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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.
[S0163-182698)04335-3

[. INTRODUCTION several sizes to be madé!*Furthermore, because the cap-
ping molecules are weakly bound to the particle surface, it is
Semiconductor nanocrystalgjuantum dots or quantum possible to modify then{surface derivatization allowing
crystallites are small colloids with sizes that vary between one to tailor the affinity of the crystallites to the surrounding
10 and 60 A in radiu$=* Three-dimensional spatial confine- solvent*®2°2 The understanding of the interparticle inter-
ment of electronic and vibrational excitations dominate theactions and their dependence on some relevant parameters,
physical properties of these materials because their size B/ch as nature and size of the cap and solvent, is important.
comparable to, or smaller than, the bulk Bohr excitonlt allows one to better control the thermodynamic properties
radius®~® For example, the widely reported blueshift of the Of these dispersions, and can be used for post synthesis
energy band gap with decreasing size results from those cognalysis and processing of these materials. For instance, one
finement effectd~® Spectroscopic properties, e.g., photolu- should address whether or not the interactions in these sys-

minescence, also depend on the crystallite size, in additioff™> behave like thosg in dispersions .Of conventional col'k_)i—
to other parameters such as core crystallinity and particl al Pa”'c'eis capped with polymer chains. Does the Sta_b'l'ty
of these dispersions and the presence of a macroscopic col-

shape’™® In the past decade, considerable effort has beefy,iga| order at high concentrations depend on how the inter-
devoted to understanding the effects of quantum confinemeni.tions are affected by the capping groups? The solution
on the spectroscopic properties of these materials, usingroperties of these semiconductor nanocrystals have so far
techniques such as photoluminescence, fluorescence line nagceived little attention, howevet.

rowing (FLN), cathodoluminescence, electroluminescence, e previously reported a preliminary characterization of
and energy transfer.*® CdSe nanocrystal dispersions, where a few aspects of the

These materials are prepared in solutions, for example, binterparticle interactions have been investigdtedn this

growth from organometallic reagents in inverted micelles orcontribution, we report further investigation of these disper-
in a hot coordinating solvedt* In the synthesis method sions using small-angle scattering. We scanned a wide range
based on high-temperature solution chemistry, it has beeof sizes and used several types of caps and solvents. The
shown that by controlling the initial preparation conditions, present study permits us to probe changes in the interactions
e.g., temperature and time of annealing, one can select thes one or more relevant parameters are varied, in addition to
appropriate particle size and size distribution, thus allowingproviding accurate measure of the size and size distribution
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of the particles. Associatiofand aggregationof particles in ~ However, one can reduce the intensity to contributions from
solvents, where strongly attractive interactions take placepne term or the other. For example, scanning small volume
can be observed. For dispersions where interactions arfeactions (@—0), or using an “ideal” solution of noninter-
weakly attractive, existence of “dimers” in very small frac- acting objects, permits us to substantially red&¢q), and
tions is detected. Interparticle interactions may also dependontributions fromP(q) dominate the signal. We now dis-
on the size and the presence of excess free caps in the soltliss the cases without and with interactions.

tion, for the smaller crystallites. These features imply that

“dimerization” and binding of the capping units to the sur- A. Case without interactions

face atoms are dynamic processes. They are influenced by Th blem is reduced dqd ina th .
the concentration as well as the excess of free caps. The "€ Problem is reduced to addressing the scattering prop-

features observed for the interactions are compared to the§'ties of an individual object, since the total signal is a su-

retical approaches, such as the model of adhesive spherBE"POSition of single-particle scatteririg(q): 1(q)=P(q)

and the concepts of steric stabilization, as done for colloidal” N!1(), whereN is the number of particles in the volume

dispersions. V. We now discuss a few features that emerge from the
We start with a description of the small-angle x-ray scat-2P0ve expressions, which will be used in the analysis.

tering (SAXS) technique and the concepts used in the data 1N extrapolation ag=0 provides the area under the

analysis. We then briefly describe the experimental setup anf§nction p(r) in real space, thus the total contrast of the

the materials preparation in Sec. Il. In Sec. Ill, we presenfCattering objects

the SAXS spectra and their analysis. We then discuss the -

data and compare them to theoretical considerations without|(0)= 477p(r)dr:j

and with interactions, in Sec. IV. 0

w4wr2A52(r)dr=N(v<Ap>)2,
0
(4)

Il. GENERALITIES: THEORETICAL CONCEPTS wherev is the particle specific volume. For smal| 1(0,0)
x¢ or ¢ (with ¢=Nv/V and the concentratioc=dgep,

Inhomogeneous media, e.g., dispersions of solid particleghere d, is the mass per unit volume of the nanocrystals
and heterogeneous solids, are characterized by concentratlp{hzo) is extracted from extrapolation aj=0, 1(0)

fluctuations. They scatter electromagnetic radiation such as i ol1(q)}; it is not a directly measured value.
light or x ray. With x ray, the scattered signal is caused by Byqexpanding the sine in the integiiq. (1)] at small to

electron density fluct'uation's in the medium. For a Sampk?ntermediateq, following Guinier analysis, estimate for the
made of separate objects dispersed in a soluiog., a col- particle size can be reached from
loidal dispersiol, the excess in the scattered intensity with

respect to the solvent is a function of the electronic contrast q° S o
between the solute objects and the solvéi=pq—p, ; pq |(q,C)E|(0,C)eXD< —3 ) Guinier form,  (5)
is the electron density per unit volume of the objegfsan-
tum dots in this cageand p, is the solventreferencgelec- valid for qr<1. The radius of gyratiorR, has a model-
tron density. For an isotropic sample, this intensity may bedependent relation to the size and shape of the solute
expressed &5’ objects?>?* For instanceRg = (3/5)R% for spheres of radius
Rg (Guinier radius. A plot of In(l) vs g shows a linear
o behavior with a slope R3/5.
I(q)=f Ap=(r) The integral ofg?l (q) over the whole reciprocal space is
] aninvariant, Q proportional to the mean square of the elec-
=f 47-rp(r){sm(qr)]dr, 1) tronic density fluctuations, but is independent of the subtle

sin(gr
n(? )]4wr2dr

structure of the electronic contrast:

whereq is the scattering wave vectag,=(4m/\)sing, \ is [ Cm DA Drmr e D 2
the incident wavelength, and¢2is the scattering angle; Q‘f q71(q)dq=27"Ap%(0) =27V (1 - $){(Ap)%).
Ap?(r) is the autocorrelation function of the electronic (6)
contrast®~?’The integration is carried out over all scattering
elements in the irradiated volunve We introduced the pair-
distance distribution function defined as
p(r)=r?Ap?(r).?*-2>Equation(1) implies thatp(r) may be
evaluated from the inverse of the intensity ugig®

For a set of noninteracting, or weakly interacting, parti€es
becomes the sum of single-particle contribution®
=27’Nv((Ap)®)=NQ,, i.e.,, Qxc or ¢ in dilute media
(#<1). For homogeneous scattering particlégAp)?),
=((Ap),)?, and Egs(4) and(6) may be combined to pro-
vide a measure of the particle radi® (volume average

o

()= 57 f l(@)ar sin(gr)da. (2) size
2 0
2721(0) . 3
For the most general case, the scattered signal results TZU:VFRU' @
from intraparticle and interparticle contributions, form factor
P(qg) and structure factos(q), respectively, Examination of the intensity at intermediate and lagge

can also provide information about the solute material. At
1(gq)=P(q)XS(q). (3 largeq (i.e., probing smalf), one can write a linear expan-
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sion for Ap?(r) at smallr: Ap2(r)~Ap?(0){1—(s/AV)r B. Case with interactions
+---}, wheres is the solute object’s surfacé?*Integration In a medium characterized by isotropic correlations, the
of Eq. (1) results in damped oscillations, with an average thascattered intensity beconfés?®

decays as a power series of The first of that series is
q 42324 N singr
1(g,c)=NI4(q) 1+—f477r2[g(r)—1] dr
\% qr
27S

lim 1(@)g»0=((4p)?) —a- ® (12)

. . The term between brackefequal toS(q) in Eq. (3)] ac-
S is the total surface of the scattering elements. A plot Ofcounts for the interparticle in?eractior?é?l)\lzvl(i]s the vol-
q*l(q) vs q would start from zero ag=0, followed by

o ume available for each particle. The correlation function
damped oscillations averaged by a plateau that depends %rl]_)eys the conditiong(r)=0 for r<2R andg(r)—1 for r

Ap andS The periodicity of the curve depends on the size.” 24,30 For distances close t®, r=2R+ or, g(r) is a
For a narrow distribution the first maximuiat (}max) Pro- ¢ inction of the interaction potentialV(r): g(r)=

. B 23,2
V|d|es a rlrjeeﬁ]ure oft_tr|1e radlLB?A_2.75/quax.tt distributi exp(—V(r)).%° Equation (11) for the intensity infers that
n reality the particles are always subject to a distribu IonS(q) is a “correction” to the form factor, which effects are

12 fsel \Z/ve;jiz'is,?rcijbz?i(ce)nh?jngiéil;e;r:uirggl ai‘;()elénttc)'n dglsiﬁgs%séﬁﬁost visible neag=0. A common form for the interparticle
y contributions is written in terms of the osmotic compressibil-

polydispersity factof??° We will limit our present analysis ity, y-=[1/c(ac/dll);], using the following approximate

to the cases of log-normal and Gaussian distribution funcéxpression for smalt:

tions.
(i) For a log-normal function, the fraction of particles _
N(R) with a size laying betweeR andR+ dR is given by° 1(q,c)=KcMLl1(a)x(a.c)]. (12
N(R)dR=NP,(R)dR K is a constant that depends dp, M is the particle mass,
n

and II is the osmotic pressure. Equatigh2) can also be
expressed in terms of the second virial coefficidnt
In

N p{ 1 R ) r] R (@)
=———exp — = :
V2m7Roy, 2_0'% Ro

where P|,(R) is the probability to find a siz&, oy, is the
standard deviation of IR, o2=((In R—In Ry, and R, is
the geometric mean sizéin Ry=In R,. The nth moment of
the size can be expressed @R")=Rjexp(n?s?]/2). For
small  o,, the variance is ¥{((R—(R))?)}
=(R)*{exp(?)—1}, the polydispersity, defined ap
=v?/(R), becomep= oy, and the full width at half maxi-
mum (FWHM) of the distribution iSAR=2.40y,Ry. From o hit This correction becomes positive fA5<0 (attrac-

: - — [(R8\//R6\11/2
(R") one can derive thgse gekil'%OHSRe—{(R >2/<R )} tive interactions: S(0)>1) and a concave curvature is ob-
=Roexp(7ot,), ZRU:{<R (R%)}=Roexp(4.57i,), and  served. In particular, for a hard sphere interaction potential,
Rum=Roexp(3.4j;). A combination of two of the above re- g(r<2R)=0, g(r>2R)=1, and S(q=0)=1-8¢. A
lations provides preliminary values fd&?, and o},. These negative contribution to the intensity near the origin is then
values are used to fit the intensity to theory over a widegptajned3-2428-30

I(g,c)=KcMIy(aq)[1-2A,MQ(q,c)c]. (13

Q(g,c) is an interference term that can be important for
finite g and ¢.3! Limited to smallc andg, Q(q—0, c—0)
—1, and one may write I(g,c)=KcMI(q)[1
—2A,¢dM].3! In a medium where interactions are repul-
sive A, is positive A,>0 and S(0)<1), resulting in a
negative contribution neay=0. A convex curvature of the
intensity neaq=0 is observed in a Guinier plot or a Ih{/s

range ofq. _ _ _ o Different models have been developed to describe media
~ (ii) If the parhcleszgare described by a Gaussian distribuwith attractive interactions. We consider the adhesive sphere
tion, N(R) become®* model, initially formulated by Baxter, where he used the

Percus-Yevick approximate equation for the radial corre-

lation function for hard spheréé-** Regnault and Ravey

built on that model and used a square potential well to pre-
]dR. (100  dict the thermodynamic properties of colloidal dispersidhs:

N(R)dR=NPg(R)dR
N ply (R-R§)?
\IZWUGRS 2(0-GRO)2

In Eqg. (10), we use a ‘“size normalized standard deviation,”
for consistency, wherag is the mean size andg(R) is the
probability to find a sizeR. For smallog (R)=RS and p

Va(r)/kgT=o for r<2R (R being the core radiys
(143

VA(r)/KgT=In[127(26—2R)/25] for 2R<r<24,

=(V)YYRS=0g. Also, relations between the different mo- (14b)
ments of(R"), RS, and o can be derived. For example,
Re=RSexp(6.57%), Ry=RSexp(@2Z), AR=2.3%¢RY, VA(F)/ksT=0 for r>26. (149

and og=(IN[Rg/Ry1/3.5)*% o, is equivalent toog even

thoughRy is not equal taRS . We will show that the choice 26-2R is the extent of the attractive square well, anis

of the type of distribution function, log normal or Gaussian, equivalent to a dimensionless temperature. It measures the
is not crucial for smallor, or o . degree of “adhesion” between particles. The casex cor-
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TABLE I. Materials studied: nanocrystals, caps, solvents, interactions, and stability conditions.

Cap Nanocrystal\ y;, (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

responds to the hard-sphere potential. We simply recall thatetector, PSPEEIphyse, with a 3 or 4 mmheight window,
the calculation provides the following form fd&(g=0,¢  a useful length of 50 mm, and a resolution of 28®. A thin

<1): vertical slit, placed after the mirror, selects a rectangular
beam with the dimensions 0f>80.3 mnf on the detector. A
1 nickel filter after the slit eliminates the wavelengti s,
S(O):TM(O)’ (15 allowing one to select a monochromatic beam A\aty,

=1.54 A. This setup permits us to scarqaange between
where C2s5(0=0)=Cor(q=0)+2¢/7+(15/r—3/I7* 6x103A~1 and 04 AL with a resolution of
+1/67%) $?+0(¢%); Cor(q=0) is the hard-sphere value. 3x10°3 A~1. Experimentally, we collect the signal from
S(0)=NkgTxr; it is related to the phase diagram of the the referencel ¢ then from the sampld,;. The difference
medium. In particular, there is a critical point with the coor- | =|,— | is used in the analysis.
dinate:7.=0.0976 andp.=0.12. Forr> 7. a single domain
exists, whereas for<<r, phase separation occurs. In the
above considerations, the structure factor depends on the B. Materials and sample preparation

33,35 ;
product 7¢.™™ Consequently, substantial effects &q) The CdSe nanocrystals used in the present study are made

and the phase diagram may be seen only at larger concentigs , organometallic precursors, nucleation, growth, and an-

t'oq_SH VSIS i ied foll We fi nealing in a hot (300-340°Q coordinating
e analysis is carried out as follows. We first COMpareg | en2410.1118.19Temperature is an important controlling

the data to theoretical fits using a distribution of noninteract-parameter_ Size-selective precipitation, carried out two to
ing spheres over a wide range@fbut not in the immediate 06 times after synthesis, permits us to isolate nanocrystals
vicinity of q=0. From the fit, we extract estimates _fRE) capped with a mixture of trioctyl phosphine and tryoctyl
andp (or o). Comparison of the data and fit ne=0 ina  yhosphine oxidé TOP/TOPO, and further narrows the size
Guinier or In() vs g plots provides information about the istribytion. The capping units can be exchanged, allowing
interactions. A positive departure of the intensity with re- ;o the ability to modify the electronic properties of the

spect to the fit neag=0 in either plot accounts for attractive gy rface and to tailor the crystallite compatibility with a vari-
interactions. However, a negative d.c_ep_artu.re from_ the fit ety of solvent@*1921The cap exchange is achieved by ex-
flects domlngnce qf repulsive stabilizing interactions. Sec'posing the initial dots to an excess of competing capping
o_nd, stable dispersions are compatbdefly) to the predic- _ groups2+1%21Addition of a solvent compatible with the ini-
tions of the hard-sphere model. We compare the data withy| caps but not with the new ones results in flocculation of

negative correction to the model of adhesive sphere potensaicles capped with the new groups. Repeating this opera-
tial, and to ms using two distributions of particles, mono- ion two or three times provides a nearly complete cap ex-
mers, and “dimers.” Last, we compare the data to the CONhange(>95%) as verified by’3C NMR2! Cap exchange

cepts of §teric stab_ili_zation, with emphasi_s on the effects Ohtfers the opportunity of exploring the dependence of the
cap density and affinity to the solvent, their lateral extension;,ieractions on the properties of the dot's surface and the

and nanocrystal size. solvent. In the present study, we explored four types of cap-
ping groups(Table ). The first is made of TOP/TOPO mol-

. EXPERIMENTAL SECTION ecules. The second are pyridif@YR) molecules; they are
attached to the surface in an exchange reaction by dissolving
the initial dots(with TOP/TOPQ in pyridine. We performed

The x-ray source is a rotating copper angBéaky op-  only one dissolution in pyridine, but anticipated a high rate
erated at 40 kV and 25 mA. The apparent point source i®f cap exchange, because a small amount of nanocrystals
about 102 mm?. A curved mirror made of gold coated was used ¢<0.5%). In addition, given the strength of the
quartz, placed after the source, eliminates the higher energgaction, the cap exchange is associated with a slight erosion
photons and reflects the copper wavelenghhs,, and  of the crystallite surfacébout 3—5 % loss in sizeThe third
Acwg- It also collimates the beam onto a position-sensitivetype is a mixture of tributyl phosphine and tributyl phosphine

A. SAXS setup
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20 the desired dispersion. They are flame-sealed after filling to
avoid contamination and evaporation of the solvent.

11s IV. RESULTS

Intensity spectra invariant Q

Figure 2 shows the total scatter€8AXS) intensity (o
=lgotst I sovend fOr @ few dispersiongwith different concen-
trationg of 550-TOP/TOPO in hexane. These spectra show a
classic behavior with a large contribution from the solute
nanocrystals at small angles, and a decrease to zew as
increases. The large contribution to the signal in the sopall

- : : ' i1 0.0 regime results from the high electron density of the nanoc-
400 500 600 700 800 rystals. Similar behavior is observed with the other disper-
Anmy) sions, except for PYR capped dots in toluene where a weak

o ] ] signal is collected. These dispersiofi®YR capped in tolu-

EIG. 1._ uv-visible absorption and photolumlnesce_nce spectra fOéne show a macroscopic precipitation.

a dlsp_ers_lon of 586-TO_I_3/TOPO cqpped partlgles in hexane. The 1,4 intensity extrapolated at the origir(0), for disper-
arrow indicates the position of the first absorption peak at sions of TOP/TOPO and PYR capped dots in hexane and
pyridine, respectively, increases linearly with concentra-
oxide (TBP/TBPQ. The fourth type are picolin€PIC) mol-  tion: 1(0,c1)/1(0,c,)=c4/c, (inset in Fig. 2 and Table !
ecules. Along with these, we explored four types of solventsThis result is in agreement with the predictions discussed in
Hexane and toluene are used to disperse crystallites capp&ec. Il. No concentration scan was carried out for dispersions
with TOP/TOPO and TBP/TBPO. Pyridine and toluene areof PIC capped crystallites. The scan carried out for disper-
used to disperse PYR capped dots. Butanol is used to disions of PYR capped dots in toluene did not provide useful
perse PIC capped particles. uv-visible absorption spectrmformation because of the precipitation.
were taken before and after measurements. No changes wereFigure 3 shows experimental curves il (q) vs q [Eq.
observed. We identify the sample with the location of its first(6)] for dispersions of 550-TOP/TOPO in hexane and 560-
absorption peak and the type of céfg. 1), e.g., samples PYR in pyridine, respectively. The corresponding invariant
586-TOP/TOPO or 586-PYR correspond to nanocrystal®) increases linearly with concentration as anticipateee
with a band-edge absorption at,=586 nm and capped Table Il and the inset in Fig.)3From the values of) and
with TOP/TOPO or PYR groups, respectively. Given thel(0) we extract an estimate fd®, using Eq.(7). Analysis
high electronic density of the Cd and Se with respect to thavas limited to stable dispersions, i.e., TOP/TOPO capped
solvent and caps, the scattered signal results primarily frommanocrystals in hexane and toluene, TBP/TBPO dots in hex-
the inorganic core. This permitted the use of small concenane, and PYR capped nanocrystals in pyridine. Similar val-
trations to achieve high signal-to-noise ratios. Samples araes are measured for comparable crystalliszeneh ), in-
quartz capillary tubes, with-1 mm optical path, filled with dependent of the cap used.

11.0

Absorbance (arb.units)

105

Photoluminescence (arb. units)

20

20
16
S 12t
15 X
o sf
@
g at
o
T 10| 0 L L L
et 0.0 0.5 1.0 1.5 2.0
< ¢ %(wt)
)
-~ o ¢=1.750%(wt)
5} = ¢=0.930%(wt)
v ¢=0.285%(wt)
¢ ¢c=0.260%(wt)
4+ Hexane refr.

0.0 0.1 02 0.3 0.4
aA”)
FIG. 2. Total scattered intensity for a few dispersions of 550-TOP/TOPO nanocrystals dispersed in hexane along with the pure solvent

reference. The inset shows the linear dependendéfvs c for dispersions of 550-TOP/TOPO in hexa(l®) and 560-PYR in pyridine
(A). 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 1(0), andsize measurements for the samples used. The variatibfddfandQ from one sample to another is
due to variation in the concentration.

Sample identification Q(gqy=0.3A) 1(0) (a.u) R,(A)=[371(0)/2Q]*® Ro (A) Rg (A)
550-TOP/TOPO in hexane, 10.9 17791 19.7 19.3 22.3
c=1.75%
550-TOP/TOPO in hexane, 5.64 9520 19.9 19.2 22.4
¢c=0.93%
550-TOP/TOPO in hexane, 2.005 3577 20.3
c=0.285%
550-TOP/TOPO in hexane, 1.625 3161 20.9
c=0.26%
560-PYR in pyridine, 2.94 4225 18.9 19.7 22.8
c=0.47%
560-PYR in pyridine, 2.4 3552 19.1 19.7 22.8
c=0.35%
560-PYR in pyridine, 1.557 2470 19.55 19.8 22.8
c=0.28%
560-PYR in pyridine, 1.38 2077 19.2
¢c=0.235%
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 18.8 174 19.5
510-TOP/TOPO in hexane 0.750 723 16.5 14.5 18.5
564-TOP/TOPO in toluene 1.332 2829 215 215 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 29.7 345
562-TBP/TBPO in hexane 1.30 2580 21 20.6 23.7
586-PIC in butanol 22 24.5

Guinier diagrams

In Fig. 4, we show Guinier plotfin(l) vs g2] for a few
dispersions studied: TOP/TOPO capped in hexane,

100 L[+ soToPmhekcstren | TOP/TOPO capped in toluene, PYR capped in pyridine,
- - i : ¢=0.93% 10F . .
S asoTobinhey coah| @ ' PYR capped in toluene, and TBP/TBPO capped in hexane.
o 560-PYRin pyr.; c=0.47% § 8F
80 g8 20 u '
- St . gg‘oﬂgg in ?ealxane — - Fit with R;=29.5A
j2] L s - e . » ]
= o 18 o 20 TOP i heveme | | — - Fitwith R;=23.8A
-Z %0 0 L n L 16 v 562-TBP in hexane —— Fitwith R6524A
= [ e 560-PYR in pyridine — — Fitwith R.=232A | 1]
5 0.0 05 10 15 20 . 6
~_: -~ ¢ 550-PYR in toluene - Fitwith R,z22.8A
~5 40 - 14 | \ ------ Fit with R;=20.5A | ]
S 12} ]
20t £
S0}
E
ok, . 8t
0.0 0.1 0.2 0.3 6t corseronmanmn d
A" 1
4 F
FIG. 3. Plots ofg?l(q) vs q for dispersions of 550-TOP/TOPO , , ‘ , )
in hexane at three concentrations, and for 560-PYR in pyridine. The 0.000 0.005 0.010 0.015 0.020
invariant is obtained from the integration of the above curves over GtA?
the whole range of|. The inset shows the linear dependencéof
on c for dispersions of 550-TOP/TOP(M) in hexane and 560- FIG. 4. Guinier plots for different dispersions. Some of the

PYR in pyridine(A). The coincidence of the experimental invariant spectra are multiplied by a scaling factor to avoid overlapping. The
for both sets of dispersions is due to the close size of the nanocrysurvature near the origin with respect to a linear fit varies with the
tals. pair cap solvent used.



7856 MATTOUSSI, CUMMING, MURRAY, BAWENDI, AND OBER PRB 58

(@R’ 2
0.0 0.4 0.8 12 1.6 2.0 * o0mgmD
. . r . . v v ¢=1.2(mg/ml); 4(mM/ml)
10 1 - cp;4.7(mg/ml); 15(mM/ml)
*0000000000 et tannanc e e 10 ¢ » ¢, =5.43(mg/ml); 17(mM/ml) | ]
etstssensEEEESa st R s . -‘. : e 0 0 0 4 \Q s ¢,=8.33(mg/ml); 27(mM/ml)
| MAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA ' .' :—-‘E
8 AN 2 \\
- x
= Fe]
5 g = 2
g mnmuaﬂuwma%aaa%%nnnﬂ“ =
L o 600nm; Ry=24.5A °0eey 61
g 4T « 564nm; R=21.3A ]
s 550nm; R=19.3A
ol 540nm; R=18.8A 4+t
+  482nm; R=13.5A ]
= 472nm; R=11.8A 0.00 0.01 0.02 0.03 0.04
0. i : J ! J q*A?)
81  mceemeeesons . FIG. 6. Guinier diagrams for dispersions of 510-TOP/TOPO
L LTI IR nanocrystals R,=14.5 A) in hexane, with various concentrations
2 At AR A2 TS R e of excess free cam,. The free caps are made of a mixtuf%
c 6l e rsrasege, s ] TOP and 50% TOPP The concave curvature negs0 decreases
= “aﬂ%aw%.,ﬂu.,a;“’a”:’"m~”’"~" and is suppressed &g increases.
o oa! unﬂnnau%w%n”%a
= « S6dnm; R=21.3A pulsive interactions, namely a convex curvature ngaio,
T 471 . ssonmR=18.8A 1 independent of the size. Figure&aband b) show the ex-
o 482nm: R=135A erimental plots for I} vs (QR)? (with gR<2) for various
)
o 472nm; R=11.8A sizes TOP/TOPO capped nanocrystals dispersed in hexane
24 . . . . h and in toluene. A plot of IH} vs (qR)? (instead ofg?) en-
0.0 0.4 0.8 , 12 16 2.0 sures that comparison between the data for different sizes is
(aR) carried out at comparable Guinier domaffsThe interac-

tions (reflected in the curvature neqr=0) are reversed from
FIG. 5. Guinier plots In) vs (qR)? for various size TOP/TOPO  repulsive to attractive when the size decreases below a
capped crystallites dispersed in hexdtp) and in toluene(bot-  «critical” value of ~15—-16 A. Such behavior is unexpected
tom). Some of the spectra are multiplied by a scaling factor to avoidg, colloidal material$e37 It can result in macroscopic pre-
overlapping. A change in the curvature negr0 from convex 10 cinitation of the solutions for smaller sizes after excessive
concave is observed when the size decreases beld§-16 Ain  wyashing” (several size selectionsit is also in agreement
either case. Values ofy (nm) andR, are given. with luminescence data where smaller quantum yield is mea-

All diagrams show a linear regime for small to intermediateSUred for the smaller particles. _ _ _ _
q (Guinier behavior, as predicted by Eq5). However, the To better understand the be_hawor of dispersions with
type of curvature near the origin, with respect to a straighemaller TOP/TOPO capped particles, we probed changes of
line, depends on the pair cap-solvent used. For example, datae |nterac.t|on_s |n.the presence of excess free caps at fixed
from dispersions of TOP/TOPO capped particles showed §oncentratiorititration with free caps Figure 6 shows rep-
convex curvature in hexane and toluene, reflecting the pregésentative - Guinier diagrams for dispersions of 510-
ence of repulsive stabilizing interactions. PYR capped dotd O©P/TOPO in hexane with various amounts of free caps,
dispersed in pyridine showed a concave curvature gear (Made of 50:50 TOP:TOPOThe concave curvature neqr
—0, however. The negative curvature becomes more pro= 0, Present ac,=0, is progressively reduced and disap-
nounced when PYR capped dots are dispersed in toluenB8a'S asc, increases. This gradual change results from a
which reflects the presence of strong destabilizing attractionBrogressive reduction of the attractions, and their eventual
between nanocrystals. The data from TBP/TBPO and PIdnversion, wherc,, is increased. The change in the curvature
capped dots dispersed in hexane and butanol, respectivefyearq=0 reaches an asymptotic limit, followed by the ap-
show a behavior similar to that observed for PYR capped’@arance of a nonzero background at laggdhis reflects
nanocrystals in pyridine. From the linear region in the abovdhe appearance of micelles of TOP and TOPO in the me-
plots, we extract values for the Guinier radRg (see Table d_|um..These m|cglles result from a thgrmodynamlc equilib-
II). Similar values are deduced for nanocrystals with similafium in the solution between the particle surface and free
Ay, independent of the type of caps and interactions. caps. For t_he p_olar heads of 'ghe caps, there are two favorable

Remark. Effects of temperature on the above Spectra“states” W|th_h|gh§r electronic acfuwty: on the nanocrystal_
could not be explored in “extensive” details. Only measure-Surface or within '|ndependent micelles. The latter state is
ments at temperatures below 65 °C were attempted, becau&@ached only at higls,, .
of the solvents low boiling temperatures. No effects were
observed.

Nevertheless, the data from dispersions of alkyOP/ In Fig. 7 we show representative Porod plat$,(q) vsa,
TOPO capped nanocrystals do not automatically show refor a few dispersions studied, e.g., 550-TOP/TOPO in hex-

Porod analysis
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FIG. 7. Few typical Porod plots for the dispersions studied. 0.0 0.1 02 0.3

550-TOP/TOP in hexane at three different concentratitinp); A
data for other solutions with weaker intensity, 622TBP/TBPO in g
hexane, 564-TOP/TOPO in toluene, and 562-TBP/TBPO in hexane F|G. 8. Experimental data together with fits to a population of
(bottom). The intensity is multiplied by 5 for the three bottom noninteracting spheres, using either log-normal or Gaussian distri-
samples. The arrows indicate the positiong|gf,, which movesto  putions for a dispersion of 550-TOP/TOPO in hexane. Pdtop)
lower values for larger size. and In() vs q (botton) plots are shown. Very close values are found
for either fit: Ry=19.30 A ando,=0.113 whileR§=19.25 A and
ane or toluene, 622-TBP/TBPO in hexane, and 5640s=0.115. Arrows indicate the lower and upper limits of the fit.
TOP/TOPO in toluene. These plots are similar to classical
Porod diagrams reported for colloidal particles, e.g., dispertween experiment and fits nege=0, for attractive and re-
sions of calcium sulfonate in oil and carbonate particles impulsive interactions, respectively.
reverse microemulsions, with zero intensity at the origin and
a peak at qn. followed by oscillating scattered
intensity?3~273%>The scattering in the data at larggis due
to lower signal-to-noise ratio. The location @f,,y is identi- Figure 9 shows three typical experimental curves for
cal for particles with similai ,, independent of the cap and ql(qg) vs q and the corresponding pair-distance distribution
solvent. FromRg andRy, we extract preliminary values for function p(r), extracted from the above curves via a sinus
R, and oy, (or RS and o), which are then used to generate Fourier transforn{Eq. (2)]. This Fourier transform requires
fits to the data. We use Porod diagrams to fit the data textrapolation neag=0 with the assumptior(g)>=g?. It
intensity derived from a set of noninteracting polydispersealso requires an extrapolation at laggevherel (q) ~ 1/g* is
spheres, over a wide range @firound the first peak, but not assumed®~?” The curves ofql(q) vs q are less symmetric
including the region very near=_0. The use of a population for PYR capped particles in pyridine and toluene than for
of noninteracting spheres is justified since the region neagdispersions of TOP/TOPO capped particle§:) has a sym-
q=0 (where contributions of the interactions are pregeit metric peak atr,~20.5 A for dispersions of 550-
discarded. Using Porod analysis provides a more accuraffOP/TOPO in hexane. The position of the peak is very close
estimate forR, and o, since a fit to a peak is involved, in to what is predicted for spherical particles in stable disper-
comparison to simply fitting the intensitye.g., in Fig. sions with sizeR, (r,=1.05R,). However,p(r) is less sym-
2).22-273637|n the above fits we considered both types ofmetric for 560-PYR in pyridine, with two disproportionate
distributions, log normal and Gaussideee Fig. 8 We  peaks. The first is located a§;~21 A and the second is at
found that the value extracted f& andp are very close in  r,,~53 A. This may reflect the existence of two popula-
either case. In the following we limit the discussion to log- tions, monomers and “dimers,” with disproportionate frac-
normal distribution. The above generated theoretical curvesons, in agreement with Guinier and Porod analyse® the
are then compared to experiment over the full rangej.of discussion beloyv The data from 550-PYR capped particles
Such comparison is better reflected in GuiniEig. 4 and  dispersed in toluene showed a more complex behavior with
In(1) vs q plots?? with a positive or negative departure be- one peak located at,~20.3 A, similar to what is observed

Pair-distance distribution function: p(r)
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70 —+— 550-TOP in hexane
F —— 560-PYR in pyridine | ] FIG. 10. SAXS spectra from a close-packed sample, prepared
60 | —— 850-PYRin toluene | ; from precipitating out an initial dispersion of 564-TOP/TOPO in
n 5ol hexane with a large excess of ethanol. The center-to-center distance
S is deduced from the position of the peaR=(1.5)"’Dgaqq
o 40} =(1.5)"2m/q,.
LN R
% A IR W o N " located at 0.141 and 0.1306 A for 550-TOP/TOPO and
08 N S — 564-TOP/TOPO, respectivelfig. 10. We attribute this to
L S Y N the presence of close-packed particles in these aggregates.
obE N Im The average core to core separation in these close-packed
L I . . — — 38
o o o0 150 structures is given by = (1.5)?D gage=(1.5)2D(111).
rA) This provides a distand® = (1.5)"22m/q,~54.5 and~58.5

A for 550-TOP/TOPO and 564-TOP/TOPO nanocrystals, re-
FIG. 9. Experimental data fayl(q) vs q for the three types of spectively. The difference betwe@i2 andR, (~7-8 A) is

solution (top); the corresponding pair-distance distribution function due to the capping groups on the nanocrystal surface.
p(r) (bottom. The data fop(r) are multiplied by scaling factors,

i.e., 560-PYR in pyridine by 3 and 550-PYR in toluene by 5. Three

different behaviors are reflected jafr): single population, mixture V. DISCUSSION
of monomers and “dimers,” and aggregates. Arrows indicate the
peak locations for populations of single particles for the different
samples.

Size and size distribution, comparison
with other measurements

The linear increase df(q=0) andQ with concentration,

for 550-TOP/TOPO, and a broad second peak made of seyor TOP/TOPO and PYR capped crystallites, is in agreement
eral “subpeaks” with various intensities. This may reflect With EGs.(4) and (). This confirms that when the interpar-
the existence of several populations, monontevish small ~ ficle contributions are reduced, the intensity results from
fractiony coexisting with various size aggregates, e.g.,P(d), which has a linear increase with concentration for
“dimers"’ “trimerS,” etc. Th|s picture isa priori incom_ Sma”c. - The Vall.-]es ShOWﬂ n Tab!e 1l fOI’ the d!fferent
plete, because of the macroscopic precipitation, where th@verages of the partllcle size are consistent. In particular, we
larger aggregates precipitate in the bottom of the capillaryfind thatR, ando are in good agreement for dispersions with
and do not contribute to the signal. similar \\, . This is independent of solvent, cap, type of in-
teractions, and the distribution function, log normal or
Gaussian, used in the analy¢see Fig. 8 We compare the
present sizes to TEM data and to other SAXS experiments

We also explored the effects of adding various amounts o€arried out over larger angles (6<g<1A~1). In both
nonsolvent (ethanol in this cageto dispersions of 550- cases, “solid” samples of particles dispersed in a polymeric
TOP/TOPO and 564-TOP/TOPO in hexane, in order tomatrix have been uséd.Very good agreement between the
probe the influence of varying the solvent quality on thetwo SAXS measurements is found. However, high-resolution
interactions. The Guinier diagrams from these samples shoWEM always provided smaller estimates g (2—3 A) and
that interactiongconvex curvatureare changed only after o. The discrepancy can be attributed to the high-resolution
the mixture hexane:ethanol exceeds a ratie-@f4. Precipi- TEM lack of sensitivity to the amorphous atomic outer layers
tation of the particles follows shortly after. We performed (~1 atomic layer near the particle surfacdespite well ren-
SAXS measurements on precipitates of those dispersiordering of the core crystallinity. Also smaller particle num-
with a larger amount of ethan@latio ~1:10). The spectrum bers are involved in estimating, and o. In the present
is very different from what is observed in Fig. 2. It shows ameasurements we could not account accurately for a small
very low signal at smalh, and a well-defined peak &, , anisotropy(~1.05 to 1.2 from small to larger sizeThis is

Close-packed precipitates



PRB 58 PROPERTIES OF CdSe NANOCRYSTA. . 7859

primarily due to low signal-to-noise ratio at larggrin the 12 T
present case, where well-defined oscillations in the intensity
have not been reached. The anisotropy in shape may trans 4|
late into a slightly largew with respect to TEM data. Poly-
dispersity can be further reduced by performing additional
size selectiot?®but at the expense of damaging the surface € 8
of the crystallites and reducing their solubility.
Because x-ray scattering is sensitive Ap, the present

sizes account only for the inorganic core in the nanocrystal.
The caps, made of phosphor and hydrocarbon atoms, have a

In(l) {arb. units)

In(l) (arb. un
(o]

electron density similar to that of the solvent, but much 4 Experiment: 560-PYR I
smaller(~5 times smallerthan that of the core. However, e L opeo  witiaa5 o
the organic caps affect the dynamic size of a moving particle. 2 { |- Fit: adhesive spheres, with 1= 13
We measured the hydrodynamic radi&;, for dilute dis- L, . . . . . e
persions of 550-TOP/TOPO in hexane, using quasielastic 0.00 0.01 0.02 0.03 0.04 0.05
light scattering QELS) at the krypton line\ =647 nm, away AA?)
from the absorption band of the nanocryst&s. is derived
from the diffusion coefficient of the particldd, using the FIG. 11. Comparison between experimental data for 560-PYR
Stokes relation, in pyridine and fit using the model of adhesive spheres described in
Sec. Il
1
Ru= 67D’ (16)

the whole range of particle sizes. The third category is made
where 74 is the solvent viscosity. The size measur&®l, of dispersions with strong attractions, where macroscopic
=33 A, is larger thanRg and Ry, with Ry=1.7R,. The  precipitation is observed. They are PYR capped nanocrystals
difference between the two estimates can be attributed to twaispersed in toluene or in hexane.

factors. First, we know that for dispersions of bare solid For stable dispersiongategory 1, we compared the dif-
spheres, contribution from hydrodynamic interactions, acference atj=0 for dispersions of 550-TOP/TOPQ in hexane
counted for using the Oseen tensor, results irRanlarger o the prediction of the hard-sphere potentia8(0)=1
thanRg andR,.*® Second, those contributions are also Sen-—_gy (A,d;M=4). The experimental “correction” in the
sitive to the full moving object, core plus shell, which would 4,4 structure factor is slightly larger than the prediction.
also result in a largeR,;, compared to bare spheres. A quan- g hermore, it does not show a clear linear dependence on
titative account for the shell contributions is difficult, given concentration for the values scanned. This implies that a po-

their innate complex nature. Nevertheless, their presence Rntial of hard spheres is not appropriate in describing the

substantially reflected in the measureRy . Effects of the iateractions in the present dispersions. The disagreement

caps are also reflected in the SAXS spectra of close-packe b derstood wh idering the mi i struc-

nanocrystal aggregates dispersed in hexane and precipitat y b€ understood when considering the microscopic struc

with an excess of ethanol. The difference betwegd and  U'© of the material¢inorganic core and a soft sh)elr!'he

Ry accounts for the shell’s lateral extensian put is only an she[l made of polar heads and alkyl chains results in a po-
tial more complex than the one for hard spheres.

approximate estimate of the cap size since these groups m& . ) . N ;
bp b group vFor stable dispersions but with attractive interactions, e.g.,

interpenetrate in a close-packed structure. Nonetheless, t . . O
contributions of the shell t&®, prove that the caps do not %R gnd PIC qapped_ particles n pyridine and butanol, re-
collapse on the particle surface. speptwely, .the intensity can be fit to a set of polthsperse
noninteracting spheres, but over a more reduced window of
scattering anglegigs. 11 and 1R The discrepancy between
fit and data extends over a wider rangegpthan the case
The interparticle interactiongand the thermodynamic with TOP/TOPO capped nanocrystafsFurthermore, the
properties of these dispersiorare affected by two key pa- difference between fit and experiment is not affected by con-
rameters: pair solvent-cap and nanocrystal size. We distireentration. The data for PYR capped crystallites in pyridine
guish three categories. The first category is made of dispere compared to the predictions of the adhesive sphere model
sions characterized by repulsive interactions, and stable for @ee Fig. 11 We find that the predictions always underesti-
long time (years. They are made up of TOP/TOPO cappedmate the experimental contributions. A concave curvature
particles and dispersed in either toluene or hexane. Nevertheearq=0 in the fit can eventually be observed, but only with
less, within this category there are limitations. Dispersions ofin unrealistic interaction parameter, i.e-,'>10.24 (or 7
particles with size below 15 A show weak attractions that<r.); the present volume fractions are too small for any
can become strong with excessive “washing.” The secondrecipitation to occut33**We attribute this failure to the
category is made of stable dispersions but characterized bpadequacy of the potential of adhesive spheres in describing
weak attractions. This category includes PYR capped parthe cap role. These groups have lateral extensmg.,
ticles dispersed in pyridine, PIC capped nanocrystals disTBP/TBPO, PIG compared to the sphere size. They also
persed in butanol, and crystallites capped with shorter alkyinteract with the solvent. In the case of PYR caps, the shell is
molecules, TBP/TBPO, dispersed in hexane or toluene. l@ natural extension of the solvent, and a potential well is not
these media similar and consistent behavior is observed ovappropriate to describe the interactions.

Interparticle interactions
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times larger. Also the alkyl cap&.g., TOP, TOPO, TBP,
TBPO, PIQ are much smaller than the polymer chains used
with classical colloids, e.g., polymer chains are 10 to 1000
times larger than these caps. Consequently, one must keep in
mind these limitations when considering the forthcoming
discussion.

The interaction potential in the treatment of steric stabili-
zation is made of two separateften competiny contribu-
tions: the van der Waals attractive potential between bare
particles and the energy of mixing between shells and be-
tween shell and solvent. It is the second contribution that can
impose steric stabilization on the dispersion, when it is posi-

In(l) (arb. units)

fo]
N

(2]
T

In(l) (arb. units)

e Experiment: 560-PYR
4r Fit with 2 populations
[ | — - Fit with 1 population
o Experiment: 586-PIC
Fit with 1 population

2 | | —- Fitwith 2 populations . : tive and larger than the van der Waals term. The free energy
N S of mixing between the shells and solvent is given by the
0.00 0.01 0.02 0.03 0.04 005  Flory-Huggins equation for polymer solutiofis.*3

*(A%)

AGM= kBT{[nsln(l_ do)+ncn @]+ nCd’CX}
FIG. 12. Comparison between experimental data for 560-PYR
in pyridine and 586-PIC in butanol and fits using one and two ~kgT{[ngn(1—)+ncn ¢l +nchx}.  (17)

populations of spheres. Single pOPUiatiO'ROEwJA ando The first term in Eq.(17) is the combinatorial energgen-
=0.12 for §6O-EYR,;|\?0:2~2A and i:o.;;\L for 586-PIC. Two  yropy term) that accounts for the different possibilities of
pogulatlons. R1=19d i‘z/lz‘%_lz'R{:f% ' ag‘:{"Ff'zzl’ ;vgh mixing polymer segments and solvent molecules. The sec-
90% monomers and 10% “dimers" for 0560' Ry =21. Lo, ONd term is the contact dissimilarity contribution, wigbe-
0150.1,R2561.5A, ando,=0.2, with 87% monomers and 13% ing the Flory interaction paramet@“‘gn andn. are. re-
“dimers/trimers” for 586-PIC. Only a log-normal function is used spectively, the numbers of solvent. molsecules Cand ’polymer
in this case. A fit with two populations with disproportionate frac- i ! i th . diumb. is th
tions is better; Guinier and Ih(vs g (inse) plots are shown. segmentsor (_:ap segmenjsn the mixing me Ium¢.° IS the
volume fraction of the polymer segmenisr capping seg-

Because of the observed lack of dependence of the Corrl’gents) in that medium. Because of the proportionality be-

cave curvaure near=0 onc, we compare the above data tween the volume fraction of the capping units and that of
(560-PYR and 586-PICto fit’s with two disproportionate the colloids(constant surface coverageve substitutep. by
oopulations, e.g. 85-90% monomers and 10—159 in Eq. (17). As two particles are brought in close contact,

“dimers” (dimers are approximated by sphereEhe values heir shells progressively overlap. It is the sign and the mag-

for R, ando, (single populationand the values foR, and nitude of the free energy inside that overlapping domain

o, deduced from the previous fit, are in agreement. The Com(also known as interpenetrational domathat defines the

. : . ; . o &'tability of the dispersion. For the sake of clarity, we first
parison between fit and experiment is shown in Guinier, an . M
In(1) vs q plots (Fig. 12. It accounts much better for the consider the above energy for two flat plate& g, covered

experimental data neag=0. The small population of with polymeric brushes(or shell3 of thickngssL.zg Th‘?
“dimers” and the long-term stability of these dispersions change in energy for a very small volun&¥ in that stabi-

may reflect the presence of a dynamic “dimerization” pro- lizer sheath(and for smallg) is
cess. Two particles can come close because of the attractive My 1 2
potential. They stick to each other over a certain period of 3(AGrp) = (keT/VI{ = (1= x) ¢+ (2= x) 47OV,
time and then dissociate while another “dimer” is formed. (18
The difference between experiment and fit with polydisperseNe ignored the terms higher that? in the Taylor expan-
noninteracting spheres for 550-PYR in toluene could not besion. This equation is valid for all domains of approach.
accounted for using two populations of monomers andBecause of the plane symmetr§yy may be expressed as
“dimers.” Furthermore, since these dispersions show macsV=Z3 6x, whereX is the plate surface anxlis the lateral
roscopic precipitation, various size aggregates are presertistance from that plate. Assuming constant denéityth
but only the smallfloating ones contribute to the signal.  surface and laterglthe integration of the above energy over
the volume of the two shell&wo plates yields

Comparison to the concepts of steric stabilization 2

S

1 x

The presence of polymeric chains, grafted or adsorbed on AGI'\:AP:4kBT[V_] NZVE(%—X)([— Zz) (19
the particle surface, is known to influence the thermody- !
namic properties of colloidal materii$.The treatment of Where v, is the number of chain contacteonds per unit
steric stabilization was developed to address aspects of coiea on the plate\ is the number of segments in a ch&am
loidal stability using polymeric materials. Extrapolation of a capping group andV, andV; are the volumes per solute
that treatment to the present case is based on the similarigegment and solvent molecule, respectively. In @4), Vs
between [/Ry) and the ratio between polymer lateral size toandV;, respectively, result from the following expressions
that of a colloidal particle. However, there are limitations to ¢.(<¢)=pVs and dng=(1—¢)(6V/IV,). ps is the the
such comparison. The nanocrystals are nanometer siziensity of segments within a shell addg is the number of
whereas most classical colloidal particles are about 10 to 508olvent molecules idV. The densityps, assumed constant,
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is divided into a surface density that provides(after inte- The different behavior observed for dispersions of smaller
gration and a linear lateral densitfalong x) expressed as size particles with TOP/TOPO caps can be understood
p1=1/L. The factor 4 is derived from integration and the usewithin the framework of the above concepts. The inversion
of two plates. The above free energy for two free plates caiwf the interactions when the particle size decreases is caused
be extended to describe two spherical particle&§Y , of by a decrease in the mixing energy with respect to the van
finite radiusR,, using the Deryaguin approximatiaﬁ; der Waals term, due to a smaller “stabilizing parameter” in
AGY. The primary cause for such a decrease is a lower
" 2L surface density. In fact, we know that for very small nano-
AG :WROL AGpp dx, (200 crystals a less “continuous” surface emerdéé® Only a
" limited number of sites are available for the caps to strongly

whered,, andd,, (~2L) are the respective minimum and bind to, resulting in lower cap coverage. In addition to the

maximum separation distances between the particles &ffects of surface density, a decrease in the particle size
which interactions take place. The resulting energy of mixingVould also decrease the mixing energy as shown in(En).

may then be expresséditer integratioh as Last, smaller particles have higher surface curvatiiue,
larger area per capthus a weaker shielding of the core to
(Np V)2 12 core attractions. The overall potential of interactions would
AGYM= 47TR0kBT[V—] 3—x)|1- Z) } be attractive, but not strong enough to induce flocculation in
1 the medium, unless excessive “washing” of the particle sur-

(21) face is carried out. The above considerations are in agree-

On very close approach of the shelipherel another term  Ment with the study performed on dispersions of 510-
describing interpenetrational-plus-compressionainterac- 1 OP/TOPO in hexane with various amounts of excess caps.

tions adds to the free energy. That term has a positive sighS Shown in Fig. 6, the concave curvature nqar0 is pro-

and always favors repulsions, but will not be discussedressively reduced with increasing excess cap. The suppres-
here? For a fixed size, the sign of the free energy depend§ion of the concave curvature at larggrreflects a recovery
segment-monome(solven) interactions, and should not be More effective screening of the van der Waals attractions is
strongly influenced by the cap extension. 50150.5,AGSM ach!eved_wnh extra free caps. Such screening can be
is negative. Interactions are attractive, and favor close ag2chieved if the caps pack around the surface, with their heads
proach between particles. The energy becomes positive fopward: “micellization” process. This provides a thicker,

x<0.5, favoring repulsions, thus stability of the dispersion.de?se’ IlgandIg(e sheIII. S?Ch arﬁ)lctuf;_e _mayf bﬁ entroplczlilly
The above discussion is reminiscent of polymer solutiond/Mfavorable, but results irom the affinity of the cap polar
where y=0.5 corresponds t@ solvent condition. The case eads to the crystallite surface where most of the electronic

x<0.5 corresponds to good solvent condition for the shell,a;](:t'\f”ty takes .pl?ﬁe. Itlrf.“es ondq less ;avorgl%letznergy for
i.e., proximity of the cap to the solvent is favored, whereas"€ reefz caps” In e”soy '?r?’ ?jr.‘ IS con '"Ee tf? e appfarf-
x>0.5 corresponds to poor solvent conditfSn**The mag- angs(; ;;ni bn(;Ic(i)em?aSs '2] ci Izlasrgfeeasc;otnmvéselr;r Srir.?]%lén 0
nitude of the above mixing energyGY dependgstrongly X cap u I gek, Si
L . ) . ly a finite number of excess caps is necessary to fully

on three characteristics of the capping sheaths: density S . :

: assivate the nanocrystals. The micelles contribute to the
coverage per unit area, length of the caps, and volume pé)r

solute segmenty,, N, andV, respectively. It also depends Scattering signal at largg, with the appearance of a finite
; : . . ) intensity (small plateaylarger than the solvent background.
on the sizeR,. Since the overall interaction energy is the

i AGM ab d th der Waal i The presence of micelles in the dispersions at higher excess
Superposition 0B, above and the van der Waals Coré 10 ¢qq cap reflects an equilibrium between the crystallite sur-

core attractions, it is the magnitude of the mixing energyt, e and the dispersion. The two states that minimize the free
(when it is positive that imparts thermodynamic stability on g a0y of the polar heads on those caps are the particle sur-
the dispersion. This is where the sigd), surface density face and floating micelles

(ve), and the volume per segmen¥d) intervene the most,
because\ Gg" is proportional to the square of their product. 2. Stable dispersions but attractive potential
We refer to this product as the “stabilizing parameter” of

the capping shells. Within these considerations, one may diseil
tinguish three categories.

This category includes nanocrystals capped with shorter
kyl chains, e.g., TBP/TBPO and PIC, dispersed in hexane
and toluene, or butanol, respectively, and PYR capped crys-
tallites dispersed in pyridine. In all cases, the capping groups
have smaller lateral extension than TOP/TOPO. For the case
They are primarily made of TOP/TOPO capped crystal-of TBP/TBPO or PIC caps, the above treatment implies that
lites dispersed in hexane and in toluene. These caps have ttiee free energy of mixingsGY is positive but still smaller
largest lateral extension. An extended configuration permit¢han the van der Waals term, resulting in a shallow attractive
more favorable contacts between the segments and the syetential, not strong enough to impart flocculation. For PYR
rounding solvent molecules. }§<0.5, AGQ" is positive and capped patrticles in pyridine the situation is more subtle. Be-
large (large “stabilizing parameter,’Nv.V,); it can over- cause the caps constitute an “innate” continuity of the sur-
come the van der Waals attractions, resulting in a positiveéounding solvent, the conditioy<<0.5 is true and favors
mixing energy. This favors repulsions between nanocrystalsnixing. However, the caps are of molecular size, and their
thus stability. contribution toAGY is small. This would result in an overall

1. Sterically stabilized dispersions
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weakly attractive potential, but dispersions are stable. Thesgze, and solvent. Three types of solutions emerge from this
attractions may result in association between the crystallitesnvestigation.(i) Sterically stabilized dispersions made es-
e.g., the appearance of a small number of “dimers.” Thesentially of nanocrystals capped with longer alkyl chdors
comparison of the experimental data to a mixture of twotyl phosphine and octyl phoshine oxigaevhere favorable
populations is a good first-order approximation because oihteractions between the caps and solvent dominate. This
the anticipated weak attractions between crystallites. Thecreens the van der Waals attractions between cores, and
presence of a small fraction of “dimers,” coexisting with the imposes a stability condition in these media) Dispersions
monomers, describes an equilibrium between the twamf particles with a good surface coverage but small caps that
“states” for the crystallites: single particles or “dimers.” have favorable interactions with the solvent. The short spa-
The crystallites move freely in the solution. Occasionallytial extension of these caps provides only a modest screening
two particles come in contact; they stick together to form aof the van der Waals attractions. This results in dispersions

“dimer” of finite life span. governed by weak attractions, but not strong enough to in-
duce flocculation(iii) Last are nanocrystals with small caps
3. Unstable, turbid dispersions that do not have favorable interactions with the solvent. The

This category includes PYR capped crystallites disperseBV_era" energy is attractive, and induces macroscopic precipi-
in toluene and in hexane. These samples become turbi@tion. o _
shortly after preparation. The precipitation is caused by an 1he stability of the particles may be enhanced when a
overall strongly attractive interaction potential. This resultsSMall amount of free alkyl caps is added to the medium. This
from the predominance of the van der Waals attractive polS due to a natural tendency of the polar heads of the caps to
tential over the mixing energy. The latter is small and possi&PProach the surface of the dot while hydrocarbon tails pre-
bly negative because of a smaller “stabilizing parameter”fer to float in the solution. This cap excess increases the
(due to low coverage, i.e., small, and N), and a Flory over_all repulsion. However, one must be aware of_t_he_com-
parameter that does not favor mixing 0.5). The pyridine ple?uty of these systems..T_he above selective stability is not
shell is different from the surrounding solvent and has ndM@inly caused by the affinity of the caps to the surrounding
lateral extension. It could neither alter the van der Waal$olvent. All the above caps and solvents are miscible in
attractions between cores, as is the case of TOP/TOPO, nBRirs €.g., TOP and TOPO are soluble in all solvents. It is

reduce them as in the case of PYR capped particles in pyrih€ affinity of the caps and core combined that defines
dine. whether a dispersion is stable or not.
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