stable dispersions but with attractive interactions, e
PYR and PIC capped particles in pyridine and butanol,
spectively, the intensity can be fit to a set of polydispe
noninteracting spheres, but over a more reduced window
scattering angles~Figs. 11 and 12!. The discrepancy betwee
fit and data extends over a wider range ofq than the case
with TOP/TOPO capped nanocrystals.22 Furthermore, the
difference between fit and experiment is not affected by c
centration. The data for PYR capped crystallites in pyrid
are compared to the predictions of the adhesive sphere m
~see Fig. 11!. We find that the predictions always underes
mate the experimental contributions. A concave curvat
nearq50 in the fit can eventually be observed, but only wi
an unrealistic interaction parameter, i.e.,t21.10.24 ~or t
,tc); the present volume fractions are too small for a
precipitation to occur.32,33,35We attribute this failure to the
inadequacy of the potential of adhesive spheres in descri
the cap role. These groups have lateral extension~e.g.,
TBP/TBPO, PIC! compared to the sphere size. They al
interact with the solvent. In the case of PYR caps, the she
a natural extension of the solvent, and a potential well is
appropriate to describe the interactions.

FIG. 11. Comparison between experimental data for 560-P
in pyridine and fit using the model of adhesive spheres describe
Sec. II.
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Because of the observed lack of dependence of the
cave curvature nearq50 on c, we compare the above da
~560-PYR and 586-PIC! to fits with two disproportionate
populations, e.g., 85–90% monomers and 10–1
‘‘dimers’’ ~dimers are approximated by spheres!. The values
for R1 ands1 ~single population! and the values forR0 and
s, deduced from the previous fit, are in agreement. The c
parison between fit and experiment is shown in Guinier, a
ln(I) vs q plots ~Fig. 12!. It accounts much better for th
experimental data nearq50. The small population of
‘‘dimers’’ and the long-term stability of these dispersio
may reflect the presence of a dynamic ‘‘dimerization’’ pr
cess. Two particles can come close because of the attra
potential. They stick to each other over a certain period
time and then dissociate while another ‘‘dimer’’ is forme
The difference between experiment and fit with polydispe
noninteracting spheres for 550-PYR in toluene could not
accounted for using two populations of monomers a
‘‘dimers.’’ Furthermore, since these dispersions show m
roscopic precipitation, various size aggregates are pres
but only the small~floating! ones contribute to the signal.

Comparison to the concepts of steric stabilization

The presence of polymeric chains, grafted or adsorbed
the particle surface, is known to influence the thermo
namic properties of colloidal materials.29 The treatment of
steric stabilization was developed to address aspects of
loidal stability using polymeric materials. Extrapolation
that treatment to the present case is based on the simil
between (L/R0) and the ratio between polymer lateral size
that of a colloidal particle. However, there are limitations
such comparison. The nanocrystals are nanometer
whereas most classical colloidal particles are about 10 to

FIG. 12. Comparison between experimental data for 560-P
in pyridine and 586-PIC in butanol and fits using one and t
populations of spheres. Single population:R0>19.7 Å and s
>0.12 for 560-PYR;R0>22 Å and s>0.1 for 586-PIC. Two
populations: R1>19 Å, s1>0.12, R2>43 Å, ands2>0.2, with
90% monomers and 10% ‘‘dimers’’ for 560-PYR;R1>21.2 Å,
s1>0.1, R2>61.5 Å, ands2>0.2, with 87% monomers and 13%
‘‘dimers/trimers’’ for 586-PIC. Only a log-normal function is use
in this case. A fit with two populations with disproportionate fra
tions is better; Guinier and ln(I) vs q ~inset! plots are shown.
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times larger. Also the alkyl caps~e.g., TOP, TOPO, TBP
TBPO, PIC! are much smaller than the polymer chains us
with classical colloids, e.g., polymer chains are 10 to 10
times larger than these caps. Consequently, one must ke
mind these limitations when considering the forthcomi
discussion.

The interaction potential in the treatment of steric stab
zation is made of two separate~often competing! contribu-
tions: the van der Waals attractive potential between b
particles and the energy of mixing between shells and
tween shell and solvent. It is the second contribution that
impose steric stabilization on the dispersion, when it is po
tive and larger than the van der Waals term. The free ene
of mixing between the shells and solvent is given by t
Flory-Huggins equation for polymer solutions.39–43

DGM5kBT$@nsln~12fc!1ncln fc#1ncfcx%

'kBT$@nsln~12f!1ncln f#1ncfx%. ~17!

The first term in Eq.~17! is the combinatorial energy~en-
tropy term! that accounts for the different possibilities o
mixing polymer segments and solvent molecules. The s
ond term is the contact dissimilarity contribution, withx be-
ing the Flory interaction parameter.39–43 ns and nc are, re-
spectively, the numbers of solvent molecules and polym
segments~or cap segments! in the mixing medium;fc is the
volume fraction of the polymer segments~or capping seg-
ments! in that medium. Because of the proportionality b
tween the volume fraction of the capping units and that
the colloids~constant surface coverage!, we substitutefc by
f in Eq. ~17!. As two particles are brought in close conta
their shells progressively overlap. It is the sign and the m
nitude of the free energy inside that overlapping dom
~also known as interpenetrational domain! that defines the
stability of the dispersion. For the sake of clarity, we fir
consider the above energy for two flat platesDGFP

M covered
with polymeric brushes~or shells! of thicknessL.29 The
change in energy for a very small volumedV in that stabi-
lizer sheath~and for smallf! is

d~DGFP
M !5~kBT/V1!$2~12x!f1~ 1

2 2x!f2%dV.
~18!

We ignored the terms higher thanf2 in the Taylor expan-
sion. This equation is valid for all domains of approac
Because of the plane symmetry,dV may be expressed a
dV5Sdx, whereS is the plate surface andx is the lateral
distance from that plate. Assuming constant density~both
surface and lateral!, the integration of the above energy ov
the volume of the two shells~two plates! yields

DGFP
M 54kBTH Vs

2

V1
J N2nc

2~ 1
2 2x!S 1

L
2

x

2L2D , ~19!

wherenc is the number of chain contacts~bonds! per unit
area on the plate,N is the number of segments in a chain~or
a capping group!, andVs andV1 are the volumes per solut
segment and solvent molecule, respectively. In Eq.~19!, Vs
and V1 , respectively, result from the following expressio
fc(}f)>rsVs and dns5(12f)(dV/V1). rs is the the
density of segments within a shell anddns is the number of
solvent molecules indV. The densityrs , assumed constan

R
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is divided into a surface density that providesnc ~after inte-
gration! and a linear lateral density~along x! expressed as
r1>1/L. The factor 4 is derived from integration and the u
of two plates. The above free energy for two free plates
be extended to describe two spherical particles,DGs

M , of
finite radiusR0 , using the Deryaguin approximation:29

DGs
M5pR0E

dm

2L

DGFP
M dx, ~20!

wheredm and dM (;2L) are the respective minimum an
maximum separation distances between the particles
which interactions take place. The resulting energy of mix
may then be expressed~after integration! as

DGs
M5F4pR0kBTH ~NncVs!

2

V1
J ~ 1

2 2x!S 12
dm

2LD 2G .
~21!

On very close approach of the shells~spheres!, another term
describing interpenetrational-plus-compressionalinterac-
tions adds to the free energy. That term has a positive
and always favors repulsions, but will not be discuss
here.29 For a fixed size, the sign of the free energy depe
on the Flory parameter,x. This parameter describes th
segment-monomer~solvent! interactions, and should not b
strongly influenced by the cap extension. Forx.0.5, DGs

M

is negative. Interactions are attractive, and favor close
proach between particles. The energy becomes positive
x,0.5, favoring repulsions, thus stability of the dispersio
The above discussion is reminiscent of polymer solutio
wherex50.5 corresponds tou solvent condition. The cas
x,0.5 corresponds to good solvent condition for the sh
i.e., proximity of the cap to the solvent is favored, where
x.0.5 corresponds to poor solvent condition.39–43The mag-
nitude of the above mixing energyDGs

M depends~strongly!
on three characteristics of the capping sheaths: densit
coverage per unit area, length of the caps, and volume
solute segment,nc , N, andVs respectively. It also depend
on the size,R0 . Since the overall interaction energy is th
superposition ofDGs

M above and the van der Waals core
core attractions, it is the magnitude of the mixing ener
~when it is positive! that imparts thermodynamic stability o
the dispersion. This is where the size~N!, surface density
(nc), and the volume per segment (Vs) intervene the most
becauseDGs

M is proportional to the square of their produc
We refer to this product as the ‘‘stabilizing parameter’’
the capping shells. Within these considerations, one may
tinguish three categories.

1. Sterically stabilized dispersions

They are primarily made of TOP/TOPO capped cryst
lites dispersed in hexane and in toluene. These caps hav
largest lateral extension. An extended configuration perm
more favorable contacts between the segments and the
rounding solvent molecules. Ifx,0.5, DGs

M is positive and
large ~large ‘‘stabilizing parameter,’’NncVs); it can over-
come the van der Waals attractions, resulting in a posi
mixing energy. This favors repulsions between nanocryst
thus stability.
n

at
g

n
d
s

p-
or
.
s

l,
s

of
er

y

is-

-
the
ts
ur-

e
s,

The different behavior observed for dispersions of sma
size particles with TOP/TOPO caps can be underst
within the framework of the above concepts. The invers
of the interactions when the particle size decreases is ca
by a decrease in the mixing energy with respect to the
der Waals term, due to a smaller ‘‘stabilizing parameter’’
DGs

M . The primary cause for such a decrease is a low
surface density. In fact, we know that for very small nan
crystals a less ‘‘continuous’’ surface emerges.44,45 Only a
limited number of sites are available for the caps to stron
bind to, resulting in lower cap coverage. In addition to t
effects of surface density, a decrease in the particle
would also decrease the mixing energy as shown in Eq.~21!.
Last, smaller particles have higher surface curvature~i.e.,
larger area per cap!, thus a weaker shielding of the core
core attractions. The overall potential of interactions wou
be attractive, but not strong enough to induce flocculation
the medium, unless excessive ‘‘washing’’ of the particle s
face is carried out. The above considerations are in ag
ment with the study performed on dispersions of 51
TOP/TOPO in hexane with various amounts of excess ca
As shown in Fig. 6, the concave curvature nearq50 is pro-
gressively reduced with increasing excess cap. The supp
sion of the concave curvature at largercp reflects a recovery
of the stabilizing repulsions. This recovery implies that
more effective screening of the van der Waals attraction
achieved with extra free caps. Such screening can
achieved if the caps pack around the surface, with their he
inward: ‘‘micellization’’ process. This provides a thicke
dense, liquidlike shell. Such a picture may be entropica
unfavorable, but results from the affinity of the cap po
heads to the crystallite surface where most of the electro
activity takes place. It relies on a less favorable energy
the free caps in the solution, and is confirmed by the app
ance of small micelles in the dispersion when the amoun
excess caps becomes much larger~;10 times larger!, since
only a finite number of excess caps is necessary to f
passivate the nanocrystals. The micelles contribute to
scattering signal at largeq, with the appearance of a finit
intensity ~small plateau! larger than the solvent backgroun
The presence of micelles in the dispersions at higher ex
free cap reflects an equilibrium between the crystallite s
face and the dispersion. The two states that minimize the
energy of the polar heads on those caps are the particle
face and floating micelles.

2. Stable dispersions but attractive potential

This category includes nanocrystals capped with sho
alkyl chains, e.g., TBP/TBPO and PIC, dispersed in hex
and toluene, or butanol, respectively, and PYR capped c
tallites dispersed in pyridine. In all cases, the capping gro
have smaller lateral extension than TOP/TOPO. For the c
of TBP/TBPO or PIC caps, the above treatment implies t
the free energy of mixingDGs

M is positive but still smaller
than the van der Waals term, resulting in a shallow attrac
potential, not strong enough to impart flocculation. For PY
capped particles in pyridine the situation is more subtle. B
cause the caps constitute an ‘‘innate’’ continuity of the s
rounding solvent, the conditionx,0.5 is true and favors
mixing. However, the caps are of molecular size, and th
contribution toDGs

M is small. This would result in an overa
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weakly attractive potential, but dispersions are stable. Th
attractions may result in association between the crystall
e.g., the appearance of a small number of ‘‘dimers.’’ T
comparison of the experimental data to a mixture of t
populations is a good first-order approximation because
the anticipated weak attractions between crystallites.
presence of a small fraction of ‘‘dimers,’’ coexisting with th
monomers, describes an equilibrium between the
‘‘states’’ for the crystallites: single particles or ‘‘dimers.
The crystallites move freely in the solution. Occasiona
two particles come in contact; they stick together to form
‘‘dimer’’ of finite life span.

3. Unstable, turbid dispersions

This category includes PYR capped crystallites disper
in toluene and in hexane. These samples become tu
shortly after preparation. The precipitation is caused by
overall strongly attractive interaction potential. This resu
from the predominance of the van der Waals attractive
tential over the mixing energy. The latter is small and pos
bly negative because of a smaller ‘‘stabilizing paramete
~due to low coverage, i.e., smallnc and N!, and a Flory
parameter that does not favor mixing (x.0.5). The pyridine
shell is different from the surrounding solvent and has
lateral extension. It could neither alter the van der Wa
attractions between cores, as is the case of TOP/TOPO
reduce them as in the case of PYR capped particles in p
dine.

VI. CONCLUSION

We presented a study of the properties of CdSe nanoc
tal dispersions using x-ray scattering at small angles.
study provided accurate measurements of the size and
distribution, and a qualitative understanding of the interp
ticle interactions in the media. The primary factors that co
trol the interactions, and define whether a dispersion is th
modynamically stable or not, are nature and spatial exten
of the capping shell, degree of surface coverage, crysta
s
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size, and solvent. Three types of solutions emerge from
investigation.~i! Sterically stabilized dispersions made e
sentially of nanocrystals capped with longer alkyl chains~oc-
tyl phosphine and octyl phoshine oxide!, where favorable
interactions between the caps and solvent dominate. T
screens the van der Waals attractions between cores,
imposes a stability condition in these media.~ii ! Dispersions
of particles with a good surface coverage but small caps
have favorable interactions with the solvent. The short s
tial extension of these caps provides only a modest scree
of the van der Waals attractions. This results in dispersi
governed by weak attractions, but not strong enough to
duce flocculation.~iii ! Last are nanocrystals with small cap
that do not have favorable interactions with the solvent. T
overall energy is attractive, and induces macroscopic prec
tation.

The stability of the particles may be enhanced when
small amount of free alkyl caps is added to the medium. T
is due to a natural tendency of the polar heads of the cap
approach the surface of the dot while hydrocarbon tails p
fer to float in the solution. This cap excess increases
overall repulsion. However, one must be aware of the co
plexity of these systems. The above selective stability is
mainly caused by the affinity of the caps to the surround
solvent. All the above caps and solvents are miscible
pairs, e.g., TOP and TOPO are soluble in all solvents. I
the affinity of the caps and core combined that defin
whether a dispersion is stable or not.
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