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Influence of short-range interactions on the mesoscopic organization of magnetic nanocrystals
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Magnetic fluids of 10-nm maghemite;Fe,O3, nanocrystals, subjected or not to an applied field parallel to
the substrate, produce, after evaporation, mesoscopic structures. These differ markedly with the surface coating
agent used to prevent particles from coalescence. Citrate ions and carboxylic acids with different chain lengths
are employed as coating agents. The change in the mesoscopic structure is studied both experimentally and
theoretically. The mesoscopic structures obtained by Brownian dynamics simulations are in good agreement
with the experimental observations. In particular, the appearance of chainlike organizations in spite of the
particles being weakly dipolar is explained by an interplay of van der Waals and magnetic dipolar interactions.
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I. INTRODUCTION rystals with formation of ribbon$10-13 or of dots and
) L labyrinths[14], respectively.

Cont_rollmg the self-organization of nanocrystals on a me- Here, we investigate the mesoscopic organizations of
soscopic scale is a real challeridé and opens anew area of 10-nm maghemitéy-F&,05) nanocrystals, characterized by
research. In fact, it has been demonstrated in the past few o,y dipolar moment, and differing by their short-range
years that the optical, magnetic, and transport properties dygeractions. This is realized by changing the coating agent
to 2D and 3D self-organization of nanocrystals are neithef,seq 1o prevent coalescence of the nanocrystals. The organi-
those of the nanocrystal itself nor those of the bulk plia$e  5ions of these nanocrystals are observed experimentally by
Collective properties are observed and other intrinsic PropTem and SEM and modeled by Brownian Dynami@D)

erties due to the self-organization are expected. Very reéglmulations. From this study we propose a mechanism for

cently, it has also been demonstrated that self-organization Qfo formation of mesoscopic patterns made of magnetic

nanocrystals can be used for colloidal nanolithograj8jy nanocrystals subjected to a parallel field.
We first showed in 1995 that nanocrystals self-organize in

2D and 3D superlatticet]. Recently it has been reported
that “supra” crystals in fcc structures can be produced on a l. EXPERIMENTS
mesoscopic scalgs,6]. To obtain such assemblies, the size A. Chemicals

distribution of nanocrystals has to be highly reduced and the . ,
particle-substrate interactions must be weak. Other self- Sodium dodecyl sulfate, NBS), was from Fluka and

organizations such as rings or fingers are produced by hydrd®©n chioride, F€Cl);, and dimethylamine(CHj,),NH,0H,

dynamic instabilities. Such self-organizations depend neithef/€re from Merck. Sodium citrate, ¥8s0,Hs, and carboxy-

on the size distribution of nanocrystals and type of material'¢ 8CidS GHzn.sCOOH, propanoic acid, £sCOOH, oc-
used, nor on the substrdté]. The organization of superpara- t@noic acid, GH,sCOOH, decanoic acid, §&1,,COOH, and
magnetic nanocrystals depends on several factors such §8decanoic acid, 5H;,COOH, were from Aldrich and nitric
evaporation rate and the direction of the magnetic field ap@cid, HNG;, was from Prolabo. The solvents used, acetone,
plied during the deposition proceg#. Furthermore for fer- ethanol, and cyclohexane, were fr(_)m F_Iuka. Iron dodecyl
romagnetic nanomaterials with strong dipolar interactionsSulfate, F€DS);, was made as described in REE5].

the particles align themselves in the absence of any applied

magnetic field[8]. Similarly, the self-organization of semi- B. Apparatus

conductor CdTe nanocrystals in pearl-necklace aggregates is p jqq) (100 kV) model JEM 100 CX Il Transmission
expl_ained by strong electric dipole interactid®3%. Most the- lectron MicroscopTEM) and a Jeol model JSM-840A
oretical and experimental work has focused on the study o canning Electron MicroscopéSEM) were used for the

Fhesg highly dipolar' particlles. Reqently, it was opserved that(:haracterization of ferrite nanoparticle organizations.
in spite of weak dipolar interactions, the application of a

magnetic field during the evaporation process leads to the

formation of structures on submicron scales. Thus, applica- IIl. SYNTHESIS, CHARACTERIZATION,
tion of a magnetic field, either parallel or perpendicular to AND DEPOSITION OF MAGHEMITE,  y-Fe;0s,
the substrate during evaporation can result in aligning nanoc- NANOCRYSTALS

10-nm y-Fe,05 nanocrystals are prepared making a slight
change in the synthesis described previo(i$B] : dimethy-

* Author to whom correspondence should be addressed. Electronlamine [(CH3),NH,OH] is added to an aqueous solution of
address: pileni@sri.jussieu.fr ferrous dodecyl sulfat¢FeDS),]. After mixing the reac-
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tants, the final concentrations are ¥.2072 mol I and 8.5
X 107 mol I"* for F&DS), and dimethylamine, respectively. 02
The solution is stirred vigorously for 2 h at 28.5 °C and the
resulting precipitate is isolated from the supernatant by cen-
trifugation. At this stage, uncoategFe,O5; nanocrystals are

produced. Two different procedures are used to coat the e
nanocrystals.
(i) Coating with carboxylic acid$C,H;,,;COOH) with
different alkyl chain length§n=2, n=7, n=9, andn=11):
the precipitate of uncoated nanocrystals is washed with ¢ -

large excess of ethanol. Then, a solution of carboxylic acid
solubilized in ethanol  ([CH,+,COOH|=1.4
%X 10! mol I"Y) is added. The solution is subjected to soni-
cation for two hours at 90 °C. The resulting precipitate is 0.1
washed with a large excess of ethanol and the powder i
dried in air. The nanocrystals coated with propanoic acid
(C3) are dispersed in water whereas with octanoic &Cig),
decanoic acidC10), or dodecanoic acidC12) as coating
agent, the nanocrystals are dispersed in cyclohexane. ThL_‘é 02
aqueous and organic ferrofluids are obtained. 3

(i) Coating with citrate ions. The precipitate is washed &
with HNO; (102 mol ™) until a solution of pH=2 is & 4,
reached. Sodium citrate dissolved in wateNa;CsO,Hs] =
=1.5X 1072 mol I"Y) is then added to the solution. The mix- E
ture is subjected to sonication for 2 h at 90 °C and acetone.g
addition induces nanocrystal precipitation. After washing
with a large excess of acetone, the precipitate is dried in air. 02
The nanocrystals coated with citrate ions are dispersed ir
water.

In order to allow unstable nanocrystals to settle out, all ol
the solutions are kept on a magnet for 12 h, and the super
natant is then collected. A drop of the solution is deposited
on a TEM grid with a filter paper underneath. The solution
migrates from the substrate to the filter paper and after a few
seconds the solvent is totally evaporated. The TEM images 02
(Fig. ) show that the nanocrystal diameters remain the same
whatever the coating is. The average diamédter 10 nm)
and the standard deviatidr=20%) are obtained by simu- ol
lation of the diameter distribution with a log-normal func-
tion. Hence the syntheses, described above, provide
v-F&03 nanocrystals with various surface coatings and with
the same average siz&0 nm). X-ray diffraction lines indi-
cate an inverted spinel phase for all the coated nanocrystal_ Diameter {nm)
with a lattice constant of 0.8360 nm, which is characteristic ) ) ]
of y-Fe,05 The magnetic properties of these nanocrystals F'G- 1. Diameter histograms and TEM images for randomly
dispersed in a nonmagnetic matrix, at a very low weightd€Posited »-F&0; nanocrystals with different surface coatings.
fraction (0.5%), determined at 3 K by SQUID, are un- Nanocryste_ll sur_faces are cogted yvnh citrate |Ca)spropan0|_c acid
changed. The reduced remanence, saturation magnetizatiéR),’ octanoic acidc), decanoic acidd), and dodecanoic aci).

and coercive field are 0.30, 77 A*kg™!, and 2.86 x10* Am™) parallel to the substrate. Depending on the
X 10* Am™, respectively [16]. This indicates that the nanocrystal concentration used for the deposition, the final
nanocrystals with different surface coatings have the samerganizations on the substrates are visualized with THM
magnetic dipole moments. Hence depending on the coatingited solution and SEM(concentrated solutionThe nano-
agent, hydrophilidcitrate ions and propanoic agidnd hy-  crystal concentration differs with the deposition mddee
drophobic (octanoic, decanoic and dodecanoic aaidag- below). The substrates are either a TEM grid covered with
netic fluids are obtained. For simplicity, let us call nanocrys-amorphous carbon, or HOPG.
tals coated with citrate ions, propanoic, octanoic, decanoic, Because of the differences in the solvent wetting on the
and dodecanoic acid, Cit, C3, C8, C10, and C12, respecsubstrates, the nanocrystal deposition procedure differs.
tively. (i) with C8, C10, C12 nanocrystals dispersed in cyclo-
The nanocrystals are deposited by evaporation of the felexane, the substrate is directly dipped in 200®f solution
rofluids, subjected or not to a magnetic field7 and evaporation takes place in a quasisaturated atmosphere.

1Z
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The evaporation time is 8 h and corresponds to an evapora lf—
tion rate of 10° nm ps™. The initial nanocrystals concentra-
tion is either 1.6< 1078 mol I or 6.2 107 mol I"X. During or
the evaporation, the nanocrystals stick to the glass box in-—~
ducing a loss of particles deposited on the substrate. After thg: -r
evaporation, nanocrystals staying in the box are disperserg :
again in cyclohexane. The amount of material deposited ong |
the substrate is deduced by measuring the optical density 05

this solution. 2 3 [ R
(i) With Cit and C3 nanocrystals dispersed in aqueousE 4 - /' -=+ total potential ( 8=1.1 nm) 3
solutions, the drops remain on the substrate. For the dilutec” [ Vo - vdW + steric (=11 nm) ]
case, one drop(5ul) of solution containing 3.1 sk i == vdW + steric (8=1.6 nm) .
% 1078 mol I of nanocrystals is deposited on the TEM grid. - — total potential (3=1.6 nm)|
In contrast, for the_ concentra;ed ca_sle, sevemull@olumes 6L 16_5' 1|1 ‘ 11’_5' 1'2 : 12'5' 1'3 ' 13'5' 1'4 : li‘s' s
of solution containing 6.2 10" mol I”* of nanocrystals are particle-particle distance (nm)
deposited on the HOPG substrate. The solvent evaporation
times are 1 and 8 h, respectively. FIG. 2. (Color onling Dependence of the interaction energy on

By use of the procedures described above, @@5and  the interparticle distance. The total energy and the sum of the van
0.45 mg ofy-Fe,03 nanocrystals with different surface coat- der Waals attraction and the steric repulsion are shown for two
ings are deposited on TEM and SEM substrates, respectivelyalues of the surfactant layer thicknessFor the calculation of the

dipolar interaction, the most stable head-tail configuration is cho-
sen. (ParametersA=10"1%J, N=5x 10'® molecules m?, 10 nm,

IV. SIMULATION METHODS AND INTERACTION andm=2.45x 1075V s m)
MODEL
i i i i ri-d r; (d+6
Langeyln equations are used.to describe the translation Ug, = APNKT] 1 -1 _ —'lln< ) , 4)
and rotation of the magnetic particles: S S Tij
P, o whereN, d, 8, k, andT are the surface density of the surfac-
— =P+ F+F, (1)  tant molecules, the particle diameter, twice the thickness of
gt the coating layer surrounding a nanopatrticle, the Boltzmann
constant and the temperature, respectivhlyis fixed at 5
- X 10*® molecules m?. The dipole-dipole potentiallyy and
aLi__ LL+T+T,, (2)  the van der WaalgvdW) attractionu,qy are calculated as
t ’ follows [23]:
L2z : 1 Jm-m 3 . . .
where p;, L;, Fj, TI_, g_t and ¢, are the linear anq angular Ugy = '_31__5(mi (M) (5)
momentum of particle, the force and torque acting on the Ampo | 1] ri

particle and the friction coefficients, respectively. The two

latter values are calculated from Stoke’s law using a viscos- A @2 42 2 _ g2

; -3 ~1 -1 = 2= = =

ity of 107 kg m™ s71 [17]. The random force and torque ; Upgw =~ 75 =P Tt 2 In( 2 ) . (6)

andT,; are calculated from a Gaussian distribution as usual b . .

[18]. The Langevin equations are integrated using an algoThe magnetic momen, is calculated from the bulk mag-

rithm proposed by Aller{19], which is equivalent to that netization(3.73x 10° Am™). The average diameter of the

introduced by van Gunsteren and Berend221]. Details  panoparticles is 10 nm ang, is the magnetic permeability.

of the calculations of forces and torques are given in RefThe Hamaker constart of the ferrite bulk material, 139 J,

[22] The intel’particle interaction is cut off at half the box is taken from the |iteraturé17]_ The BD simulations are

length. The numbera of particles used for the simulations ¢arried out varyings from 1 nm to 3 nm. Figure 2 shows the

are 125 and 512 and the box lengths are fixed at 160 nm fafariation of the intermolecular potential for the most stable

n=125 and 320 nm fon=512. The time step for the simu- head-tail configuration, with and without the dipole term, for

lations is 20 ps. o 5=1.1 nm and 1.6 nm. For thévalues of 1.1, 1.2, 1.3, and
The particle-particle interaction is a sum of the terms due; g nm, the minima of the total potential are -5.1, —4.5,

to the steric repulsiony,, the dipole-dipole potentialys, and  —4.0, and -3.0 in units okT, respectively. The correspond-

the van der WaalgvdW) attractionu,qy [23] : ing minima of the sums of van der Waals and steric interac-
tions are —-3.7, -3.2, —2.7, and —1.9 in unitslkdf, respec-
Utot = Ugy + Uygw + Ugg- (3)  tively. This shows that the large variation in the total

potential is mainly due to the decrease in the van der Waals
The steric repulsion between two particlesand j is de-  potential. The dipole potential is less sensitive to the change
scribed by a model proposed in REL7]: of interparticle distance. Note that the positions of the
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minima, corresponding to the edge-edge core spacing benodels only a small cube within the middle of the film of the
tween the particles, are close & nanoparticle solution. We assume that the existence of the
When particles are subjected to an applied magnetic fieldsubstrate and gas-liquid interface does not influence the or-
Ho, in the direction from the left to the right side of the ganization and neglect both. Periodic boundary conditions
simulation box, an additional Zeeman term has to be takeare applied in every spatial direction. To avoid an anisotropic

into account for the calculation of torqug22] : quenching of the structures, the evaporation process is de-
R scribed by a decrease in the box length in all three spatial
Uy =—m - Hg. (7) directions. The particle concentrations locally increase at the

In order to study the influence of the increase in the concenl?oundelry of the box due to its shrinking. To avoid this, the
: : y ) . - . particles are homogeneously shifted in the direction of the
tration during evaporation, the following simulations are car-

. . . ) . A box center. For this, the particle positions were recalculated
ried out. The S|mullat|on methods differ with the initial nano- every 1000 steps using
crystal concentration.

(i) In the case of diluted solutions, the particles are con- _ Af -7,
fined between the substrate and the liquid-gas interface lo- Ar= Alpoxs 9)
cated at the bottom and the top of the simulation box. Peri-
odic boundary conditions are applied only in the directionswherely,, andr, are the box length and the vector of the box
perpendicular to the substrate. The evaporation process ¢enter.Aly,, is the decrease in the box length during 1000
described by a slow reduction of the gas-solution interfacesteps. Due to the marked decrease in the box size during the
which decreases with a rate of £hm ps™. This evapora- simulation, the spherical cutoff of interactions should espe-
tion rate is slow enough to allow the motion of particles duecially modify the long-range dipolar forces. Therefore, the
to diffusion. Thus, the average time for an isolated particle tdewald method is used to take the long-range dipolar interac-
diffuse from one box side to the othé20 nm for 512 par- tion into accoun{25,26 («=6.5/,,; number ofk vectors
ticles) is about 0.4 ms. This is close to the time taken for theusing a spherical cutoff: 709 This method has not been
simulation of the evaporation. used to simulate diluted solutions, since the size of the

The substrate and the liquid-gas interface are modeled d@®x perpendicular to the substrate does not change during
follows: the interaction between the substrate and the coatettie simulation. Moreover, only insignificant differences
particles is defined as the sum of a steric repulsion term dubetween 125 and 512 particle simulations are found.
to the coating and of a van der Waals interaction between the
particles themselves and the wall. The potential between a
sphere and a half-plane is used to calculate the vdW attrac- V. RESULTS AND DISCUSSION
tion [24]. The small Hamaker constant of 28 J used for the

vdW term avoids a too large attraction between particle anr% O;’;’s g f\l/\rnstth tglggn?i? c?ecggﬁg:c tg‘:‘}’;:gzc%»ecgig?grgﬁgf and
substrate. When the particle is crossing the gas-liquid inter* ! " ) ;
P g g % lled C8, C10, and C12, respectively. The TEM images with

face at the top of the box, the energy increases due to a larg pied h herical ¢ s i
interface. This energy increase of particie calculated from ,8 [F'g' 3a)] show spherical aggregates o nanocrystals in-
the equation dicating that they tend to attract each other. With C10, on a

larger scaldFig. 3(b)], the nanocrystals appear to be ran-

Au, = 2moga(a, - dgp) + qmgs(af) - dgp) domly deposited. However, high magnificatipimset Fig.
3(b)] shows that they tend to aggregate in clusters of around
where a,=(d+ 8)/2> dy. 8) 10 nanocrystals. Conversely, with CfiIdg. 3(c)], the nanoc-

rystals are randomly deposited on the TEM grid. This is ob-
dyp is the distance between the center of the particle and theerved for any magnificatiofiinset of Fig. %c)]. When
gas-solution interface. For the gas-coating and gas-solvemanocrystals are deposited in a XI0* Am™ magnetic
interface tensionsyy, and oy, We used the same value of field, the TEM patterns also markedly depend on their coat-
18x 1072 J n2, which is characteristic of organic solvents ings, as shown in Fig. 4. With C8, the nanocrystals are orga-
[24]. The first term corresponds to the energy due to thenized in rather long, chainlike structures, oriented along the
interface between the particle coating and the gas phasdirection of the applied magnetic fie[éFigs. 4a) and 4b)].
The second term is caused by the decrease in the solventhe maxima of length, average diameter, and distance of the
gas interface due to the crossing of the interface by thehains are 4Qum, 300 nm, and &m, respectively. C10
particle. When the particle crosses the interface, the interaanocrystals form chainlike structures along the applied field
facial area and, therefore, its energy increase due to thidrigs. 4¢c) and 4d)] with a decrease in the average diameter
energy term in Eq(8). This energy increase confines the (250 nm and the distance between the chaihsum) com-
particles in the solution layer. pared to those obtained with C8 nanocrystidfsy. 4(a)].

(i) When a concentrated solution is used for the nanopaNote the presence of isolated nanocrystals between the
ticle deposition, a thick film with an internal three- chainlike structures. With C12, the nanocrystals are more or
dimensional structure is experimentally observed aftetess randomly deposited on the substrifégs. 4e) and
evaporation. A direct simulation of the thick layer of the 4(f)]. A small number of agglomerated nanocrystals seem to
nanoparticle solution is impossible due to the large numbebe oriented along the direction of the applied field. The ob-
of particles necessary to do so. Therefore, the simulatioserved particle aggregation without a magnetic field is a
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FIG. 3. TEM images of
y-Fe,03 nanocrystals deposited
with no magnetic field: C8(a),
C10(b), and C12 nanocrystals).

well-known consequence of the steep distance dependencesife. Neglecting the core spacind,, due to the coating, a
the van der Waals interaction. However, the bandlike organivalue of 0.92 is obtained fox. Since nonzero values of,
zation obtained in a magnetic field is rather surprising aexpected for coated particles, should lead to smaliealues
submicron scales. To understand these structures, simulatioagcording to Eq(10) , the average dipole parameter of the
are performed and compared to the experimental image§anocrystals used is considerably smaller than 0.92. Due to
The existence of chains usually depends on the ratio of th&e size dispersion of the particles, even the largest particles

magnetic dipole energy to the thermal enefg$,27-30: of about 15 nm(2% of all particle$ have ax value of 2.6,
which is smaller than the threshol of about 3 for chain
m2 formation [8]. Moreover, a recent simulation study shows

(10 that chains of larger dipolar particles do not induce the ag-
gregation of smaller particles in polydisperse systems even
in a field[30]. The fact that the structures almost completely

disappear with C12 nanocrystals indicates that the dipolar

partliclﬁ_hdiargeter, dand the edge_:—edbge core T]pacing, resF)e@ﬁergy between the larger particles is not sufficient to induce
tively. The edge-edge core spacing between the partiilgs, ,qqregation. We conclude that the former calculation of

depends on the coating of the particles. An estimate of theannot be used to explain the chainlike organization experi-
dipole parameten, for the y-Fe,0; nanocrystals used in the mentally observed here.

experiments is obtained from their magnetic moments and At this point, we investigate the stability of the magnetic
fluid subjected or not to an applied magnetic field from a
theoretical point of view. The evaporation process is ne-
glected. The particle number and the box size used for the
simulations are 512 and 320 nm, respectively. This corre-
sponds to a particle concentrati¢@6x 10> mol I™%) larger
than that used in the initial experiments conditions. Simula-
tions are carried out varying the coating thicknesfrom

1 nm to 3 nm. With no applied magnetic field, f6=3 nm,

no particle aggregation is observed. All the other simulations
are started from the configuration obtained by this run. The
final configurations are obtained after five million time steps
for the variouss values. Foré smaller than 1 nm, there are
strong attractions between particles with particle aggregation
on a large scale. Obviously, the steric repulsion is not suffi-
cient to stabilize the colloidal system. At and above
=1.1 nm no particle aggregation appears. In a strong applied
magnetic field47x 10* A m™1) all the magnetic dipoles are
oriented in the magnetic field direction and no changes in the
initial configuration compared to that obtained without a
field are observed. From this it is concluded that the mag-
netic fluid is stable when the coating thickness is larger than
1 nm.

During the evaporation process, the particle concentration
increases. In order to study the influence of the evaporation
process, the first metha@) in Sec. IV is used. The simula-
tions are started from the final configurations described

FIG. 4. TEM images obtained at various magnifications forabove. The configurations obtained after 14 million steps for
maghemite nanocrystals deposited with a magnetic field(aC8), the variousé values without and with an applied magnetic
C10(c, d), and C12 nanocrystalg, f). field are shown in Fig. 5: fo6=1.1 nm andé=1.2 nm, ag-

A —————,
Arrpug(d + oo °kT

wherem, d, andd,. are the particle magnetic moment, the
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FIG. 5. Snapshots of the configurations of the BD simulations obtained by evaporation of the solvent after 14 million steps. The results
for different values of twice the surfactant layer thicknésare shown. Top: simulations with no field,(d&=1.1 nm, b (6=1.2 nm, c
(6=1.3 nm, and d(6=1.6 nm; bottom: application of a 4% 10* A m™! magnetic field, €5=1.1 nm, f (§=1.2 nm, g (6=1.3 nm, and h
(6=1.6 nm. The box length is fixed at 320 nm.

gregates of particles formed during the evaporation procesd0° nm ps?), determined by the boiling temperature of the
are observedFigs. 5a) and %b)]. In an applied field the solvent. The evaporation rate is limited by the computation
clusters tend to alighFigs. 5e) and §f)]. At 6=1.6 nm, no time, since even a simulation of the evaporation with
aggregation of the particles is observed withigtig. 5(d)]or 10 nm ps? takes 2 weeks on our computeiistel Xeon,
with [Fig. 5(h)] an applied magnetic field. A6=1.3 nm, an 2 GH2. This raises a question of the validity of the simula-
intermediate behavior is observed with formation of smalltions, since the experimental and simulated evaporation rates
clusters of particles withoutFig. 5(c)] and not well-defined markedly differ. To investigate the influence of the evapora-
alignment[Figs. 5g)] with an applied magnetic field. Above tion rate on the theoretical results, a systematic simulation
5=1.4 nm behavior similar to that @=1.6 nm is observed. study is carried out varying this rate betweew 20°" and
The evaporation rate used during the simulation is verys X 107 nm ps?. For these simulations, a smaller number of
fast (10°® nm ps') compared to the experimental value particles are used, which allows a considerable reduction in

2 o : (c)

FIG. 6. Snapshots of the configurations
of the BD simulations obtained by evapo-
ration of the solvent after 14 million steps.
The results for different evaporation rates
are shown. Top: simulations with no field,
5=12nm: a (5xX10%nmpsY, b
(10®nmps?), c¢ (0.2x10°8 nmps?);
middle: application of a 4% 10* Am™
magnetic  field, §=1.2m$m: d (56
X108 nmps?), e (108 nmps?), f (0.2
X 10°% nm ps?); bottom: application of a
47x10* A m~! magnetic field,5=1.6 nm:

g (5x10°%nmps?), h (108 nmps?), |
(0.2xX10% nmps?1). The box length is
fixed at 160 nm.

()

(9)
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FIG. 7. SEM images of Fe,03 nanocrystals deposited with no magnetic fieddC8; b: C10; c: C1Rand with a magnetic fiel(d: C8;
e: C10; f: C12.

the computation time. Let us consider three different evapofFig. 5a)]. In an applied magnetic field, the diameter of
ration rates (5x10°%nmpst  10%nmps!, 2 elongated structures is around 300 nm from experiments
X107 nmps?') for particles having coating layer thick- whereas it is 60 nm from the simulation. The experimental
nesses of 1.2 nm and 1.6 nm and subjected or not to an agata and simulation have the same order of magnitude. How-
plied magnetic field47x 10* A m™). With no applied mag- €ver, the simulateq values are always small_er than those ob-
netic field ands=1.2 nm, the structure is not well organized tained from experiments. This can be explained by the rela-
[Fig. 6@] when the evaporation is fagsx 10 nm ps?).  tively fast evaporation speed applied in the simulation in
On decreasing the evaporation rate fronTL6m ps? [Fig. comparison with the experiment. Furthermore, the nanocrys-

7 1 . ; tal size distribution, which is not taken into account in the
O D Rl Simios MOPLeIO9S  mulatons, mgh nfuence he iz of sggregates
i d - ’ i ' e | i From these data it is concluded that, because the
creases with decreasing the evaporation rate. in a magne ';QFgos nanocrystals with different surface coatings keep
field, for any evaporation rate, the particles tend to align

. . e the same average size, crystalline structimeerted spinel
However, as with no applied fielfFig. 6@)], rather poor  5nq magnetic properties, the coating is the major cause of the
organization is found when the evaporation rate is f&&j.

A - : change in the mesoscopic structures observed in Figs. 3 and
6(d)] whereas the particles are well aligned on decreasing thg, Moreover, the magnetic dipolar interactions are too small

evaporation rat¢Fig. 6(e)]. Note that a further decrease in to induce a self-ordering of the nanocrystals as observed by
the evaporation rate does not change the particle alignmemthilipseet al.[8]. With no magnetic field, the aggregations
[Fig. &(f)]. For a thicker coating layer, the particles subjectedobserved with C8 and C10 nanocrystals are caused by vdwW
to an applied field do not self-organize for any evaporationinteractions and not by a dipolar force, for which more
rate [Figs. 6g)—6(i)]. This systematic study shows that the chainlike aggregates are expected. The simulations, shown in
evaporation rate used in the simulations is sufficiently low toFig. 5, provide evidence that when the distance between par-
predict qualitatively the morphologies of organizations. ticles is short enough, the vdW attraction induces aggrega-
Qualitatively, the images produced experimentdijgs. tion of particles. In this case, the application of a field leads
3 and 4 and from simulation(Fig. 5 show similar struc- to chainlike structures, which is observed by experiment
tures. Spherical aggregates with no magnetic fiElds. 3a)  [Figs. 4a)—4(d)] and by simulationiFigs. 5e) and gf)]. This
and 5a)] and elongated structur¢Bigs. 4b) and Fe)] with is due to the fact that the application of the field induces a
a field are observed when nanocrystals are coated with shadtal magnetic dipole in each cluster, which is much larger
chains. The structures disappear on increasing the thicknesisan that of a single particle. Therefore, the clusters attract
of the coatindFigs. 3c¢), 5(d), 4(f), and §h)]. A quantitative  each other to form larger elongated aggregates. The marked
comparison is limited because of the particle number and thdependence of the vdW interaction on the interparticle dis-
evaporation speed used in the simulation. However, a careftdnce explains why a small increase in the alkyl chain length
study of experimental results obtained with C8 nanocrystal$eads to the disappearance of particle aggregation observed
[Figs. 3@ and 4a)] and a simulation obtained witt§ in the experiments. The aggregation disappears when the
=1.2 nm[Figs. 5a) and Fe)] is made. From experiments, edge-edge core spacimly. between the particles is varied
the aggregates size varies from 50 nm to 400[Rig. 3(@] from 1.3 to 1.4 nm. A similar disappearance of organization
whereas the simulated size increases from 50 nm to 100 nis experimentally observed when C12 instead of C10 is used
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FIG. 9. TEM images ofy-Fe,03 nanocrystals deposited with no
magnetic field: cita) and C3 nanocrystalg).

those described above are performed. The only change is the
concentration ofy-Fe,O3 nanocrystals used during the depo-
sition procesg6.2x 107 mol I71). In this case, the samples
are studied by scanning electron microsc¢piM). With no
magnetic field, the SEM image with C8 nanocrystals shows a
very rough surfacéFig. 7(a)]. The film is made of spherical,
highly compact aggregates, with an average diameter of
1.5+1 um. Conversely with C12, a very flat surface with a
high compacity of the film is observddFig. 7(c)]. For the
intermediate case of C10 nanocrystals, the surface is still
somewhat rough, whereas an aggregation is no longer ob-
servedFig. 7(b)]. In a magnetic field with C8 nanocrystals,
there is formation of long cylinders with a very regular struc-
ture[inset in Fig. 7d)]. By tilting the sample, it is seen that
the structure corresponds to superimposed cylinders with an
average diameter of 3+Am [Fig. 7(d)]. With C10 nanoc-
FIG. 8. Snapshots of the configurations after various simulatiorrystals, a marked undulation of the surface is obsef¥agl
times. Top: simulations with no field)=1.2 nm, a(0.12 ms, box  7(g)]. The stripes are considerably thinner than those with C8
length: 200 nmy b (0.18 ms, box length: 140 nimmiddle: applica-  [Fig. 7(d)]. Conversely, with C12 nanocrystals, the stripes
tion of a 47<10* Am™* magnetic field, 1.2 nm, ¢€0.12 ms, box  gpserved on a large scale correspond to a slight undulation at
length: 200 nr d (0.18 ms, box length: 140 nmbottom: applica-  the surface of the filnfFig. 7(f)]. Whatever the coating is,
tion of a 47<10°Am™ magnetic field, 6=1.6nm, e e thickness of the samples varies fromu® in the center
(0.12 ms, box length: 200 nimf (0.18 ms, box length: 140 nm of the sample to 1gm in its border. In order to understand

as the coating. An evaluation of the interparticle spacingsiormation of three-dimensional structures, we model the
which can be expected for these coatings, is obtained frorgvaporation in a small cube within the middle of the nano-
Ag,S nanocrystals coated with alkanethiols and selffarticle solution layefsee evaporation methdd) in Sec.
assembled in hexagonal netwofldl]. Thus, an increase in 1V]. Figures 83 and 8b) show the simulation results for
the core spacing from 1.6 to 1.7 nm is observed in this sysé=1.2 nm after 0.12 mgbox length: 200 nmand 0.18 ms
tem, when decanthio(C10) is replaced by dodecanthiol (box length: 140 nn respectively. With no magnetic field,
(C12 as the coating agent. These experimentally observeparticle aggregation is observed. In a magnetic field applied
spacings are in reasonable agreement with the values uséuthe arrow direction and for the sandg1.2 nm) and simi-
here in the simulations. In addition, the increase of 0.1 nm idar times, the particles tend to alidfrigs. §c) and 8d)].
spacing, experimentally expected between C10 and C12, iBhis structure is explained by the same mechanism as the
similar to the small variation necessary for the disappearancehainlike organization in Figs.(5 and Fe). For simulations
of organization in simulations. The strong vdW attractionin the same conditions af=1.6 nm, no structures are ob-
between the C8 nanocrystals is supported by the fact thaterved. From these data, it is concluded that the morpholo-
these nanocrystals cannot be solubilized in some organic sadiies of mesostructures obtained experimentally and by simu-
vents, such as hexane, in contrast to C10 and C12 nanocrylgtions agree qualitatively. Moreover, the mesoscopic
tals. When the distance between nanocrystals incré@des  structures do not depend on the amount of nanocrystals de-
nanocrystals experiments clearly show the randomly depos-posited on the substrate and markedly differ with their
ited nanocrystals withodfig. 3(c)] and with[Figs. 4e) and  coating.
4(f)] a magnetic field applied during the deposition process. Another question arises: do other types of interactions
A question arises: do we keep similar mesostructureplay similar roles in the mesostructure shape? To answer this
when a rather large amount of nanocrystals is deposited onguestion,y-F&05; nanocrystals are coated with a passivating
substrate? To answer this question, experiments similar tagent allowing them to disperse in aqueous solution. Citrate
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nanocrystals{Figs. 1@a) and 1Qb)]. The average length
(40 um), diameter(300 nm), and average distance between
the chains(3 um) are similar to those observed for C8
nanocrystal§Figs. 4a) and 4b)]. Note that very few par-
ticles are between these ribbons. By replacing Cit with C3
nanocrystals, a drastic change in the self-organization is ob-
served: on a large scale, Figs.(&)0and 1@d) show intercon-
nected chainlike structures up to 1@@n in length. For con-
centrated solutions, with Cit nanocrystals, the SEM image
shows a very rough surfacgFig. 11(a)] with spherical,
highly compact agglomerates, having an average diameter of
1.5+1 um. Conversely with C3, the SEM pattern shows a
very flat surface and high compacity of the fi[faig. 11(b)].
In a magnetic field, Cit nanocrystals self-organize in long
cylinders with a very regular structufaset Fig. 11c)]. By
tilting the sample[Fig. 11(c)], it is seen that the structure
corresponds to superimposed tubes with an average diameter
FIG. 10. TEM images obtained at various magnifications forof 3+1 um. Conversely, with C3 nanocrystals, stripes are
y-F&0; nanocrystals deposited with a magnetic field:(ajth and  observed on a large scale with highly dense and undulated
C3 nanocrystalgc, d). structuredinset Fig. 11d)] and the surface is very fl@Fig.
11(d)]. Hence the SEM images obtained with Cit and C3 are
ions and propanoic acid are used. For simplicity the nanocsimilar to those observed with C8 and C12. Of course, be-
rystals are called Cit and C3, respectively. The depositiortause these nanocrystals are dispersed in aqueous solution,
process differs from that used previouskee Sec. I). As  new kinds of interactions such as ionic double layer repul-
above, the solvent is evaporated by applying or not a magsion and hydrophobic interactions have to be taken into ac-
netic field paralle(47x 10* A m™) to the substrate. Further- count and the theoretical model developed above cannot be
more, diluted and concentrated solutionsyeFe,0O; nano-  applied directly. Nevertheless, these simulations show that
crystals are deposited. particle aggregation can be expected for these particles hav-
For dilute solutions, with no applied magnetic field, theing a layer thickness smaller than those of C8 and C10
TEM image obtained after evaporation of Cit nanocrystalshanocrystals. For Cit nanocrystals solubilized in water, the
shows spherical aggregates of nanocrysfiig. 9a)], as distance between the particles is determined by the overlap
observed above in cyclohexane for C8 nanocrysfiig.  of the ionic double layers surrounding the partic(edl].
3(a)]. Conversely, C3 nanocrystals are randomly depositeduring the evaporation the distance between particles should
on the TEM grid[Fig. 9b)]. This is observed whatever the be reduced, since the Debye length markedly decreases with
magnification. In a magnetic field, the TEM patterns mark-increasing concentration. Therefore, at the end of the evapo-
edly differ. Long chainlike structures are formed with Cit ration, aggregation can be expected like that observed with

FIG. 11. SEM images of maghemite nano-
crystals deposited with no magnetic figflat cit,
b: C3 and with a magnetic fieldc: cit, d: C3.
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C8 nanocrystals. This is in good agreement with the experiwaals attraction. The chainlike mesostructures form in spite

ment. The case of C3 nanocrystals seems to be more corof a small magnetic dipole. This can be explained by the

plicated. No aggregation is observed without a field, whilecombination of van der Waals and dipolar interactions as

chainlike structures appear when the field is applied duringlemonstrated by the simulations in the case of carboxylic
evaporation. This might be a side effect of the hydrophobiacid-coated nanocrystals. The van der Waals interaction is

interactions expected for this surfactant. For the citrate ionsyery sensitive to the interparticle distance. This explains the
hydrophobic attraction does not exist, since this coating iglisappearance of any mesostructures, when the surfactant
highly hydrophilic. size is increased, as in the case of dodecanoic acid as coating
agent. The details of the mesostructures are not yet well un-

VI. CONCLUSION derstood, in particular, for propanoic acid as coating agent. It

] ) will be necessary to develop more complex interaction mod-

Soft chemistry is used to make 10-npFe,O3 nanocrys-  gjs taking, e.g., the hydrophobic interaction into account.
tals with different surface coatings. Nanocrystals are deposygreover, the use of other coating agents, such as hydro-

ited on a TEM grid and a drastic change in their organizatioryhjjic nonionic surfactants, could yield valuable additional
is obtained on varying the coating. When the nanocrystajnformation.

distance is rather small, as observed with citrate ions, oc-

tanoic and decanoic acids as passwatlng.agents, the nanoc- ACKNOWLEDGMENT

rystals tend to aggregate without any applied magnetic field,

whereas they form ribbons in the direction of an applied The authors would like to thank Dr. Ngo for fruitful dis-
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