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ABSTRACT: We reported the reduction process of palladium(ll) acetate, PdéOawn) the self-assembling
process of the resulting palladium atoms, Pd(0), into nanoparticles in the presence of a first-generation
polyamidoamine dendrimer (G1-NHn nonaqueous solution. The process was induced by mixing the two solutions
(A) Pd(OAc), dissolved inN,N-dimethylformamide (DMF) and (B) G1-NHdissolved in methanol, under the
specific condition ofr = [Pd(OAc))/[—NH;] = 3.3, where £NH] is the molar concentration of the primary

amine groups in the dendrimer in the reaction solution. The reaction and reaction-induced self-assembling process
were explored in situ by means of a combined time-resolved method of small-angle neutron scattering and small-
angle X-ray scattering. The method revealed the time evolution of a series of self-assembling processes occurring
in the system. (a) The dendrimer molecules and Pd(@f) self-assemble themselves rapidly into spherical
aggregates with an average radius-®&0 nm after onset of the reaction, and thereafter their size was kept almost
constant. (b) Inside the aggregates, which serve as a template for the reaction, the reduction of,Rd x#0)

and their self-assembly into Pd nanoparticles with an average radius-6f.G.4m proceeds gradually with time

over 12 h. The following factors are proposed to be important for understanding the series of self-assembling
processes: (i) the relative strength of interactions among the constituents Pg(GA&yH,, DMF, and methanol

and (ii) the reduction of Pd(OAgwith methanol as a weak reducing agent and the self-assembly of the reduction
products of Pd(0) in the templates.

1. Introduction Dendrimers also have been attracting much attention as useful
In this paper, we aim to investigate the in situ, real-time Stabilizers of metal nanoparticles in solutidﬁs?since the first
reduction process of metal ions into metal atoms and a self- Successful report by Crooks and his co-workers in T998ost
assembling process of metal atoms into nanoparticles in a©f these studies deal with the reduction in a solution where
nonaqueous solution, which contains the first-generation poly- dendrimers are molgcularly dlssolvgd, essentially isolated from
(amidoamine) (PAMAM) dendrimers (designated hereafter G1- One fanother in solu_tlon, and m_etal ions are encapsulated in the
NH.), by means of a combined SANS (small-angle neutron Interior space of_smgle dendrlmers._ The ions are reduceq to
scattering) and SAXS (small-angle X-ray scattering) method, Metal atoms which self-assemble into a metal nanoparticle
together with a real-space analysis by transmission electronWithin the single dendrimers. In this sense dendrimers provide
microscopy (TEM). Itis worth noting here that the self-assembly & special site or field for the cher_mcal reaction and reaction-
of G1-NH; rather than an isolated G1-Nkurns out to provide induced self-assembly of the reactlon_product_s and, her_lce, they
a template where the chemical reaction and the reaction-inducedServe as a template. One of the merits of using dendrimers as
self-assembly of reaction product take place, as will be clarified the template as described above is that size of metal nanopar-
later in this paper. This study may be considered as an ticles can be controlled simply by changing the generation of
interdisciplinary one between chemistry (a chemical reaction dendrimer,GN. o _
involving reduction of metal ions) and physics (self-assembly ~ The system to be explored in this work is the same as that
of metal nanoparticles). descrllbed above f.rom the viewpoint that it is compoged qf
Recently, wide-ranging studies on metal nanoparticles have dendrimers, metal ions, reducing agent, and solvent but is quite
been reported from the viewpoints of both fundamental science different from the viewpoints of (i) the nature of local interac-
and practical interesfs Metal nanoparticles are regarded as tions among the components described above, (ii) the ratfo
promising candidates for novel functional materials, such as the molar concentration of metal ions {¥] to that of the
optoelectronic devices and catalysts, because of their smallPeripheral functional group of the dendirmer [X], definedrby
sizé6 and large specific surface area. However, due to the = [M™V[X], (iii) the reducing power of the reducing agent,
increased surface area, they easily aggregate themselves to for@nd (i) the generation number of the dendrin used for
larger clusters. Hence, their surface should be protected againsgXPeriments. As a consequence of these dlfferenpeS, our system
clustering and agglomeration by stabilizers, such as polymés, forms an association of dendrimers rather than isolated single

surfactantd? ligands!® and so on. dendrimers in solution. We focus on the self-assembling
mechanism of the dendrimer association and on the role of the

t Japan Atomic Energy Agency. dendrimer association as a template for the reduction reaction,
*Kyoto University. which have not been explored so far, to the best of our
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Table 1. Comparison of Experimental Conditions Employed in the
Previous Studies and This Study

reducing
GN®  reacn medium metal complex agent rb
past studies 410 aqueous soln #dCl, NaBH, <1
HAUC|4
this study 1 methanol/DMF Pd(CHCOO), methanol 3.3

(10/1, viv)
aGeneration of dendrimer8r = [M"™]/[—NH,] or [M"]/[—OH].

knowledge. Some outstanding differences to be noted are
summarized in Table 1. We shall describe below the differences
one by one.

First, we Wish to p(_)i_nt out the qiﬁerenceSGN andr. Most Figure 1. Chemical structure of G1.0 PAMAM dendrimer (G1-HH
of the past studies utilized dendrimers W@ > 4 and a small

concentration [M*], corresponding to < 1.0. In contrast, this Scheme 1. Experimental Procedure To Prepare Palladium
work deals with dendrimers witltGN = 1 and a large Nanoparticles

concentration [M], as characterized hy= 3.3. There are some 40x% 102 M

important differences between low-generation dendrimers and  solution A: Pd(OAc), / DMF 0.35 mL Mixi

high-generation dendrimers. In addition to the obvious size hcal'::"ﬁioc Pd nanoparticles

difference, the low-generation dendrimers are more flexible,  solution B: GI-NH, / methanol
having greater conformational freedom than the higher genera- 1.5x 104 M
tion dendrimers. This favors a trend for interdendrimer aggrega-
tions mediated by attractive interactions between metal ions and o . A A .
analysis is basically not suitable for an in situ observation of

or salts with the peripheral functional groups of the dendrimer. . . .
A higher value forr also favors this trend. We aim to explore reduction process of _met'"?" lons. UVis spectroscopy has been
a powerful tool for in situ observation and provides much

the effects of this trend on associations of dendrimers and information on local interaction h rdination stat ¢
reduction processes of metal ions and/or salts. ormation on focal interactions such as coordination states o

Second. we wish to stress the differences in the reaction metal ions and their surroundings. However, it is impossible to

medium and the metal complex. In past studies, water has beendlrectly extract information on the shape and/or size of metal

almost exclusively used as a solvent, and metal COmloleXesnanoparticles. In contrast, the SAS (small-angle scattering)

soluble in water have been employed to prepare homogeneougnethOds enable us to evaluate both shape and size.'ln fact, Amis
solutions of dendrimers, free from aggregations. In this study, and co-w_orker_s showed the SANS and SAXS _proflles for Au
however, we used a nonaqueous system composed of a mixtur anoparticles in the te_mplate of PAMAM_dendrlmers WEN
of methanol and DMF as the solvent. The metal complex used etween 2 and 10 in aqueous solutiéhsHowever, the
in this work is difficult to be dissolved in methanol but is soluble  Méasurements were performed only before. and _after the
in DMF. These two differences may induce significant changes reduction. Therefore, _the process and mechanism of formation
in the local interactions of constituent components in the reaction of the metal nanoparticles in the templates have not been well
systems and hence may cause dramatic changes in the reductio?l)('[)lorpfd at all. -
processes of metal ions and also the self-assembling processes, In this WOI’k’ we try to explore both the agsouaﬂon process
of metal nanoparticles. _of the_ G1-NH's themselves and the reduct!on process of Pd

In addition, we wish to note the difference in reducing agents. lons into Pd ator_ns'and the self-assembllng_process_ of Pd
Though almost all the previous studies have used relatively nanopgrtlcles. It. S important to note that this work is an
strong reducing agents such as sodium borohydride (NpBH extension of earlier studle_s reported by Nz_ika @t ah the self-_
hydrogen, ascorbic acid, etc., in this study we introduced no assembly of P_d_nanopartlcles and dendrimer aggregates in the
additional reducing agents other than methanol, which works system comprising G1-Nk Pd(OAc}, and methanol.
as a solvent and as a relatively weak reducing agent as well., Experimental Methods
This will cause the reduction of metal ions or salts to be much i ) )

2.1. Sample SpecimendVe used Pd(OAg)dissolved in DMF

slower, the rate of which may compete with that of the self- ;
assembly of the dendrimers mediated by metal ions or salts asand G1-NH (hereafter we denote thith generation of PAMAM

_binders for interdendrimer cross-linkings. I_f the reduc_tio_n rate ggn%mr;;? Véqgs%wf ?;oggi?esr;rsgdperggyhegﬁlown_lr_:ﬂgnﬁlsgrogfps
is faster than the assembly rate, the dendrimer association Mayje terated methanol is to enhance the scattering contrast for
not be fOI’med |f the Iatter IS faS'[er than the fOI’meI’, dend”mer dendrimersl Pd(OAQ) and Pd nanopartic'es as We” as to reduce
association may occur. The weak reducing power of methanol the incoherent scattering intensity. Again we like to note that Pd-
may not reduce the parts of Pd(OAd)olecules or ions which  (OAc), is hardly soluble in methanol, while G1-NHissolves well
strongly bind with the peripheral functional groups of the in both methanol and DMF. In Figure 1, we present the chemical
dendrimers, which in turn enhance the chemical stability of the structure of G1-NH which contains 8 primary amine groups, 6
dendrimer associations. If the dendrimer association comes intotertiary amine groups, and 12 amide groups, whose strength of

play, the association itself serves as templates for the chemicaftiractive interactions v¥ithf Pd(OAcpecreases in dthe %rder of
reaction. This situation may also make an in situ observation primary aminé groups, tertiary amin€ groups, and amide groups.

f th ducti h feasibl 2.2. Reduction of Pd(OAc) (Synthesis of Pd Nanopatrticles).
of the reduction _process much more ea_5| e . The procedure for synthesis of Pd nanopatrticles is shown in Scheme
So far, reduction processes of metal ions and the resulting 1 The two dilute solutions of Pd(OAC)N DMF (4.0 x 1072 M)

metal nanoparticles have been investigated mainly by transmis-(denoted as “solution A”) and G1-N#ih deuterated methanol (1.5
sion electron microscopy (TEM),47"2° UV—vis spectros- x 1074 M) (denoted as “solution B”) were independently prepared.
copy}* small-angle X-ray scattering (SAX$},1328and small- We mixed 0.35 mL of solution A and 3.5 mL of solution B and

24 hours
3.5mL

,/ngle neutron scattering (SANB)?2 However, the TEM
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a magnitude of the scattering vector, defined by
Pd(OAc):/ DMF

mixing

=4—”sin(g)
=752

with 6 being the scattering angle. The SANS coveregrange of
3 x 1072 < g < 2 nnTL. The obtained scattered intensity profiles
were corrected for background scattering, electronic noise of
detector, detector sensitivity, and transmission of the solution and
finally normalized with a porous aluminum plate, which serves as
a secondary standard, to obtain the differential scattering cross-
section &(q)/dQ in the absolute intensity scale (cA. The
scattered intensityX(q)/dQ2 was measured as a function of tirne
over a time period betwedn- At andt after onset of the reduction
reaction, where\t was set to be 1 h unless otherwise stated. The
scattered intensity at a given reaction time=(q;t)/d<, is evaluated
by an average over the period Af. The exactly same procedure
is applied to the acquisition of the SAXS intensity data also.

2.6. Time-Resolved SAXS Measurement.he reaction solution
for SAXS was placed in a sample cell with a Teflon spacer having
a thickness of 3 mm, both sides of which were sealed by Kapton
films. The SAXS was measured with an apparatus which consists
of an 18 kW rotating-anode X-ray generator (Bruker AXS K. K.,
Yokohama, Japan), and a one-dimensional position-sensitive pro-
portional counter (PSPC). The SAXS profiles were obtained with
as a spontaneous chemical reaction predictable from the electro-a camera length of 1200 mm to cover teange of 0.2< q < 2
chemical potential with respect to reduction of Pd(ll) and oxidation nm-1. The wavelength of the incident X-ray was 0.154 nm (Cu
of methanol. We should emphasize that, in this system, no specific Ka. line monochromatized with a graphite crystal). The obtained
reducing agents such as sodium borohydride (NgBtere SAXS profiles were corrected for background scattering and slit-
introduced, and the weakly reducing power of methanol was utilized height and slit-width smearings. The absolute SAXS intensity was

@

Quartz cell
controlled at 50 “C

Incident neutrop

Figure 2. Experimental setup for the time-resolved SANS measure-
ment.

heated the mixture at 5TC for 24 h. After the mixing, methanol
acts as a reducing agent for Pd(OA@&lcohol reduction of metal
ions has been already reported by Toshima and his co-wotkers.
The reduction of Pd(OAg)is known to proceed according to

Pd(OAc), + CH,OH — Pd(0)+ HCHO + 2CH,COOH (1)

to slowly reduce Pd(OAg) Initially solution A was transparent

obtained by the standard nickel foil meth@although the absolute

with a dark red color and solution B was transparent and colorless. intensity itself is not of primary importance in this study.

Immediately after the two solutions were mixed, the solution
became slightly yellow and slightly turbid, implying rapid formation
of dendrimer associations as will be clarified later. With increasing

2.7. Combined SANS and SAXS MethodWe should note that
the scattering contrast for a given system is generally different for
the SANS and SAXS methods. Thus, the superpostion of the SANS

reaction time, the solution turned gradually brownish and more and SAXS profiles in the combined SAS method can be obtained

turbid, indicating formation of Pd nanoparticles.
2.3. UV—vis Spectroscopy.To confirm the formation of Pd

only after normalizing the ¥dQ values for both SANS and SAXS
in the absolute intensity scale by the corresponding scattering

nanoparticles and also to investigate local interactions between Pd-contrast, Ap)?sans and (Ap)2saxs. In the actual experimentszd

(OAc), and G1-NH in the reaction medium during the reduction
process, UV-vis spectroscopy was measured. The-tis spectra

dQ vs g for SANS in the double-logarithmic scale is shifted
vertically from that for SAXS in order to obtain the combined SAS

will provide us information on the coordination state of Pd(OAC)  profile in the absolute unit of the SAXS. It is important to note

with G1-NH;, such as the coordination number and coordination that parts of the SANS and SAXS profiles had a sufficiently wide

structures. g range where they superpose each other in order to ensure accuracy
2.4, WAXD Measurement. A wide-angle X-ray diffraction of the vertical shift. This method for obtainingX@iQ)saxs from

(WAXD) measurement was also performed, to confirm the forma- (d¥/dQ)sans corresponds to the manipulation given by

tion of Pd nanoparticles. Because of the low average concentration

of Pd nanoparticles, as will be discussed later in section 5.4, we

2
could not obtain WAXD profiles of sufficient diffraction intensity E(q) — (Ap) saxg d_Z(q) @)
for the colloidal solutions to judge whether Pd nanoparticles were dQ* " ]saxs (Ap)ZSAN dQ" ™ ]sans

formed or not. Therefore, the solution obtained at 24 h after onset
of the reduction was solidified into black solid products for the
WAXD measurement by evaporating the solvents. Details of the
WAXD apparatus have been described elsewPetEThe WAXD
profile was corrected for background (empty cell) and transmission.
2.5. Time-Resolved SANS Measuremenk detailed procedure
for time-resolved SANS measurement is schematically summarized
in Figure 2. After the two solutions were mixed, the reaction
solution was transferred into a quartz cell with a thickness of 2
mm, followed by a time-resolved SANS measurement within less
than 90 s. During the time-resolved SANS measurement, the
reaction solution in the cell was placed in a temperature enclosure
controlled at 50°C with an accuracy oft 0.5 °C. We measured
SANS with a SANS-J spectrometer at the Japan Research Reacto
(JRR-3) of the JAEA (Japan Atomic Energy Agency), Tokai, Japan.
The incident neutron beam was monochromatized to have an
average wavelength of 0.65 nm with a distribution oAJ/A =
12%. The scattered neutrons were detected by a two-dimensional3 Results
SHe position sensitive detector that was 0.58 m in diameter. The ™
obtained two-dimensional scattering patterns were radially averaged 3.1. UV—vis SpectroscopyFigure 3a shows the time change
to obtain scattered intensity profiles as a functiomofvhereq is in the UV—vis spectrum during the reduction process in solution.

where (Ap)sans and (Ap)saxs are respectively the scattering length
density and electron density.

2.8. TEM Observations. Two samples were prepared in order
to investigate the time dependence of structures as observed by
TEM. One was the sample obtained from the reaction solution at
t = 0 (less than 10 s after mixing the two solutions). The other
was the sample obtained from the solutiont at 48 h after the
onset of reduction (or mixing the two solutions), as a representative
of the samples sufficiently reacted. A drop of each solution was
placed on a copper grid, and the solvent was gradually evaporated
under atmospheric pressure at room temperature. Because metal
panoparticles themselves have sufficient contrast against their
matrix, we did not have to conduct specific staining prior to TEM
observations. TEM observations were performed with a JEOL JEM-
2000FX instrument at an accelerated voltage of 120 kV.
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0.5

0.4 is not a main theme of this work and we have only qualitative
(1) PA(OAC), /G1-NH, /1,0 information about it. As already described in section 2.2,
(2) Pd(OAc),/G1-NH, /CH,CN immediately after mixing the two solutions A and B, the

_ dendrimer associations are formed, which is followed by a slow

(@ @r=10h
041 (3)r=4h" 0.3
2)t=1h |
(1)t=0h

Absorbance
Absorbance
=)

(3]

T

02 @ reduction of Pd(OAg)and formation of Pd nanoparticles. The

0.1 3@ . 01F N\ 1 il results of UV-vis spectroscopy (see section 3.1) revealed no

0.0 n 0.0l clear evidence for the ligand to metal charge-transfer complex-

200 250 300 350 400 200 250 300 350 400 ation of Pd(ll) ions to the amine groups of G1-MNthroughout
Wavelength (nm) Wavelength (nm) the self-assembling process as described above. This suggests

Figure 3. (a) Time evolution of the UVvis spectrum during the  that most of the Pd(OAg)molecules do not fully dissociate
reduction process. (b) Effect of solvent on the YW¥s spectrum for into Pd(Il) ions and OAC ions; rather, they exist as acetate
the mixture of Pd(OAg)and G1-NH. salts and associate with functional groups of G1,NiHhey

were not reduced, throughout the self-assembling process.

2 1 [ 1 The results of WAXD measurements at the end of the
- reduction (see section 3.2) indicated that the palladium in the
Elu" - (L) nanoparticles essentially has an oxidation state of Pd(0). In a
z \, (200 separate experiment we found that an amount of Pd(©ét)

g _*/ “*w‘f\k to 1.6 times that of the peripheral amine groups in the dendrimer
g1 ',HW‘-“'FWW is dissolved in the reaction system without reduction. The
i TR reaction system turned black beyond this concentration of Pd-
102 1 L 1 (OAc),. This indicates that a fraction of Pd(OAc)s not
40 43 30 33 60 subjected to reduction but rather acts as binders between the
26 (degree) amine groups or strongly associated with the amine groups, the
Figure 4. WAXD profile for the powders of Pd nanoparticles. rest of the fraction is subjected to reduction. This result together

with the results from UV-vis spectroscopy and WAXD may
We can find a continuous increase in absorbance at the higherindicate the following points concerning the oxidation state.
wavelength region ofl > 250 nm. At the lower wavelength ~ Most of Pd(OAc) acting as binders remain as acetate salts,
region ofZ < 250 nm, on the other hand, we can find an upturn while most of the reduced Pd(OAc)molecules have an
of the absorbance with decreasihgHowever, we cannot detect ~ oxidation state of Pd(0) in the Pd nanoparticles.

a clear absorption maximum due to the complex formation 3.4 Time-Resolved SANS and SAXS Measurements. 3.4.1.
between Pd(ll) ions and amine groups of the dendrimer, which pMeasured Profiles for SANS and SAXS.Parts a and b of
is of the type as shown in spectrum 1 in Figure 3b. Figure 3b Figure 5 show the time-resolved SANS and SAXS profiles at
shows the corresponding spectra for Pd(QAm)d G1-NH in several representative reaction times, respectively. In Figure 5a,
H20 (spectrum 1) and in G4N (spectrum 2) for reference. e can observe SANS scattering intensity, in excess of the
Note that the both systems are free from reduction. SpeCtrUm laverage intensity from a homogeneous solution to be defined
in Figure 3b for the aqueous solution clearly shows a peak atjmmediately below (designated as “homog. soln.” and labeled
265 nm, corresponding to a ligand to metal charge-transfer bandpy + symbols in the figure) at the lowey region ofq < 0.2
associated with complexation of Pd(ll) to the amine groups of nm-1throughout the reaction process. The average intensity was
the dendrimers. The |Igand to metal Charge-transfer band of thedefined here as the Weigh’[ed average of the intensity from the
palladium(ll) complex with N,N'-bis(2-aminoethyl)-1,3-pro-  homogeneous solution A and that from the homogeneous
panediamine was reported to appear at 284 nm in aqueoussplution B. Here the relative weight was determined on the basis
solution34 The maximum is less obvious in spectrum 2, obtained of the volume ratio of each solution upon mixing (035 mL/3.5
for a nonaqueous medium. Thus, we conclude that the complexm|, as indicated in Scheme 1). The average intensity was
may not be formed in the nonaqueous medium employed in accurately obtained only in the higiregion ofq = 0.13 nntt
this study. This conclusion is supported by a previous report and found to be independent qf The broken line represents
claiming that salts of the transition metals Pd(Il) and Cu(ll) do the average intensity extrapolated to theegion ofq < 0.13
not complex with functional groups of poly(propylene imine) nm-1. The excess scattering at < 0.2 nnt! was already
(PPI) dendrimers in nonaqueous meditfiThe metal salts are  gpserved in the profile measured in the period between 0 and
driven into PPl or PAMAM dendrimers by differential solubili- 5 min after mixing the homogeneous solutions A and B, but it
ties3>30 exhibited almost no time dependence after 5 min, reflecting
3.2. WAXD Measurement. Figure 4 shows the WAXD evolution of stable structures of more than 30 nsa Z7/qy
profile for the powdered samples as obtained by the methodwith g, = 0.2 nnt!) in the characteristic length scale
described in section 2.4. We can find two peaks@&t242.5 (designated hereafter “large domain” or “domain template”)
and 48, indicative of the diffractions from the (111) and (200) formed in the reaction medium on a time scale of less than
planes in a face-centered-cubic (fcc) crystal structure of Pd min. The estimated average scattering intensity is considered
atoms, respectively. The line width of each diffraction was to be mainly caused by incoherent scattering of the reaction
found to be consistent with the size of nanoparticles as system.
elucidated elsewhefé.Thus, the formation of Pd crystals was One might suspect that the trend that the SANS from the
clearly confirmed. This may suggest also the fact that palladium gomain template does not change with time in the time scale
in the nanoparticles essentially has an oxidation state of Pd(0).covered in this experiment implies that the SANS reflects some
3.3. Oxidation State of Palladium in the Reaction System. impurities present in the system rather than the domain templates
It may be worth noting or summarizing briefly oxidation states themselves. However, this suspicion is clearly removed by the
of palladium in both Pd nanoparticles and the dendrimer following pieces of evidence. (1) Solutions A and B before
associations at this stage, although the elucidation of the statemixing are clear homogeneous solutions which give rise to no
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Figure 5. Time evolution of (a) SANS profiles and (b) SAXS profiles after mixing the two solutions as well as SANS and SAXS profiles for the
average scattering intensity from the homogeneous solution (see details in the text).

excess scattering beyond the incoherent scattering level; transincoherent scattering and the TDS, both of which essentially
lucence of the mixed solution appears quickly only after mixing correspond to the average intensity of the two homogeneous
the two solutions, indicating that the template will be formed solutions, from a series of the observed time-resolved SANS
quickly after the mixing. (2) At a given concentration of Pd- and SAXS profiles, respectively, as will be detailed elsewhkere.
(OAC),, [Pd(OAC)] = 3.6 mM, and with a fixed ratio of [Pd- The two corrected SAS (SANS plus SAXS) profiles at a given
(OAc);] and concentration of total terminal amine groups of time after the mixing of the two solutions were smoothly
dendrimers +NHy], r = [Pd(OAc))/[ —NH] = 3.33, we found superposed on each other by a vertical shift of the SANS profile
that the size of the template systematically decreases withrelative to the SAXS profile to construct the combined SAS
increasing generation number from 1 to 3, as will be detailed profile, as detailed in section 2.7 and ref 41. An appropriately
in a paper to follow?® although in all of the cases the template wide overlappingy region of 0.1< g < 0.2 nnm1in the SANS
formation quickly occurs less than 5 min after mixing. (3) Ata and SAXS profiles enables us to accurately obtain the combined
fixed concentration of Pd(OAg)[Pd(OAc)] = 3.6 mM) and profile.
for G1-NH,, we found that there is a critical concentration of 3.4.3. Time-Resolved Combined SAS Profilessigure 6a
[—NH;], above which the templates cannot be formed and the presents the time evolution of the combined SAS profiles in
_dendrlmers are isolated in _the solution, as will _be also detailed the absolute intensity scale of SANS during the reaction process,
in a later papef? (4) Similar template domains were also which are constructed according to the method as described
observed by Naka et &3 _ . above. In the figure, we present only five profiles at representa-
Figure 5b shows the time change in the SAXS profiles. The tjve reaction times for clarity (to avoid overlapping). In Figure
SAXS profile for the estimated average scattered intensity from gp is shown the time change in the scattered intensity at the
the two homogeneous solution A and B (profile 1, defined as o representative values of 0.04 and 0.6 nm, as indicated
“homog. soln.”in the figure legend) is also shown by the symbol py the arrows in Figure 6a, during the whole reaction process.
(+) in the g region ofq = 0.5 nnT™. In the lowerg region of Figure 6b contains all data points measured in this time-resolved
q < 1.5 nnt?, the SAXS scattered intensity in excess of the stydy, in addition to the data plotted Figure 6a. From the time
average intensity is always detectable throughout the reactionchange in the scattered intensity, we can find that the scattered
process. The excess scattering in the pregion ofq < 0.15 intensity at the lowg value ofg = 0.04 nnTtis nearly constant
nm~* shows almost no time change, as in the excess SANS yith time, though a slight decrease can be recognized. In
scattering observed in the same lowegion. In contrast, in - contrast, the scattered intensity at the higalue ofq = 0.6

the higherq region ofg > 0.2 nnT*, we can find a steady  pnm1 increases by more than 10 times when the reaction time
increase of the SAXS excess scattered intensity with increasingis increased.

reaction time. The increase in the scattered intensity is expected
to originate from creation of the Pd nanoparticles in the reaction
solution, as will be detailed later. The increase in the average
scattered intensity toward higheris due to thermal diffuse

scattering (TDS) arising from the homogeneous solution. The
TDS intensity level can be estimated by the following semiem-
pirical relationship proposed by VorfR,as shown by a broken

3.5. TEM Observations.Parts a and b of Figure 7 present
typical TEM images observed at= 10 s and 48 h after onset

of the reaction, respectively. In Figure 7a, we can see dark large
spherical domains with an average diameter 6f B0 nm. Some

of them seem to be interconnected with each other, which is
believed to be artifacts resulting from a structural change in
the solvent evaporation process to prepare the film specimens

line: for the TEM observation. However, the large spherical domains
are believed to be free from artifacts developed during the
lrps(d) = a+ bd’ 4) solvent evaporation process. One might suspect that the domains
observed by TEM arise from the fast evaporation of methanol
wherea, b, andn indicate constant values. and slower evaporation of DMF. However, since DMF itself is
3.4.2. Correction of the SAXS and SANS Profiles and a good solvent for both dendrimers and Pd(QAtt)is suspicion
Construction of the Combined SAS Profile. For further is ruled out. Moreover, the solution obtained by mixing the two

analysis of the scattering profiles, we have to first subtract the homogeneous transparent solutions A and B became translucent
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[
g 5| 1.5 ‘a containing nanoparticles being interconnected to each other,
1l 10 10 although it has not been clearly judged whether the domains
> 5 are isolated from each other or are interconnected in the actual
N 107 L (b) {10 - reaction solution by the TEM images alone for the same reason
R N SN described above. This point should be best analyzed in situ in

10° 10" 10% 10° the solution by the scattering method proposed in this paper.
Time (min.)
Figure 6. (a) Time evolution of combined SAS (SANS plus SAXS)
profiles during the reduction process. (b) Time change in the scattered 4.1. The Scattering Function Appropriate for the System
intensity atq = 0.05 and 0.6 nm. of Interest. We aim to analyze scattering profiles from such a
specific structure having a complicated hierarchical structure,
as shown in Figure 7b. In order to properly analyze the scattering
profiles, we assume a simplified model as depicted in Figure
8a, which schematically illustrates an assembly of nanoparticles
in a template. The average radii of the nanoparticles and the
template are denoted &Ryano and Remp respectively. The
template is an aggregate of palladium acetate and G3i-NH
swollen with solvent and is dispersed in the matrix of solvent.
Figure 8b indicates the scattering contrast profile across the
e S e assembly along the vectblin Figure 8a.
(a) 100nm : 100nm On the basis of the well-established small-angle scattering
. . ] ] i ) theory#2-44we derived the theoretical scattering functiggyer
Figure 7. Typical TEM images obtained from solution (a) just

after mixing (less than 10 s) of solutions A and B (b) 48 h after (q) _appli(_:able to_oursystem, which cqmprises isola_te_d templates
mixing. giving rise to independent scattering. The validity of the

assumption concerning the independent scattering will be given
soon after mixing, indicating the existence of large domains in N S€ction 5.4. The scattering function per single templagr
the solution even before solvent evaporation. At any rate, it is (@), is given by*
crucial to explore in situ the structures existing in the solution
by means of SANS and SAXS. This point will be discussed in
section 5.

Figure 7b shows a typical TEM image &at= 48 h, where
numbers of small particles with average diameters of several whereSemdq) andS,and) indicate scattering functions for the
nanometers (nanoparticles) are confirmed to exist within the templates and the nanoparticles, and the symbol * denotes the
large spherical domains as found in Figure 7a. Moreover, it is convolution product of the two scattering funcitons. In the case
found that almost all nanoparticles are trapped inside the when Reemp > Rnano Semd) can be approximated by the delta

spherical domains. The spherical domains seem to serve as dunction, o thatexca(q) is given by an approximated function,
template which entraps and stabilizes the nanoparticles. It IS 14pproX(@), as detailed also in ref 41:

also noted that, with increasing reaction time, the size of the

templates does not change but is rather kept almost constant,

though the relevant TEM's as a function of reaction time are |approd @ = Vipo™
not shown here. Again, we can notice some of the domains

4. Scattering Theory

— 2
I exac(q) - thO

2
Semd) + %%emp(q) . snanc(q)‘ (5)
0

2
Sem{) + —2’ ZDSnan((q)‘ 6)
0
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In egs 5 and 6Y; and po denote the volume of the template 1 (R— RJ)Z
and an average scattering contrast for the template containing PR =——exg— — (12)
nanoparticles, respectively. The latter is given by V2ra, 20,

Po = Pnandnanot (1 — PrandPt (7) ./(‘) PyR)dR=1

where ¢nano pnano and p; denote the volume fraction of where J is the suffix nano or temgRano and Remp are
nanoparticles in the template and the scattering contrast of therespectively the number-averaged radii of nanoparticles and
nanoparticle and that of the template, respectively. The volume templates, an@ano and otemp are standard deviations of the

fraction ¢nano IS given by size of nanoparticles and templates from the average values,
respectively.
Drano= NrandRuandRiem QB (8) 4.3. Numerical Analysis for Validity of the Approximated

Scattering Function | approx(d). We examined the validity of
the approximated equation (6) by numerical calculations and
by comparisons dfaxac{q) andlappro{0) for five different values
of rr = RemdRnanounder the conditions where other parameters
are fixed, as detailed elsewhéfeThe results confirmed that
lapproX(d) given by eq 6 is valid in the case 0 = RemgRnano
5 > 15. This criterion is well satisfied in this study because the
@°0 (Pnano— PY) average radii of the templates and the Pd nanoparticles are
2= 2 Prandl — Pnand 9) estimated to be 30 and ca. 2 nm, respectively, from the TEM
Po Po image in Figure 7b. Therefore, we can employ the approximated
equation (6) for further quantitative analysis of the series of

The approximation used in eq 6 will be justified only when ime-resolved scattering profiles, as given by Figure 9.
Remp > Rnanois satisfied, as clarified later. It is worth noting

that in this case small-angle scattering from the complicated ) )
structure as depicted in Figure 8a can be expressed by a>- Discussion
weighted sum of two scattering functions: (i) the scattering
function for templatesSemdq) and (i) that for nanoparticles

where Nnano denotes the total number of nanoparticles in the
template. In egs 5 and 67?0 denotes the mean-square
fluctuations for the spatial variation of scattering contrast in
the template as shown in Figure 8b. ThiiEpe? is given by

5.1. Time Evolution of Hierarchical Structures. In order
to investigate quantitatively the time evolution of both the
Shand0)- templates and the Pd nanoparticles, we further analyzed the

One should note that only the termg and j?pe* depend experimental scattering profiles by using the theoretical scat-
on incident beam source: X-ray or neutron. This factor should tering function given by eq 8. In Figure 6a, the dotted lines
be correctly taken into account when the combined SAS show the predicted scattering profiles best-fitted with the
scattering curve is constructed, as already pointed out in sectionexperimental profiles. It is found that the observed scattering
2.7. profiles can be well reproduced by the approximated function

4.2. Scattering Function for Nanoparticles and Templates.  (€d 8), implying that the templates are spherical and are isolated
Let us Cons|desem‘{q) and Swanc(Q) in eqs 5 and 6. We can fl’om one .another. ThUS, the.inte.rconnection Of the temp|aleS
assume that both nanoparticles and templates have a sphericgbserved in the TEM images in Figure 7 may be brought about
shape, judging from the TEM images in Figure 7a,b. Hence, du_rlng the solvent evaporation of the solution on the microscope
the two scattering functiorSemdd) andSandd) can be written grids.
as In order to highlight the characteristics of each scattering

profile and the accuracy of the best-fitted scattering profiles
o[ 4727712 ) more clearly than Figure 6a, we present Figure 9, where each
S(g) = CN, 0 [T] [®(gR]P«R) dR (10) profile was vertically shifted to avoid an overlap. The scattering
profile obtained from 0 to 5 min after mixing the two solutions
tends to exhibit the asymptotic behavior@f* at 0.1< g <

where 0.5 nnm! (Porod's law), indicating the scattering from templates
with a smooth surface and a sharp boundary normal to the
d(qR) = 3 3[sin(qR) — (gR) cos@R)] (11) surface?® The profile tends to exhibit an upward deviation from
R Porod’s law afy = 0.5 nnt%, which is elucidated to arise from
SandQ): the formation of nanoparticles inside the template gives
and the suffix J refers to the suffix nano or ten\emp is the rise to the excess scattering to the scattering from a homoge-

total number of template®nand R) andPemdR) are normalized neous templat&emdq) in the highq range. With increasing
distribution functions, which give respectively the number of reaction time, the excess scattering fr&wand0) increases, so
nanoparticles and templates having a radiuRaindC is the that Porod’s law can be discerned in a narroweange, because
proportionality constant independent @fassociated partially ~ the upper bound of| for Porod’s law decreases. Porod’s law
with the scattering contrast. It should be noted that in eq 10 we finally becomes invisible for the profiles obtained later than 6
implicitly assume both nanoparticles and templates have noh after the mixing. Instead, we can find another Porod's law
spatial correlation with each other: i.e., the scattering intensity behavior in a much higheg range ofq > 1.0 nn1%, which is
from nanoparticles (or templates) can be expressed by a sumdue to the asymptotic behavior &and) arising from the

of the scattering intensity from isolated nanoparticles (or nanoparticles. The broad maximum labeled by the arrow is
templates). The legitimacy of this assumption will be discussed found to arise from the form factor of the template.

in section 5.4. In eq 10 we assume that bethdR) andPemy The best fit yielded information on time changes in bBghp

(R) have a Gaussian distribution defined by and Rnano during the reaction process. The time evolutions of
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G1-NH,. This would not occur in the earlier studi¥s?? which
dealt with the case of single dendrimers acting as templates:
i.e., the case of reduction of metal ions encapsulated in an
isolated single dendrimer and formation of metal particles in
the same dendrimer. In this case we expect®at,is smaller
thanRy. In our case, however, metal particles formed in one
dendrimer can interact with those formed in another dendrimer
within the dendrimer aggregate as a template, soRhatcan

be larger tharRy. It is intriguing to note that the slowdown in
the growth ofRyanoatt > 520 min corresponds to the case where
Rnano becomes larger tharRg.

The time period of 0< t < 120 min appears to correspond
to the incubation period for the growth &an, and after this
period, an accelerated growth&f,,owill take place. Interpreta-
tions of this intriguing behavior deserve future sutdy. It may
be worth noting that even in the early stages the scattered
intensityl(q = 0.6 nn1T1) from the nanoparticles increases with
time, as evidenced by Figure 6b (open circles). This may imply
that the number of Pd nanoparticles may increase with time in
the early stages. It should again be emphasized that the size of
the templates is hardly affected by the growth of Pd nanopar-
ticles. Thus, we can demonstrate that the formation of the
templates is almost completed within 5 min after the mixing of

Figure 9. Theoretical scattering profiles calculated from eq 8 (shown the two solutions and beginning of the reaction, and the
by dotted lines) best-fitted with the experimentally obtained SAS reduction of Pd(OAg) and the resulting formation of Pd

profiles (shown by symbols). The profiles are vertically shifted to avoid Nnanoparticles proceed rather slowly within the templates of the
their overlaps in order to highlight detailed features of each profile dendrimer associations. The relative standard deviation for the

and to clarify the state of the best fits. template Siz@remyRempremains constant with time at 0.2, but
. 5 that for the nanoparticle SizgandRnanodecreased from 0.65 to
10 g ' T3 0.5 with time.

i n—’D—“‘E’m 5.2. Self-Assembling Processlhe observed time changes

in RempandRyanoWill enable us to visualize the self-assembling
process of the dendrimer templates and Pd nanoparticles, as
summarized in parts-ad of Figure 11: Figure 11a schematically
100 illustrates a homogeneous solution of Pd(OAahd G1-NH
I in the solvent composed of DMF and methanol, where Pd(®Ac)
10' 10° 10° and G1-NH are denoted by dots and crosses, respectively. The
Time (min.) schematic illustration approximately takes into account the
: : . : : : relative number and size of Pd(OA@nd G1-NH as follows.
E‘nﬂfjgnl(? 'teTr;”;f;?dV;: :;'On of average radius of palladium nanoparticles Pd(OAc), having a characteristic size of approximately 0.16
nm, is much smaller than G1-NHhaving a characteristic size
(2Ry) of approximately 1.5 nm, by about a factor of 10. Since
G1-NH; has eight primary amine groups angk [Pd(OAch)/[—
NH;] = 3.3 as shown in Table 1, [Pd(OA#]G1-NH;] =
r[—NH2]/[G1-NH;] = 3.3 x 8 = 26.4, so that the number of
Pd(OAc) groups is much larger than that of G1-MNHFigure
11b schematically illustrates the formation of spherical templates
f comprising self-assembled Pd(OA&nd G1-NH in the solu-
tion, prior to the reduction of Pd(OAg)Figure 11c schemati-
&ally illustrates the reduction of Pd(OAc)ithin the template
into Pd(0) atoms and their self-assembly into nanoparticles
having an average diameter of 1.2 nm in the early stage. Figure

different from that encountered in most of the previous relevant l.ld shpws the fu_rther progress of the redgctlon reactlon,_wh|ch
studiesté25 gives rise to an increased number and size of nanoparticles.

As for the time change iRnano it increases from 0.6 to 2.0 During the course of formation and growth of the Pd
nm with the reaction time. Althoughs decreases from 50 to nanoparticles, the template structure and size are kept constant.
15 with the time, the range ok still ensures the validity of ~ The t_emplates provide stable spec_ific fields for the reduction
using lappro{d) in eq 8 for the scattering analysis. It is also reaction of Pd(OAg)and for the unique self-assembly of Pd-
noteworthy that at the early stage of<0t < 120 min, Ryano (0) atoms into Pd nanoparticles.
shows an almost constant value of ca. 0.6 nm, and only after  5.3. Mechanism of the Self-Assembly of Dendrimer
= 120 min a gradual increase of its value becomes obvious: aTemplates and Pd Nanoparticlesin this section, we wish to
rapid increase firstR,ano~ tY2for 120 < t < 520 min), followed discuss possible mechanisms of the self-assembly of the
by a slow increaseRpano~ t¥3 for t > 520 min). It should be dendrimer templates and the Pd nanoparticles. We wish to
stressed that the vali®anocan be larger than the valiry for address questions on why the spherical template structures are
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Reemp and Rnano thus estimated are presented in Figure 10.
Surprisingly enough, at all time regions covered in this study
(5 < t < 660 min),Rempshows an almost constant value of 30
nm, quite consistent with the size observed in the TEM images
in Figure 7a,b. It is important to note here that the evaluated
size of the templateBempis larger than that of one dendrimer
molecule by a factor of 40, because the radius of gyration o
G1-NH; (Ry) is theoretically calculated to be 0.75 rffnThis
suggests that the template structures observed in this study ar
composed of many dendrimers and Pd(QAa$ binders for
the interdendrimer association, which is a situation totally
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Figure 11. Summary of self-assembling processes of the dendrimer templates and Pd nanoparticles as elucidated from the combined SANS and
SAXS method.

formed and what kinds of physical and/or chemical factors are binders and the domain templates will be broken. Thus, a
crucial for controlling the templates. fraction of Pd(OACc) is not subjected to reduction but rather is
First, let us consider the interactions among G1,NPd- kept to act as binders between the amine groups, and the rest
(OAc),, DMF, and methanol. As briefly mentioned in sections Of the fraction is subjected to reduction, as already pointed out
3.1 and 3.3, the UVvis spectra reveal that most of the Pd- in section 3.3. If the reducing power is stronger than the
(OAc), in the reaction solution remains as acetate salts. They attractive interactions, Pd(OAcyvill be reduced so that the
are expected to be solubilized in the interior space of dendrimersinterdendrimer cross-links may be destroyed, as previously
and are associated with the functional groups, though the 'eported by Naka et al. in the case of using Nafid a strong
association strength depends on the types of functional groups.reducing agent?
Since the total number of the functional groups per single  Formation of the dendrimer templates is favored by energetic
dendrimer is 26 and our experimental system has the stoichio-interactions, while it is disfavored by loss of entropy: (i) the
metric relationship [Pd(OAg)[G1-NH;] = 26.4, most of the translational entropy of the dendrimers and Pd(QAs)d (ii)
Pd(OAc) in the system will be solubilized in the interior space the conformational entropy of the dendrimers. The latter occurs
of the dendrimers and associated with the functional groups, asbecause the interdendrimer cross-links via the interactions
illustrated in Figure 11 which is an enlargement of Figure between the amine groups and Pd(CAnyolves distortion of
11b, where the dendrimer is shown by solid lines and only some the dendrimer conformation or a loss of conformational freedom
of the Pd(OAc) are shown by gray circles. The solubilization of the dendrimers. The template of the dendrimers may be
and association of Pd(OAc)n G1-NH, may occur, because formed as a consequence of the energetics outweighing the
attractive interactions of Pd(OAgjvith the functional groups  entropy. However, the template may not be grown into infinitely
in the dendrimer, which may be due to iedipole and/or large objects but rather be stabilized at a certain finite size (about
dipole—dipole interactions, are stronger than the following two 60 nm in diameter under these experimental conditions). This
attractive interactions: attractive interactions between Pd(©Ac) is because, as templates become large, the effective contact area
and DMF and attractive interactions between the functional between the two templates per total surface area of the template
groups of the dendrimers and DMF or methanol. becomes small. This reduces the effective binding force con-
This association of Pd(OAgwith the functional groups of necting two template_s via attractive interactions betw_een Pd-
the dendrimer will in turn suppress the miscibility of the (OAC). and the amine groups belonging to the different
dendrimers with the solvents (DMF and methanol) and the dgndnmers, as illustrated in E|gure 12. As a consequence, the
miscibility of Pd(OAcy with DMF and hence provide a binding force be_comes relatively weaker than the random
thermodynamic driving force for formation of the templates thermal force acting on templates.
comprising the dendrimers and Pd(OA&ps shown in Figure Pd(OAc) molecules which are weakly associated with the
11b,8. The primary amine groups in the periphery of the functional groups will be reduced into Pd(0) atoms. The atoms
dendrimers have the strongest attractive interactions with Pd-thus formed are less interactive with the templates than Pd-
(OAc),, in comparison with the other functional groups in the (OAc) and undergo vigorous Brownian motion in the templates,
dendrimer. Those interactions of Pd(OA®yith the primary which corresponds to a gaseous state for Pd atoms, and these
amine groups which belong to different dendrimers dominantly coalesce with other atoms to form small nanoparticles having
act as cross-links between different dendrimer molecules, asRnano= 0.6 nm, as shown in Figure 11c, the process of which
schematically illustrated in the left half of Figure 11Bhe weak ~ may change Pd atoms from the liquid state to the solid state.
reducing power of methanol also should be crucial for keeping  The small nanoparticles will further grow in the medium of
the interdendrimer cross-links, because the reduction power maythe templates via coalescence with other small nanopatrticles or
not be strong enough to reduce Pd(OAajting as binders. If Pd(0) atoms newly reduced. However, as the particles become
Pd(OAc) salts as binders are reduced, they will not act as larger than the size of the dendrimers, Brownian motions of
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solutions. In this particular work, Pd(OAcin DMF and G1-
NH, dendrimer in methanol are used as the two stable solutions.
The mixing of the two solutions imposes energy on the system
Templates Templates which triggers both self-assembly and chemical reactions for
some components in the system, thus giving rise to a strong
Pd(OAc), interplay between the chemical reaction and the self-assembly
of molecules in the system. In the particular system we studied,
the unique self-assembly involves first aggregation of the
dendrimers via interdendrimer cross-linking, for which Pd(QAc)
acts as a binder, and subsequently self-assembly of Pd(0) atoms
as a reaction product into Pd nanoparticles. The dendrimer
aggregates act as a template which provides a special field (or
a specific site) for the chemical reaction involving reduction of
Pd(OAc) into Pd(0) atoms and for the self-assembly of Pd(0)
atoms into Pd nanoparticles. In this c&bgnocan exceedry of
the single dendrimer, as pointed out in section 5.1. The
] ) nanoparticles are stabilized in the template, because their growth
the particles are slowed down and eventually pinned, becauseyr agglomeration involves free energy cost arising from the
the translational motion causes deformation of the dendrimers g|astic deformation of the dendrimers and fracture of the
and destructions of the cross-links in the templates and gendrimer network in the template. In other words, the growth

re-formation of the new cross-links, thus involving the costs of of R, ,is unfavorable wheRano> 2Ry, causing the suppressed
mechanical and thermodynamic work. Grown particles as large growth rate.

as Rnano= 2 nm will be therefore entrapped and stabilized in
the template, as schematically shown in Figure' 2\ should 7. Perspectives
stress that the stabilization mechanism of nanopatrticles in this
system is quite different from that reported in the previous
studies: i.e., the stabilization of metal nanoparticles via
encapsulation in the interior space of single dendrimers.

In our system, templates may be deformed into anisotropic

LNH,*" “H,N-

Figure 12. Schematic illustration of the origin of the binding force
between the dendrimer templates.

In addition to clarification of the self-assembling process and
the mechanism of the dissipative structures as described above,
this work may also elucidate a new method for stabilizing
nanoparticles trapped in the dendrimer aggregates (templates)

shapes and oriented upon exposing various external fields sucHn contrast with the traditional method, which involves stabiliza-
tion of a single nanoparticle trapped and stabilized by a single

as mechanical fields, electric fields, magnetic fields, and so on. ) . ) )

The nanoparticles themselves also may be aligned under thedendrimer. 'I_'he'metal nanopartlcles trapped n the dendrimer
external fields. Manipulations of the self-assembly based on the ©€MPlates will give perspectives for further alignments of the
principle as described here may be quite useful for creating templ_ates and nan(_)parncles under _exterr_1a| fields Sl.JCh. as_shear
controlled, advanced materials. flow field and electric field. The manipulation of the dissipative

5.4. Estimation of ¢emp and ¢nano. We shall evaluate the structures under the external fields may be conducted during

approximate volume fraction of dendrimer aggregate (template) a}nd/ or afltderbthe sglf-ass?rlrl?llng prr?cessgs. lThe tempollate fpbrn:ja-
in the solution ¢wemp and volume fraction of Pd nanoparticles tion wou e quite useful for such manipulation as describe

within the templatesgnano From the experimental conditions ~ 3°9V€- o

of [Pd(OACY)/[G1-NH;] = 26 and [Pd(OAG) = 3.6 mmol/L, _ This unique s_,elf-_assemt_)ly was brought about primarily by
we obtain [G1-NH] = 3.6/26= 0.14 mmol/L. With this value, (i) strong attractive interactions between G1-Nid Pd(OAG)
together with the radius of gyration for G1-Miaf 0.75 nm?¢ in the reaction medium, (i) a large valuerof [Pd(OAc)]/[—

we can evaluate the total volume fraction of G1-Nid the NH], and (iii) a weak reducing power of methanol for Pd-

solution, ¢c1, as¢e1 = [47/3 x (0.75f] x [0.14 x 1073 x (OAC), associated with C_%l_—N&:I These pieces of information
[6.02 x 10%3/10%* = 1.49 x 10PY10?* = 0.015 vol %, noting would be useful for sophisticated controls of the templates and
that 1 L = 10 nnB. ¢remp < ¢c1, because some of the nanqparticles. For example, as a consequence of thg present
dendrimers may exist in the solution free from the large Studies, we can expect that changing the paranmetelf give
dendrimer aggregates. Thusempis an extremely small value,  the following effects: increasing above a critical value will
and hence the dendrimer templates are expected to be welleésultin precipitation of unstabilized large Pd particles; decreas-
isolated from each other. ing r by the way of increasing{NH_] via increasingsN under

The valuegnano can be evaluated from the mass density of @ constant [Pd(OAg) will decreaseRemp but increaseRnang
Pd particles £12.02 g/crd), the molecular weight of Pd  decreasing below a critical value will result in formation of
(=106.4 g/mol), and [Pd(OAg) (=3.6 mmol/L): ¢nano= (3.6 isolated cjendrimers encapsulating a single Pd nanopatrticle. A
x 1073 x (106.4/12.02)/(1.4% 10?9 = 0.21 = 21 vol %. systematic study of these effects@N andr on RempandRaano
This is the maximum value obtained in the case when all Pd- Will be reported in a later papé?.The combined SAS method
(OAc), molecules are reduced into Pd(0) atoms and aggregatedWas demonstrated to be quite useful for the self-assembly of
into the Pd nanopartic|es 0Rnano = 0.6 Nm as observed by mesoscoplc-scale structure In open noneqUIllbl’lum systems.
SAXS. Since there are some Pd(OAo)olecules which may
not be reduced into Pd(0) atoms and there are Pd nanoparticles Acknowledgment. We gratefully acknowledge financial
With Rnano < 0.6 nm which cannot be detected by SAXS, the support by the 21st Century COE Program for a United
effective gnano value for SAXS may be less than 10 vol %. Approach to New-Materials Science.
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