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Transition-metal nanoparticles have recently attracted a
great deal of attention; their preparation, structure determi-
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Palladium nanoparticles formed by the reduction of palladium(ll) chloride with methanol or 2-propanol
are stabilized by entrapment in solid heavily fluorinated compounds, as suggested by powder X-ray
diffraction. Some of the stabilizers are fluorohydrocarbons without a functional group. Calculations suggest
that minor amounts of Pd(ll) on the surface of the nanoparticles might be the origin of attractive interactions
with the negative periphery of perfluorinated chainsR4:1). The role of sodium acetate in the

precipitation of nanoparticles is underlined.

Introduction

nation, and applications are topics of current intetést.

Among other interesting properties, their high specific surface

renders them attractive in cataly&isr

In general, metallic nanoparticles are defined as having a
diameter between 1 and 100 nm. They are surrounded by a
shell of adequate protecting agent that prevents agglomer
tion.? The protecting agents can be broadly divided into three

a functional group endowed with a high affinity for metals
such as thiols, sulfides, amines, and phosphines; and (iii)
those that simply entrap nanoparticles, such as polymers (e.g.,
poly(vinylpyrrolidone)), cyclodextrins, and dendrimers. In
all cases, protecting agents ought to interact in an attractive
manner with the surface of the metal.

A priori, heavily fluorinated compounds are not ideal
constituents of protecting shields for nanoparticles, because

aperfluorinated chains have a well-deserved reputation for

having very small attractive interactions toward other materi-
als and among themselvé#s examples, we can mention

categories: (i) those that provide electrostatic stabilization, X ,
such as cationic and anionic surfactants; (i) those that th€ Phobic properties of poly(tetrafluoroethylene) (PTFE) and

provide steric stabilization, including compounds possessing the Pailing point of perfluoroheptane (82) compared with
that of the corresponding alkane, heptane®©p However,
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stabilize transition-metal nanoparticteghus, polymers such

as Nafion and PTFE, as well as dendrimers fluorinated in
the surfaceé,have been reported as being stabilizing agents,
probably by the inclusion of nanoparticulated metal into the
interstices of the polyméwor the nonfluorinated core of the
dendrimer® Other heavily fluorinated stabilizing agents are
considered to act by classical stabilizing mechanisms. Thus,
thiols GFon+1—CH,CH,—SH (n = 6, 8F and anions (Fon1—
COO (n= 11-17) owe their stabilizing ability to the SH
group and to the carboxylate rather than to ther®iety.
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Preparation of Pd nanoparticles
1.- NaCl, CH30H, 1, 60 °C

PdCl, + CH30H (Pd)n/1 + CH,0 + 2 HCI
2.- NaOAc

Figure 1. Heavily fluorinated compounds used in this study and the preparation of palladium(0) nanoparticles.

On the other hand, nanopatrticles in the water core of a water-acetone). This complex has been extensively used as a
in-CO, emulsion have been stabilized by perfluorinated precatalyst in palladium-catalyzed reactions, and we thought
surfactants; however, stabilization seems to be caused by thehe fluorous version could be useful in organftuorous
hydrophilic polar part, whereas the perfluorinated moiety biphasic catalysi& This project required 1,5-bis-4:dis-
imparts solubility in CQ28 (perfluorooctyl)-1,4-pentadien-3-onga (4,4 -bis-(perfluo-

A different case reported by Klabunde refers to gold rooctyl)dibenzylydeneacetone, Figure 1). When a well-known
nanoparticles in the diameter range 3510 nm that are  method for preparing Pd(dhayas used witla, we instead
formed by metal atom vapor deposition and stabilized by obtained palladium nanoparticles in which ketdmedefined
N(C4Fo)3.° The mechanism by which the nonbasic tris- the protecting shield (Table 1, entries-4).1* This particu-
perfluorobutylamine could stabilize nanoparticles is un- lated material was a recoverable catalyst under organic
known. Moreover, when this work was in progress, the fluorous biphasic conditions in some Suzuki-type cross-
stabilization of several metal-oxide nanoparticles (ZnO,,ZrO couplings and in Mizoroki-Heck reactiong*?

HfO2, Al20s, TiO; SnQ, and WQ) was achieved by An extension of these preliminary results has been
molecularly well-defined perfluorinated compounds. Among yndertaken. Thus, we present here our results tttand
them, the stabilizations @ CyoF2s andn-Coofs2 are the most  jth other simple and more easily accessible fluorinated
surprising, because no functional group is predéfitese  compoundsib—i (Figure 1) as stabilizers as well as a
nanoparticles were generated by the Karlsruhe microwavepossible explanation for the stabilizing ability of compounds
plasma process. . _ featuring long perfluorinated chains.
pa\gli?:I:sreZ?;l;iI?z(Zg %l;/r s;g?;?t';glgluﬁgysdug:l(_%)egggg' PaIIadi_um nanODart.icIes were prepared by the_ reduction
heavily fluorinated compounds. As the family of fluorous of palladium(1! ghlorlde wlth methanol at GO.C in the
compounds is emerging as asefious possibility for stabilizing presence of sodium chioride and compoundFigure 1).
Sodium chloride forms ionic NéPd.Clg), which is more

nanopar_tlcles, we t_ry o cast some light on the stabilization soluble than PdGI The further addition of sodium acetate
mechanism. Preliminary results were presented elsewhere. . LT :
induced precipitation of the material.

We established a protocol to make sure that palladium(0)
nanoparticles were indeed formed instead of materials with

Some time ago, we tried to prepare a fluorous version of other structures and compositions, as well as to ascertain if
the palladium complex Pd(dhajdba = dibenzylydene-  compoundsl were the only substances present in the
protecting shields. Finally, we deemed it important to check

Results and Discussion
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Table 1. Palladium Nanopatrticles Stabilized by Fluorous Compounds 1

no. of

initial molar molar composition, atoms per decomposition
entry compd ratio Pd1@ wt % P yield (%) @ (nm) particles X-ray point (°C)
1 la 0.55 Pdial.15, 9.9% 78 3.6:0.6 1.7x 10° e 140-145
2 la 0.54 Pd1a0.65, 6.0% 79 e e e 158-163
3 la 4.64 Pdia4.08, 30.1% 100 5140.7 4.7x 10° e 170
4 la 4.64 Pd1a6.85, 37.6% 100 4509 3.2x 10° e 166-172
5 1b 1.55 Pdib1.71, 16.5% 93 16.85.3 1.4x 10° fcc Pd 102-103
6 1b 0.50 Pdib 0.54, 5.9% 96 13.& 3.0 7.7x 10¢ fcc Pd 102-103
7 1b 1.54 Pdib 1.06, 12.4% 59 4410 3.0x 10° fcc Pd 104-105
8 1b 1.53 Pdib 1.09, 14.2% 78 257 5.5x 10° fcc Pd 104-105
9 1c 0.50 Pdic3.86, 46.5% 79 4815 2.2x 10° e 240-245
10 1d 1.54 Pdid1.10, 10.3% 68 5 2.0 4.4x 10 fcc Pd 115-116
11 1d 1.53 Pdid 1.07, 10.0% 67 339 1.3x 10° fcc Pd 112-115
12 1d 1.03 Pdid 0.35, 3.1% 12 9. 2.8 2.6x 10 not clear 113115
13 le 2.26 Pdie2.85, 27.5% 43 g g not clear 155
14 1f 1.15 Pdif 0.84, 6.3% 42 6.6:0.7 9.9x 10° not clear 7475
15 1f 1.54 Pdif 1.31, 9.7% 74 125 6.1x 10 fcc Pd 72-74
16 1f 1.54 Pdif 1.06, 8.3% 65 267 6.2x 10° fcc Pd 7476
17 19 8.38(=9) Pd1g11.8, 23.6% 75 4.%# 0.6 3.8x 10° not clear 106-105
18 1h 2.05 Pdih9.32, 9.2% e 11+2 4.5x 10* e e
19 1i 0.85 Pdii5.17, 56% 90 3.80.8 1.9x 10° fcc Pd 90
20 1i 0.50 Pd1i 1.95, 27.4% 57 4209 4.1x 10° fcc Pd 84
21 1i 2.00 Pd1i 0.67, 11.1% 7 56&1.1 6.3x 10° fcc Pd 80
22d 1i 1.00 g g 3.2+0.6 1.2x 10° fcc Pd
221 1i 1.00 g g 44412 3.0x 10° fcc Pd

2In the form of PdCJ. ® Pd % determined by inductively coupled plasma (ICPJield with respect to palladiunf! From 0.74/nanopartici&Vatom 0.74 is
the occupation factor for a face-centered cube crystal structivet determined! Reduction performed with 2-propanéiSee text" Nanoparticles in
solution before adding sodium acetdtblanoparticles precipitated after the addition of sodium acet@tetermined by electron diffraction.

elemental analyses was near 100%; (vi) transmission electrorconformation-maximizing conjugation. Therefore, we checked
microscopy (TEM) analyses to determine the size of the m-bis-(perfluorooctyl)benzene as well as its ortho isomer,
particles. (vii) More recently, we measured the powder X-ray which were devoid of stabilizing ability. However, the para
diffraction (XRD) to have further evidence for the zero isomer,1b,'® behaved very well. Ratios of PdClb in the
oxidation state of the metal and to gain information on the range 0.56-1.55 were studied (entries—8), and we
situation of the protecting. observed an increase in the size of the nanoparticles when
Data from steps i, ii, and iii were compared with those the PdC}:1b ratio was increased (entries 5, 6, and 8). The
from compounddl. In steps iv and v, fluorine and oxygen use of 2-propanol instead of methanol as the solvent and
percentages were calculated from the measured carborreducing agent gave much smaller nanoparticles (entry 7).
percentages if spectroscopic data indicated that dnas Unfortunately, a lack of solubility in some reagents prevented
present in the protecting shield. Because Ra@k the source  the general use of 2-propanol. The decomposition point for
of metal, analytical values for chlorine below the limit of all nanoparticles based dib was very close to the mp of
tolerance were sometimes determined. the stabilizer (mp 102103 °C). Again, spectroscopic data
The results are summarized in Table 1. First, we explored permitted us to conclude that onlib was present in the
la as a stabilizing agent. We studied the influence of the stabilizing shield, despite some deviations from 100% in the
initial molar ratio PdCl:1a (entries 1-4). As expected, when  sums of the elemental analyses for entries 7 and 8.
working with a defect of palladium salt (ratio 0.54),  The commercially availableH,1H-pentadecafluorooctyl-
nanoparticles possessing a smaller amount of met&l Q6o) amine, 1c, behaved differently. Thus, when liquitt was
were obtained (entries 1 and 2). However, the introduction added to the palladium(ll) solution, a yellow precipitate of
of an excess of Pdg(ratio 4.64) permitted the isolation of  dichlorobis-(H,1H-pentadecafluorooctylamino)palladium-
nanoparticles heavily loaded with metal (388%) (entries  (Il), presumablytrans-2 (mp 243°C), was initially formed.
3 and 4). However, this did not affect the size of the Treatment of2 with methanol in the usual way at 6@
nanoparticles, which ranged between 4 and 5 nm in diameter finally produced the nanoparticles (entry 9). Isolation of the
In all cases, IR NMR, and**C NMR spectra did not  amine group from the electron-attractingFg; chain by a
show differences from those dfa, although it could be  simple methylene group still preserves part of the coordinat-
argued that NMR corresponds to free stabilizing molecules ing ability of the amine lone pair toward palladium(ll), as
in solution. The decomposition points were always higher evidenced by the formation & Therefore, in this case, the
than the melting point (mp) ofa (112-115°C). The sum  amino function oflc rather than that of the (Rmoiety is
of elemental analyses was around 100% in all cases, andmost likely responsible for the stabilization, ahdwas not
chlorine content was below the tolerance limitQ.4). further studied.

Narrow distributions of sizes were determined by TEM. The stabilizing ability of the triblock polyfluorohydrocar-

The preparation ofla was not easily reproducible. pon 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,17,17,18,18,
Therefore, we moved to simpler and more accessible

compounds. First, we speculated with the angle between both(lg) McLoughlin, V. C. R.: Thrower, JTetrahedron1969 25, 5921
C(aromaticyCF, bonds in 1a, 120 for any extended 5940.
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Table 2. Palladium Nanoparticles Stabilized by Fluorous Compound 1b and the Effect of the Experimental Conditions

no. of
initial molar ratios molar composition, atoms per X-ray
entry (Pd1b:NaCl:NaOAc) condition® wt % PdP yield (%) @ (nm) particle or ED
1 1.0:0.65:1.0:7.5 24 h at 6@ Pdi1b 1.09, 14.2% 78 257 55x 10° fcc Pdhe
2 1.0:0.65:1.0:12.1 24 h at 6C Pd1b1.71, 16.5% 93 165 1.4x 1P fcc Pdtf
3 1.0:1.0:2.2:2.0 24 h at 6C no nanoparticles 0
4 1.0:0.65:1.5:6.9 24 h at 6@ Pd1b0.95, 10.3% 51 122 5.8x 10¢ fcc PP
5 1.0:0.65:1.0:17.7 24 h at 6C Pdib 1.34,13.2% 66 122 5.9x 10 fcc P&
6 1.0:0.65:1.0:6.9 15 min at 6@ Pdi1b 1.96, 19% 93 16t 2 1.5x 1P fcc PP
7 1.0:0.65:1.0:6.9 3hat 6@ Pdi1b 1.68, 15.9% 89 14 4.8x 10 fcc P

a Conditions before the addition of NaOAZPd % determined by ICP.Yield with respect to palladiunt! Determined by X-ray diffractiont See Table
1, entry 8. See Table 1, entry 3.Determined by electron diffraction.

19,19,20,20,21,21,22,22,23,23,24,24,25,25,26,26,26-dotetracondition helps but is not a prerequisite. Preparation and
contafluorohexacosane ord11H,12H,12H,13H,13H,14H, testing of ketoneli had a double purpose: the first was to
14H,15H,15H,16H,16H-perfluorohexacosanéd,** is strik- contribute to an answer for the above question, and the
ing because no functional group is present, and we cansecond was to find good stabilizing agents that were simpler
hypothesize that the stabilizing properties are due to theand more easily prepared than our initia.’® Indeed, 1i
perfluorinated chains. Three batches of palladium nanopar-does not coordinate atomic palladium but is an excellent
ticles stabilized byld were prepared (entries +12). As stabilizer (entries 1921). Surprisingly, by working within

for 1b, a lower PdCl:1d ratio (1.03) gave smaller nanopar- a very broad range of Pd£li ratios, we observed no
ticles 9 nm in diameter (entry 12), whereas a higher ratio dependence of size on the ratio. The mp10f90 °C) is
(1.54) gave a much bigger nanomaterial 33 nm in diameter once more close to the decomposition point of the nanopar-
(entry 11). The decomposition point was in all cases close ticulated materials.

to the mp ofld (104—105 °C). Similar to the case afb, Furthermore, we created some experiments to ascertain
the use of 2-propanol afforded the smallest nanoparticlesthe influence of other factors, such as the ratios of sodium
(entry 10). chloride and acetate with respect to palladium, as well as

Material stabilized with disulfiddeafforded a TEM that  the heating time elapsed before sodium acetate was added
was difficult to interpret, indicating that the material probably to the mixture (Table 2). The most salient feature is that the
presents a more complex organization (entry 13). amount of sodium acetate is critical for the formation of

Next, we tested 2,4,6-tris-(perfluorooctyl)aniliié,*® This nanoparticles (entry 3) that are not formed below a certain
aniline is neither basic nor nucleophilic because of the threshold. Also important is the observation that the required
accumulated electronic effect of three electron-withdrawing time elapsed before adding sodium acetate is very short (entry
substituents and the steric effect produced by two perfluori- 6). Although some variations in size are observed in the
nated chains in ortho positions. Therefore, it is reasonableresults of Table 2, only these two clear conclusions can be
to admit that the stabilizing effect is due to the perfluorinated drawn.
chains (entries 1416). Aniline 1f also produced a good Next, we addressed the question of whether nanoparticles
stabilization, the size depending again on the Rd€tatio. were present in solution before the addition of sodium
Once more, smaller nanoparticles 6.5 nm in diameter were acetate. We performed a standard preparation of nanoparticles
formed under a low ratio of 1.15 (entry 14), whereas a ratio stabilized by ketond.i (entry 22, Table 1). We examined
as high as 1.54 produced a dramatic increase in size up tathe methanol solution before the addition of sodium acetate
26 nm (entry 16). It was possible to make nanoparticles in (entry 22a). Indeed, small nanoparticles of face-centered
2-propanol (entry 15) that were smaller than those made in cubic Pd (fcc Pd) were detected by electron diffraction when
methanol for the same Pddld ratio (1.54). The decomposi- some drops of the methanolic solution were deposited on
tion points were close to the mp &f (74—75 °C). the microscope grid and were left to evaporate. The residue

Polymers are typical stabilizing agents, and we mentioned contained small (fcc Pd) nanoparticles of 3.2 nm average
the properties of PTFE and Nafion before. Therefore, we diameter. The residue also contained larger aggregates, as
tested the short polymels*> and1h. Compoundlg showed is normal for a material that has not been submitted to any
an excellent behavior (entry 17), ahtl gave a material that  purification procedure. After this examination, we carried
exhibited excellent TEM images (entry 18). However, for out the standard precipitation procedure by the addition of
unknown reasons, the sum of the elemental analysis gave &odium acetate (entry 22b). In this case, nanoparticles were
very low value, probably because of an analytical problem. agglomerated; however, by examining the peripheral part of
Because of the limited amount &h available, we did not  the agglomerations, we observed well-defined nanoparticles
further investigate this matter. of 4.4 nm diameter. In summary, sodium acetate assists in

One question was opened when working with is the the precipitation of the nanoparticles, probably by modifying
coordination ability toward atomic palladium a prerequisite

for the formation of nanoparticles? In our experience, this (16) The lettering of compoundscould look erratic. However, the large

number of different materials prepared, featuring different metals and

stabilizers, makes it advisable to avoid confusion by lettering

(14) Twieg, R. J.; Rabolt, J. fMacromolecules1988 21, 1806-1811. compoundd in the same order in which they were prepared and tested

(15) Moreno-Maas, M.; Pleixats, R.; Villarroya, SSynlett1999 1996- and adhering to this lettering both in internal documents and externally
1998. in papers.
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Table 3. Interaction Energies (kcal/mol), Pd-C Bond Lengths (A), and Pd Net Atomic Charge for Pd-L Systems at the B3LYP Level of

Theory

group A E, Pd-C Qi figure
alkanes H -71.2 2.502 0.03

CF, -5.8 2.541 0.06 @
alkenes H -32.3 2.138 0.16

CF, -33.2 2,114 0.29 Q
aromatics H -21.3 2222 0.17

CF, -22.5 2.200 0.26

the ionic strength of the solution, but is not necessary for

their formation. ﬂ @ \_p
We have commented on the lack of stabilizing properties Qj f' d-' ‘® m

of o- andm-bis-(perfluorooctyl)benzene. Moreover, negative

results were obtained with the following heavily fluorinated

compounds: H®,1H,2H-perfluoro-1-decene E;—CH= CFyCHyCFy  (E}-CFyCH=CH-CF,  p-{CF,},C¢H,

CHz), perfluorooctylbenzene (9‘517_C6H5), 4-perf|uoro- Figure 2. Electrostatic potential maps. Negative values are drawn in red

octylbenzaldehyde (§E1;—CeHs—CHO), heptadecafluo- and indicate regions to which positive charges are attracted.

rononanoic acid (gF7—COOH) and its sodium salt, and

potassium perfluorooctanesulfonatgfRG—SOsK). If unsuc-

cessful results with ionic salts are probably due to solubility,

the negative results with the five compounds listed first led

us to the intuition that a high melting point could be a

beneficial factor. Moreover, liquids are useless as stabilizers

unless a strong stabilizing group is present, a&dn
Decomposition points, IR, and NMR data permitted us to

anticipate that compoundk were not very affected when

surrounding palladium nanoparticles. These aspects wer

studied by powder X-ray diffraction (vide infra). At this C . .
. . Fs groups. CECH,CF; is the only exception, probably
point, the hypothesis emerged that compoubdsmperated because of steric repulsion between;@Rd Pd. Although

b_y an.entrapment mecham;m. We then deude_d to study thecalculaltions exclude the possibility that the fluorinated groups
situation of the fluorous shield in the nanoparticles.

) . N of compoundsdl are involved in the interaction mechanism
First, we undertook calculations on very simplified models i+, Pd(0), it could be that a limited number of Pd(Il) atoms
to obtain information on the nature of the attractive forces ., he surface attract GF(CF»)n chains that have a negative
binding together the phobic fluorinated compounds and periphery. In fact, the optimization of Pd(1l) interacting with
palladium surfaces. these organic molecules shows an importanP# interac-

With the aim of understanding the interaction mechanism tion, the computed #Pd distances now being 2:2.2 A.
between Pd nanoparticles and stabilizersve performed  This is not surprising according to the electrostatic potential
calculations for Pd interacting with alkanes (C&hd Chs- map of fluorinated compounds (see Figure 2), which shows
CH,CF,), alkenes (Ck=CH, and €)-CR,CH=CHCF), and that regions around GFgroups are areas of high electron
aromatics (benzene amd(CFs):CeHa) at the B3LYP level  gensity with negative potentials predisposed to interact with
of theory"*° (Table 3). Optimized geometries show that positive charges. Whereas the formation of charged nano-
Pd does not interact with the fluorine atoms in any of the particles is uncertain, it could be that compouadsirround

obtained structures, with PdF distances ranging from 3.2 the pd(Il) precursors before reduction, and after reduction
to 3.7 A. Instead, calculations suggest that the interaction remain surrounding Pd(0).

between Pd and these organic molecules takes place through
the C-H bond in alkanes, or through the=C bonds of
alkenes and aromatics. The order of-fdolecule interac-
tions is alkenes> aromatics > alkanes. These values
correlate very well with the PdC distances: the larger the
distances, the smaller the interaction energies. It is important
to note that there is a charge transfer from Pd to the organic
molecule that increases when £&ffoups are present because
eof their electron-withdrawing character. Thus, the—d
interaction is enhanced when the organic compound contains

A study of the solid nature of some stabilizeras well

(17) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee, C.; f some of th rived nan rticles w | ndertaken
Yang, W. Parr. R. GPhys. Re. B 1088 37 785.789. as of some of the derived nanoparticles was also undertaken.

(18) For geometry optimizations, we have described Pd with the LANL2Dz Panels ac of Figure 3 clearly show that the diffraction

Ese}ldOPOItentiéﬂ and C, F, anl:i H %toms with tht;):j Gé%dfitiG(d,_ p) patterns of purdb, 1d, and1f compounds exhibit diffraction
asis set. Interaction energies have been computed a graotion : H :
to Pd and using the 6-3%tG(2df,2pd) basis. peaks indicating that these compounds have a long-range

(19) Hay, P. J.; Wadt, W. Rl. Chem. Physl1985 82, 299-310. ordered structure. Figure 3 also shows that the same
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Figure 3. Powder X-ray diffraction patterns of (a), (b) 1d, and (c)1f,
and of related nanoparticles.
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Figure 4. Entrapment of Pd(0) nanoparticles in the crystal structures of
compoundsl.

Pd(0)

the intensity at small scattering angles in this entteghge,
meaning that a well-defined shape and size of the nanopar-
ticles cannot be deduced from these measurements. These
results are in accordance with TEM images showing nano-
particles connected with large necks and forming dense
aggregates.

Conclusion

Palladium nanoparticles were prepared by the reduction
of palladium(ll) chloride with methanol or 2-propanol in the
presence of stabilizing agents featuring long perfluorinated
chains. Calculations and powder X-ray diffraction studies
suggest that the nanoparticles are entrapped in the solid
framework of the heavily fluorinated compounds (Figure 4).

Experimental Section

General Remarks.Compoundd were prepared as followsta
as already describéd?2 1b by the general and reliable method of
McLoughlin and Throwet? 1c, which is commercially available,
1d by the method of Twieg and Rabdttand 1f,g as previously
described by u$> TEM and electron diffraction analyses were
performed in the Servei de Microgua of the Universitat Au-
tonoma de Barcelona, in a Hitachi H-7000 model at 100 kV or, for
entries 4-7 of Table 2, in a JEOL JEM-2010 model at 200 kV.
The material was suspended in an appropriate solvent, usually
1-bromoperfluorooctane or 1,1,2-trichloro-1,2,2-trifluoroethane. The
suspension was sonicated for about 5 min, and one drop of the
finely divided suspension was placed on a specially produced

crystalline phases of these fluorinated compounds exist in structureless carbon support film with a thickness eB4m; the
the related nanoparticle samples. The crystallization probablysamples were dried before observation.

occurred after the nanoparticle synthesis procedure, when Oligomer 1h. The general method for perfluoroalkylation of
the synthesis medium was cooled to ambient temperature anilines was followed? To a stirred suspension of copper(l) oxide

The intensity peak observed in Figure 3 at arouAd=228°

(3.87 g, 0.027 mol) in DMSO (5 mL) in inert atmosphere was added

for all nanoparticle samples characterizes the existence of!.6-diiodoperfluorohexane (3.00 g, 5.41 mmol). The mixture was

Pd(0). Moreover, for the same diffraction patterns, the
observed increase in the scattering intensity at small 2
values indicates the existence of heterogeneities on the 1

0]

heated at 130C for 20 min. A solution of aniline (0.50 g, 5.41
mmol) and DMSO (5 mL) was then slowly added, and the mixture
was heated at 130C for 3 days under stirring and an inert
atmosphere. The disappearance of aniline was monitored by GC.

nm scale. For this sample series, we performed small-anglepgter cooling the solution to room temperature, we filtered off the

X-ray scattering experiments in the 0:08° 26 range in

solids, and the filtrate was partitioned between ethyl acetate and

order to better characterize the nanoparticle form, size, andwater. The organic phase was dried with anhydrous sodium sulfate.
size polydispersity. We observed a power law increase in The solvent was evaporated, affording a brown residue that was
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washed with aqueous sodium thiosulfate and then with active had a decomposition point at 16203 °C. Extraction of the

charcoal in boiling 1,2-dichloroethane. The charcoal was filtered

methanolic filtrate with perfluorooctane did not give additional

off, and the dichloroethane was evaporated to give a gummy residuematerial. The IR andH NMR spectra of the solid were identical
that was soluble in THF, ethyl acetate, chlorinated solvents, and to those ofiLb. Elemental analysis: C, 23.93; H, 0.34; GlI1; Pd,

perfluorinated solvents (Freon 113). IR (KBr): 3543, 3437, 1637,
1588, 1468, 1293, 1201, 1138 cin'H NMR (250 MHz, CDC}):
0 4.56 (broad s, Nb), 4.9 (s, NH), 6.70 (m), 7.25 (m), 7.50 (m).
FAB-MS: m/z442, 784, 884, 1175, 1275, 1566, 1657, 1918, 2058;
the superscript number 3 in formuld is an average. Anal. Calcd
for C4oHaoF36N4: C, 39.81; H, 1.74; N, 4.42. Found: C, 39.99; H,
1.74; N, 4.20.

4-(4-Perfluorooctyl)phenyl)-3-buten-2-one, 1iThis compound
was prepared by the general method of Irie and Wataffabe.
4-(Perfluorooctyl)benzaldehy@fe (700 mg, 1.335 mmol), zinc
diacetate dihydrate (586 mg, 2.670 mmol), and-Bjgyridine (375
mg, 2.401 mmol) were dissolved in DMF (100 mL). Diazabicy-
cloundecene (DBU) (0.305 mL, 2.04 mmol) and acetone (4.97 mL,
66.8 mmol) were added to the DMF solution, and the mixture was
heated overnight at 120C. The crude was partitioned between 1

M HCI and ethyl acetate. The organic layer was washed with water,

16.51. The size of the nanoparticles is=ZH nm, as determined
by transmission electron microscopy (TEM).

Table 1, Entry 8A mixture of palladium chloride (179 mg, 1.010
mmol) and sodium chloride (59.1 mg, 1.01 mmol) in methanol (10
mL) was stirred for 24 h at room temperature. The solution was
filtered through glass wool and diluted with additional methanol
(10 mL). 1,4-Bis-(perfluorooctyl)benzene (602 mg, 0.658 mmol)
was added, and the mixture was heated at®®or 24 h. Sodium
acetate trihydrate (1.03 g, 7.57 mmol) was then added, and the
mixture was cooled while it was being stirred. The black precipitate
was centrifuged and washed successively with methanol, water,
and acetone to afford a gray-black solid (586 mg). Decomposition
point: 104-105°C. IR (ATR): 1416, 1370, 1300, 1193, 1144,
1112, 1095, 948, 852, 656 cth 'H NMR (250 MHz, CFC}—
CCIF, + CDCly): 6 7.80 (s, 4H, arom). Elemental analysis found:
C, 32.57 and 32.29; H, 0.25 and 0.29; Gl0.5%; Pd, 14.23; F,

brine, and water and dried with sodium sulfate. The solvent was 79.36 (calculated from % C); sum: 126.3. TEM: 257 nm (GF1~
evaporated, and the residue was passed through a column of silicaBr, 108 particles).

gel with 80:20 hexanesethyl acetate to affordi as a white solid.
Mp: 87 °C. IR (ATR): 1628, 1614, 1194, 1145, 1112 cin'H
NMR (CDCls, 250 MHz): 6 2.40 (s, 3H), 6.78 (dJ = 16.3 Hz,
1H), 7.52 (d,J = 16.3 Hz, 1H), 7.59-7.65 (m, 4H).13C NMR
(CDCl;, 62.5 MHz): ¢ 27.8, 105.5-120.0, 127.5 (tJ = 6.7 Hz),
128.2, 129.3, 130.4 (§ = 24.8 Hz), 138.2, 141.1, 197.8. MS (70
eV): m/z566.1 (18, M+ 1), 565.1 (100, M).

Typical Preparations of Nanoparticles. Table 1, Entry 5A
mixture of palladium chloride (0.180 g, 1.015 mmol), sodium
chloride (0.058 g, 1.025 mmol), and methanol (10 mL) was stirred
at room temperature for 24 h. The mixture was filtered through a
glass wool plug. Additional methanol (10 mL) was added to the
filtrate. The solution was heated at 8G under stirring; 1,4-bis-
(perfluorooctyl)benzendb (0.600 g, 0.656 mmol), was added, and
the mixture was heated (6C) under stirring for 24 h. Sodium

X-ray Crystallographic Study. X-ray diffraction experiments
were carried out on solid powders in 1 mm diameter glass capillaries
at 22°C in the LCVN laboratory, Montpellier, France. We worked
in a transmission configuration. A copper rotating anode X-ray
source (functioning at 4 kW) with a multilayer focusing Osmic
monochromator giving high flux (108 photons/s) and punctual
collimation was employed. An image plate 2D detector was used.
X-ray diagrams were obtained that gave the diffracted intensity as
a function of the diffraction anglef2 The scattering intensity was
corrected by transmission and intensity background coming from
scattering by an empty capillary.
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