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Reported are the preparation and characterization of Pd/Ni nanoparticles in the core of water-dispersible
nanotubes of a triblock copolymer. The preparation involves first the preparation of the triblock nanotubes
and then the production of Pd nanopatrticles inside the nanotube cores. Ni is introduced in the final step
by electroless deposition using Pd as the catalyst. The challenges facing each reaction step are discussed.

[. Introduction yl methacrylateyan-(2-hydroxyethyl methacrylateJjtock
poly(tert-butyl acrylate) or PGMA-P(CEMA—HEMA)—

Solvent-dispersible block copolymer/inorganic magnetic
P po'y 9 9 PtBA, wheren = 3.8 x 102, m = 123,] = 119, andx =

nanofibers can be prepared by loading into the tubular core

of block copolymer nanotubes withFe,Os, Ni, or Co, etc. cH ¢

We previously reported the preparation of superparamagnetic_[ on THs] I ch. - 8 [cn IH 1] [en _CH]_
polymerf-Fe,0; nanofibers by loading/-Fe0s into the SL R C2 Ul W R Sl SR P R R
cores of polystyrendlockpoly(2-cinnamoyloxyethyl meth- o’ o] o) COOC(CH,),
acrylate)blockpoly(acrylic acid) or PSPCEMA—PAA H'Oz % @ © ?

nanotubes, where PS made up the corona or the outermost CH,OH O’C‘CH:CH OH

layer of the tubes, the cross-linked PCEMA constituted the PGMA-P(CEMA-HEMA)-P/BA

tubular wall, and PAA stretched from the inner surface of

the tubular wall into the center of the tubefolymer/ 504, This triblock was chosen for nanotube preparation for
inorganic magnetic nanofibers have interesting properties. the water solubility of the PGMA block, the photo-cross-
The PS-PCEMA—PAA/y-Fe0; fibers, for example, dis-  |inkability of the CEMA units, and the ready hydrolysis of
persed in a wide range of organic solvents including tBa. We did not fully cinnamate the precursory PHEMA
tetrahydrofuran (THF) and responded to an applied magnetich|ock and prepared a P(CEMAHEMA) block rather than
field, on one hand, by aligning themselves in the field and, 3 PCEMA block mainly to retain the compatibility of this
on the other hand, by attracting one another to form fiber pjock with metal ions such as Pd(ll) and2Ni To prepare
bundles: These fibers can, in principle, be connected the nanotubes, we first dispersed the triblock in water to yield
covalently in a controlled fashion to other nano- or micro- cylindrical aggregates, where the PGMA block formed the
structures to yield complex “superstructures”, a task that was corona, the P(CEMAHEMA) block constituted the in-
recently accomplished by us for block copolymer nanotdbes. sojuple intermediate layer, and theBR block formed the
Using an appropriate superstructure design and making usypular core (A— B, Scheme 1). The aggregates in water
of the magnetic response of the magnetic hybrid nanofibers,ere then photolyzed to cross-link the P(CEMBAEMA)
we should, in principle, be able to prepare nanomechanicalintermediate layer and lock in the cylindrical structure (B
devices that are driven by an-enff external magnetic field. ~ — ). Nanotubes with poly(acrylic acid)- or PAA-lined cores
For the preparation of potential nanomechanical devices thatyere obtained after the hydrolysis of théBR core (C—
operate in an aqueous environment, water-dispersible polymer/py. we introduced Pd(ll) into the core by stirring such
inorganic magnetic nanofibers are required. This paper nanotubes with Pdglwhich led to Pd(ll) complexation with
reports the preparation of water-dispersible polymer/Pd/Ni the AA groups of the PAA chains. Pd(0) nanoparticles were
hybrid magnetic nanofibers. produced by Pd(ll) reduction via the addition of NaB{®
The fibers were derived from nanotubes prepared from —. E). Pd then served as the catalyst for Ni deposition by
poly(glyceryl methacrylateplock poly[(2-cinnamoyloxyeth-  glectroless plating (E~ F) to yield polymer/Pd/Ni hybrid

nanofibers.
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Scheme 1. Schematic lllustration of the Formation and
Chemical Processing of a PGMA-P(CEMA —HEMA) —PtBA
Cylindrical Aggregate with One Exposed End

Water
!l

PtBA Jhydrolysis

Ni platmg Pd loading

E D

aIn reality, the two ends of a cylindrical aggregate are capped by
PGMA—P(CEMA-HEMA)—PtBA hemispheres.

nanotubes® and nanofibers->More recently, there have
appeared reports on the loading of Cd%g,'* and Pd°
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been introduced into the tubular channels of diblock thin
films to yield polymer/inorganic composite films. To intro-
duce metals in the latter cases, electrodeposition was typically
used.

II. Experimental Section

Materials and Reagents Except hydrochloric acid (36-538%,
Fisher Sci.), anhydrous ethanol (Fisher S®L\-dimethylforma-
mide (99.9%, DM, Fisher Sci,), diethyl ether (99.9%, Fisher Sci.),
and ammonia (2830%, Caledon Laboratories), all other reagents
were purchased from Aldrich. PdGB9%), NaBH, (98%), (GHs)s-

SiH (99%, triethylsilane), CEC(=NOH)CE=NOH)CH; (99+%,
dimethylglyoxime), HOC(COOH)(CKCOOH), (99%, citric acid),

KCI (99+%), NiSQ,-6H,0 (99%), NiCb-6H,0, NH,CI (99+%),
NaH,P Oy 2H,0, CioH14N20sNa, (99.0-101.0%, ethylenediamine-
tetraacetic acid disodium salt dihydrate or EDTA disodium salt),
NH,NH; (98%, hydrazine), CF£OOH (99%), and NadCgHsO7+
1.5H,0 (99%, sodium hydrogen citrate sesquihydrate) were all used
as received.

PGMA—P(CEMA—HEMA) —P{BA was prepared following pro-
cedures reported befofelt was derived from PSMAPHEMA—
PtBA, where PSMA denotes poly(solketyl methacrylate). The first
step involved the partial cinnamation of the PHEMA block by
cinnamoyl chloride. PSMA was then hydrolyzed in THF containing
hydrochloric acid. After hydrolysis, the sample was dialyzed against
methanol for solvent switch.

PSMA—-PCEMA —PtBA Characterization. The triblock co-
polymer PGMA-P(CEMA—HEMA)—PtBA was characterized in
the PSMA-PCEMA—PIBA form for the better solubility of the
PSMA and PCEMA blocks in solvents such as THF and GDCI
SEC was performed using THF as the eluant. The Waters HT-4
column used was calibrated using monodisperse poly(methyl
methacrylate) standards. The refractive index differedag
between polymer solution and solvent THF was measured using
light that had passed through a 633-nm band-pass filter on a Phoneix
Precision instrument. The specific refractive index incremewt d
dc was determined from the intercept of a straight line obtained
from plotting An/c vs ¢, wherec denotes the copolymer concentra-
tion in THF. The weight-average molar mass was measured in THF
using a light scattering instrument (Brookhaven model 9025)
equipped with a 632.8 nm HeNe laser.'H NMR spectra of
PSMA-P(CEMA—-HEMA)—-PtBA and PSMA-PCEMA—PtBA
were measured in CDgUlsing a Bruker AC200 instrument.

Block Copolymer Nanotube Preparation.PGMA—P(CEMA—
HEMA)—PtBA, 150 mg, dissolved in methanol was added into
diethyl ether to precipitate the polymer. After the supernatant was
decanted, 80 mL of distilled water was added. The mixture was
stirred magnetically for 4 days before being heated &t@€or 24
h under a N atmosphere. The final mixture was centrifuged at
155@ for 10 min to remove the part that did not disperse. The
supernatant was irradiated under stirring at’@0with a focused
UV beam from a 500 W mercury lamp to effect a CEMA double-
bond conversion 0f~30%. The CEMA double-bond conversion
was determined from an absorbance decrease of CEMA at 274 nm.

Hydrolysis of PtBA needed to be performed in an aprotic solvent
such as CHECl,. For solvent switch, we first dialyzed a solution of
the cross-linked cylindrical aggregates or nanofibers against
methanol to remove water. The resulting methanol solution was
added into anhydrous diethyl ether to precipitate out the nanofibers.
The fibers were rinsed with three aliquots of diethyl ether before
dichloromethane and trifluoroacetic acid (vA/75/25) containing
triethylsilane at 2.5 molar equivalents relative to tB& groups
was added. This mixture was stirred fbh before it was centrifuged
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Table 1. Recipes for the Plating Solution Components Table 2. Characteristics of PSMA-PCEMA —PtBA
Ni2* solution reductant solution dn/dc LS My SEC

reagent amount reagent amount (mt/g)  (g/mo) Mw/Mn  NMR n/ml n m !
NICI76Hh0 05909  NaPO-2HO 07399 0.100 12.2x10* 1.03 1.00/0.33/0.32 3.8 1% 123 119
NiSOy6H,0 0.240g  HO 10.0 mL . _ o
NaHCgHs07:1.5H,0 0.142 g nitrogen protection to clean the sample. For thermogravimetric
NH,CI 1.00g analysis (TGA) and magnetic property measurement, the plated
H20 10.0 mL samples were precipitated into THF and dried under vacuum.

) ) Thermogravimetric Analyses.The TGA analyses were carried
at 155@ to settle the sample. The sample was re-dispersed in gt \ith a NETZSCH STA 449C instrument. The temperature was
methanol and precipitated in diethyl ether to remove the residual ramped up from 20 to 60EC in a nitrogen atmosphere at 1G/
acid. This process was repeated twice. The nanotubes Weremin and then held at 606C for 10 min. The metal content in a

eventually dispersed in DMF for storage. polymer/metal sample was calculated using an equation derived

Palladium Loading. A DMF solution of the nanotubes at10 beforé® based on the assumption that the residual weight fraction
mg/mL was de-oxygenated for 10 min by nitrogen bubbling. Solid jn such a sample was derived from carbonized polymer and the
PdCL was then added under nitrogen bubbling at 0.4-® mg/ inert metal.

mL. ThIS miXture was Stil’red OVernight before |t was dialyzed Under TEM and Magnetic Property Measurements. Transmission
nitrogen protection against water changed S times over 24 h. An ejectron microscopy (TEM) images were obtained using a Hitachi
aqueous NaHB solution at approximately 2 times excess was H.7000 instrument operated at 75 kV. All of the samples were
dropped in over 2 min. This caused an immediate color change aspirated as aqueous dispersions on carbon-coated copper grids
from gray to black. After 2 h, the solution was dialyzed against sing a homemade deviéeThe polymer/Pd/Ni nanofibers with
distilled water and changed 3 times over 10 h to remove excesssq 5 and 68.4 wt % of Ni did not disperse well in water and were
reductant.. o _ o ultrasonicated for 5 min before aspiration. All samples were stained
To monitor the kinetics of palladlgm I_oadlng into the nanotube by OsQ vapor for 2-4 h before observation. Magnetic properties

cores, 1.00 mL of a nanotube solution in DMF (13.2 mg, 0.0168 of the polymer/Pd/Ni solid samples were measured by a vibrating

mmol carboxyl group) was mixed with 20.00 mL of a Pg(@.26 sample magnetometer (ADE Technologies).
mg, 0.0127 mmol) solution in DMF. At pre-designated times, 2
mL of the mixture was taken out and filtered through a @r2 IIl. Results and Discussion

pore size PTFE filter (Whatman Co.). Of the filtrate 1.00 mL was

used to prepare a complex with dimethylglyoxime under controlled ~ Characteristics of the Polymer.LS, SEC, and NMR were
acidic conditions following a literature methdd.The water- used to characterize the triblock copolymer used. To ensure
insoluble complex was then extracted by chloroform for absorbance dissolution of the polymer in solvents such as THF and
analysis at 380 nm to quantify Pdthat had not been complexed  CDCl;, the polymer was characterized in the PSMA

with the nanotubes. PCEMA—P{BA form whenever possible. Table 2 sum-
Ni Plating. The nickel plating solution recipe was taken from marizes the characteristics of the PSMRCEMA—PIBA
the literaturet® polymer.
It consisted of two parts (Table 1): th(_aZNisqution and the The specific refractive index incrementytic and SEC
reductant solution. The pH of the Nisolution was at 8.75. polydispersity indesvi,/M, of the PSMA-PCEMA—PtBA

A typical procedure involved first adjusting the pH to 8.75 of a

nanotube solution at3 mg/mL by adding 0.1 M ammonia solution. sample were determined in THF and are 0.100 mL/g and

This was followed by the addition in aliquots of a calculated amount 1.03, respectively. Sinchl,/M, was determined based on

of the NP+ and reductant solutions at vA 1.00/1.00. To add a poly(methyl methacrylate). standards and could be e”oneok‘sv
total of 0.67 mL of the Ni* solution in one experiment, for W€ calculated only the weight-average number of repeat units

example, we divided this amount into four aliquots. The first aliquot for each block by combining the LB, and NMR number
consisted of 0.20 mL of the Rii solution. The plating mixture  of repeat unit ratia/mvl. These values are 3.8 1(?, 123,
was stirred fo 2 h before the second aliquot at 0.20 mL was added. and 119, respectively, for the PSMA, PCEMA, antBR
The addition of this was followed by the third and fourth aliquots blocks. By comparing the NMR spectra of PSMA

at 0.20 and 0.16 mL, respectively, with a half-an-hour interval p(CEMA—HEMA)—PtBA and PSMA-PCEMA—PIBA, we
between additions. The final mixture was stirred overnight before qetermined a PHEMA degree of cinnamation efficiency of
it was dialyzed against water changed 4 to 5 times over 24 h under65% for PSMA-P(CEMA—HEMA) —PtBA.

PGMA —P(CEMA —HEMA) —PtBA Cylindrical Aggre-

(19) fﬁ“ﬂgéf? Molina, F.; Molina-Saio, M. Electrochem. Sod.995 gates. To produce cylindrical aggregates from PGMA

(20) Underhill,'R. S.; Liu, G. JChem. Mater200Q 12, 2082. P(CEMA—HEMA)—PtBA with structure depicted in Scheme

(S%) glngal FJ !—:U' G. J'V{agogol'ecu'e&g%%32i68§13a.J Wil 1, we stirred a freshly precipitated PGMAR(CEMA—

B P o Yo g, roymer Handboa@rd ed.; JohnWIley pyepa) — PtBA sample with water first at room temperature

(23) (a) Henselwood, F.; Wang, G. C.; Liu, GJJAppl. Polym. Scil998 for 4 days and then at 8%C for 1 day. Figure 1 shows a
12' 1952'4@ Wang, G. C.; Henselwood, F.; Liu, GLAngmuir1998 TEM image of the resultant aggregates after being aspirated

(24) Lu, Z. H.; Liu, G. J.; Duncan, SMacromolecule2004 37, 174. from water onto a carbon-coated copper grid. Not only the

(25) Lu, Z. H,; Liu, G. J.; Phillips, H.; Hill, J. M.; Chang, J.; Kydd, R. A. imol lindrical r | ranch linder
Nano Let.2001 1. 683 simple cylindrical aggregates but also branched cylinders,

(26) See, for example, (a) Segregina, M. V.; Bronstein, L. M.; Platonova, |00PS, and spherical aggregates coexisted in the sample. It
O. A,; Chernyshov, D. M.; Valetsky, P. MChem. Mater.1997, 9, should, however, be realized that Figure 1 was chosen mainly

?g%éf’gh'\;%sswﬁéggﬁg@éé‘sz%ég'ggez;\gf. Aberle, T.; Schmidt, 1, show the diversity in the shapes of the aggregates and

(27) Yan, X. H.; Liu, G. J.; Li, H. X.Langmuir2004 20, 4677. not the relative population of the different species. The
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in water to prepare the cylindrical aggregates mainly to
improve the yield of sample dispersion in water. After
vacuum-drying, the PGMAP(CEMA—HEMA)—-PtBA
sample transformed into dense lumps that were difficult to
disperse in water. With use of our sample preparation
protocol, the yield of polymer dispersion wa80%. While

we might be able to improve the yield of polymer dispersion
even further by extending the stirring time, diluting the
sample, or increasing the dispersion temperature, we did not
investigate these possibilities further for the sufficiently high
yield of the cylindrical aggregates.

Aside from this direct water dispersion method, we also
tried another sample preparation protocol. It involved dis-
solving the triblock in pyridine first and then adding water.
Above the water content of 95%, the sample was dialyzed
against water to remove pyridine. Unfortunately, the indirect
protocol yielded only spherical aggregates. The fact that the
Figure 1. TEM image of PGMA-P(CEMA—HEMA)—PtBA cylindrical r_norphology of the final aggregate_s ergndgd on the prepara-
aggregates. The sample was stained by DsO tion method utilized made the origin (kinetic vs thermody-

namic origin) of our cylindrical aggregates unknown. This
analysis of many other TEM images by us revealed that the explains why we have so far referred to the particles as
simple straight cylinders were by far the most dominant under aggregates and not micelles.
the preparation conditions. For the dominance of the PGMA-—-P(CEMA—-HEMA)—-PAA Nanotubes. Nano-
cylindrical aggregates, we will refer to the aggregates from tube preparation involved first the photo-cross-linking of the
now on collectively as “cylindrical aggregates”. This is, by P(CEMA—HEMA) layer and then the selective hydrolysis
no means, to suggest the morphological uniformity of the of PtBA, which involved reactions that have been performed
aggregates. extensively in our group. While the photo-cross-linking

Since the sample was stained by the CEMA-specific agent reaction was trivial involving irradiation of the sample by
OsQ,, we anticipated the observation of cerghell dark- UV light, the optimization of the CEMA conversion invoked
light cylinders with P(CEMA-HEMA) making up the shell ~ several trials. Too low a CEMA conversion did not allow
and RBA the core. This coreshell contrast was seen for the locking of the cylindrical structure and too high a CEMA
some cylinders as marked for one cylinder in Figure 1 but conversion slowed the transport of Pd(ll) and*Nacross
was, unfortunately, not always clear. Suspecting that P(CE-the P(CEMA-HEMA) layer. We found that a CEMA
MA—HEMA) and RBA were not fully segregated for the conversion of~30% was optimal for the targeted preparation.
glass transition temperatures of 6@ for PCEMA?* and The rate of Ni plating also varied with the degree of
73 °C for PBA,?? we heated the sample at 8C for 24 h. HEMA cinnamationx. When the PHEMA block was fully
Unfortunately, this treatment did not lead to a noticeable cinnamated, Ni plating into the nanotube core was difficult
improvement in the coreshell contrast. Thus, our specula- probably for the slow transport of the plating components
tion is that the coreshell contrast was not sharp for the across the PCEMA layer.
low concentration of double bonds in the P(CEMHMEMA) The seemingly simple hydrolysis of A created initially
layer. much headache for ustBA is readily and quantitatively

The heat treatment did not change the size of AP hydrolyzed by trifluoroacetic acid in Gi&1,.2* Unfortunately,
P(CEMA—HEMA) part of the cylindrical aggregates either. this treatment produced nanotubes that were not dispersible
Averaging over~100 aggregates, we obtained the average in water. This difficulty was overcome only with the addition
TEM diameters of 26.Gt 2.4 and 26.1+ 2.5 nm for the of the cation scavenger triethylsilane during the hydrolysis.
cylindrical aggregates before and after the heat treatment.Our speculation is that thert-butyl cations produced in the
Despite the ineffectiveness of the heat treatment in improving absence of triethylsilane initiated side reactions with PGMA
the TEM RBA/P(CEMA—HEMA) core/shell contrast, itwas and HEMA. Unfortunately, the exact reaction pathways and
essential for the preparation of polymer/Pd/Ni fibers. Without products were difficult to identify by traditional techniques
it, the polymer/Pd fibers were found to aggregate and such as NMR for their low sensitivity.
precipitate from the Ni plating solution. Since divalent cations  Palladium Loading. Pd(Il) was loaded into the nanotube
such as Ni* and C&" were known to induce the aggregation core by stirring the nanotubes with Pd@ DMF. Pd(ll)
of nanospheres in water bearing PAA groups via complex- entered the tube cores most likely for its complexation with
ation with AA groups of different chain®,the improved  the AA groups. The nanotubes were readily separated from
stability of the heat-annealed fibers in the Ni plating solution the free Pd(ll) by filtration through a 0.2m filter. We
suggests an increased degree tBA°segregation into the  monitored the kinetics of Pd(ll) sorption via analysis of the
interior of the triblock cylindrical aggregates. residual Pd(ll) amount in the filtrate. Figure 2 shows the

A freshly precipitated PGMAP(CEMA—HEMA)—PtBA kinetic data with the amount in either milligrams of Pd(ll)
sample before vacuum drying was always used and stirredsorbed by each gram of nanotubes or moles of Pd(ll) by
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5 8 1.00 0 that hydrazine was a strong base and slow reductant. Its
> _ ~ K addition helped weaken the bonds between Pd(ll) and the
3 60 -] 075 5 carboxyl groups and the release of Pd(Il) from the nanotube
5 S cores.
g = Polymer/Pd/Ni Nanofibers. The loaded palladium cata-
f‘ 40 . - 0.50 g lyzed the electroless deposition of Ni inside the nanotubes
b o to yield polymer/Pd/Ni nanofibers. Table 3 gives the Ni
':; 20 i (g contents calculated from TGA analysis of the polymer/Pd/
< hat Ni fibers prepared using different feed weight ratios of the
gl ko) polymer/Pd nanofiber and Ni in the initial Ni plating

0 : : : 0.00 & solutions. As the Ni* to polymer/Pd nanofiber feed weight

100 150 200 250 .. . . .
ratio increased, the final plated Ni amount increased. The

Time (min) fact that the determined Ni amounts agreed well with those
Figure 2. Kinetics of Pd(ll) uptake by the PGMAP(CEMA—HEMA)— predicted from the feed ratios suggests that we could tune
PAA nanotubes. the Ni amount plated by adjusting the composition of the
Table 3. TGA Data and Results for the initial plating mixture.
PGMA—P(CEMA—HEW'\\I)a—nzﬁ‘tféga”OtUbes and the Hybrid While we could prepare, in principle, fibers with any

weight fraction of Ni, only fibers that had less thas31 wt

polymer/Pd residual "9 Wt % Niwt % % of Ni dispersed well in water as judged by the naked eye.
sample  toNFrwtratio wt% expt theor exptl theor The decreased dispersion was most likely caused by the
5 . i i . .

;“oﬁjﬁqerlpd fibers 162-_23& 6.6% 6.2% increased deg_ree of flper bundling at h_|gh Ni cpntents. Our
polymer/Pd/Ni fiber 1~ 1.00/0.100  20.4% 901% 9.1% TEM observations indicated that the fibers existed mostly
pg:vngggm: 252:2 i-ggﬁkggo g;gg//o 522053-5% 5020/8-6% as individual fibers or were mostly separated from one
Dolymer/Pa/Ni fiber 4 1.00/200  72.79% s BT another like those shown in Figure 3b at 31 wt % of Ni. At
polymer/Pd/Nifiber 5 1.00/4.00  85.0% 83%  80% 52 wt % of Ni, we could still detect single fibers at the edges

of fiber bundles or aggregates (Figure 3c). At 68 wt % of
Ni, it became almost impossible to find single fibers and
the observation of small fiber bundles such as those seen in
Figure 4d became a rare event as well.

While the greater tendency for fiber bundling could result
partially from the increased van der Waals attraction between
fibers with increasing Ni conteit,the dominant interaction
here should be the magnetic dipeldipole attraction, which
increases for spherical particles to the sixth power of the
radius of particleg® A comparison between Figures 3a and
3b reveals that the metal particles in Figure 3b are on the
average bigger, suggesting thus the growth of Ni on the
original Pd particles. As Ni content increased, we noticed
from Figure 3b to 3c a further increase in the average size
and length of the metal particles. Many large metal particles,
e.g.,>50 nm, are seen in Figure 3d. These large particles
seem to form from the overgrowing of the tube template by
Ni. While the TEM images suggest a size increase for the
metal particles with Ni content, the images should, however,
not be over-interpreted first for the small sampling size of
the TEM technique and second for the fact that the TEM
images shown in Figure 3c and 3d are not representative of

each mole of COOH groups. The sorption equilibrium was
established withinv50 min. Since Pd(Il) was used in excess
in this case, 1 mol of Pd(Il) was complexed in this case with
approximately two moles of COOH groups at the sorption
equilibrium, in agreement with the stoichiometry [Pd(Il)]/
[COOH] = 1/2 or the Pd(ll) sorption result for microspheres
bearing internal PAA chain®.Based on data of Figure 2,
we always equilibrated Pd(ll) with the nanotubes overnight
to prepare polymer/Pd/Ni nanofibers. To minimize Pd(ll) use
and to maximize Ni deposition, we used in these cases Pd(ll)
amounts, in the Pd(ll) loading solution, less than the
stoichiometric ratio [Pd(I1)[/[COOHE 1/2.

Pd(ll) inside the nanotube cores was reduced by NaBH
After Pd(Il) reduction and sample cleaning, we performed a
TGA analysis of a sample from the kinetic run with a
sorption equilibrium time of 240 min. This yielded a Pd
amount of 6.6 wt % (Table 3), which is in reasonable
agreement with 6.2% reported in Figure 2 considering that
the polymer/Pd fibers may not be perfectly free of impurities
such as Cl. Shown in Figure 3a is a TEM image of a
polymer/Pd nanofiber sample with 2.1 wt % of Pd. Most of
the palladium nanoparticles were produged .InSIde the'nano-these samples, which formed mostly aggregates.
tube cores as expected. A clqser examination of the image For dispersibility issues, only fibers with31% Ni were
reveal_s that some of _the particles take an elongated Shapecharacterized in any further detail. The appearance of such
reflecting the templating effect of the nanotube cores. a polymer/Pd/Ni dispersion is captured in a photograph

There have been several reports on the reduction of Pd(”)(Figure 4). It is black and is very stable in water. After
in the PVP core of PSPVP micelles, where PSPVP i !

i} N s i shaking and then leaving the sample standing for 24 h, we
denotes polystyrenblock-poly(4-vinyl pyridine)= The gen oticed no visible precipitation or aggregation in the sample.

eral consensus was that the use of hydrazine as the reductaqr}J : i
pon placement of it next to a magnet, the particles got

produced larger Pd particles. We have used also hydrazine : ) .
at concentrations ranging from 0.5% to 40 vol % in water slowly captured. Figure 4b shows the status of the dispersion

o : after it has been placed next to a 0.47-T magnet for 4.5 h.
as the reductant. The surprising discovery was that the use P g
of hydrazine even at 40 vol % led to the formation of many (28) Butter, K.; Bomans, P. H. H.; Frederik, P. M.; Vroege, G. J.; Philipse,
Pd nanoparticles outside the nanotubes. Our speculation is ~ A. P. Nat. Mater.2003 2, 88.
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Figure 3. TEM images of polymer/Pd and polymer/Pd/Ni nanofibers. The Pd and Ni weight fractions in the hybrid nanofibers were at 2.1 wt % Pd (a), 31

wt % Ni (b), 52 wt % Ni (c), and 68 wt % Ni (d), respectively.
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Figure 4. Photographs showing an aqueous polymer/Pd/Ni nanofiber
dispersion before and after being placed next to a 0.47-T magnet for 4.5 h.
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Figure 5. Magnetization curve of a solid polymer/Pd/Ni nanofiber sample
at 298 K.

3.0

Thus, the fibers contained Ni particles that were ferromag-
netic with sizes above the superparamagnetic limit, which
is 15 nm for spherical Ni particle8 Fortunately, the presence
of a small number of such larger particles did not lead to
visually noticeable aggregation of the fibers.

The saturation magnetization of bulk Ni is 54.39 emu/
g,2° which is more than 4 times the value of our sample. A
saturation magnetization lower than that for bulk materials
is normal for nanoparticles. Typical reasons for this include

We have also obtained room-temperature magnetizationthe reaction or complexation of the surface atoms of magnetic

curves for the solid polymer/Pd/Ni nanofibers at different
Ni contents. Figure 5 shows a magnetization curve for a
sample with 31 wt % Ni. The saturation magnetization of
this sample is 12.5 emu/g of Ni. The remanent magnetization
and coercivity are 2.0 emu/g and 0.026 kOe, respectively.

nanoparticles with surfactant which may create a magneti-

(29) Du, Y. W.; Xu, M. X.; Shi, Y. B.; Lu, H. X.J. Appl. Phys1991, 70,
5903.

(30) Gray, D. E American Institute of Physics Handbod®cGraw-Hill:
New York, 1972.
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cally dead laye?! With a significant fraction of surface atoms nano test tubes to enable the loading of Pd(ll) via binding

any crystalline disorder within the surface layer may also with PAA. Pd(0) nanoparticles were produced after Pd(ll)

lead to a significant decrease in nanoparticle saturationreduction. Pd(0) served as the catalyst for further Ni

magnetization. deposition by electroless plating. The polymer/Pd/Ni hybrid
nanofibers at a Ni content less thar81 wt % dispersed

IV. Conclusions well in water and were captured slowly by a magnet. Such

Stirring a PGMA-P(CEMA—HEMA)—PtBA sample in fibers may find applications in medical diagnosttcand
o - other areas.

water produced mostly cylindrical aggregates consisting of
PGMA corona, P(CEMA-HEMA) intermediate layer, and
PtBA core. The aggregate structure was locked in by photo-
cross-linking the P(CEMAHEMA) intermediate layer.
Poly(acrylic acid)-lined tubes were obtained after hydrolyzing
the tert-butyl groups from BBA. Such nanotubes served as CM051548D
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