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Water solutions of starlike hexaanionic fullerene derivativeg(CH.),SO;Najs (star-ionomer) consisting of

a Gy cage covalently bonded with six ionic sulfonate arms, were studied using small-angle neutron scattering
(SANS) and small-angle X-ray scattering (SAXS). Nearly monodisperse aggregates of the novel star-ionomers
were observed in the solutions of concentrations from 4% down to 0.5%. The structure of the spherical-like
aggregates bears high similarity in different concentrations studied. Information regarding the aggregation
number, hydration number, size, and shape of the aggregates was obtained from a combined analysis of the
SANS and SAXS data.

Introduction The use of small-angle scattering (SAS) in the studies of

The scope of the science and technology egf @ullerene) colloidal solutiorl1§’9 is.fruitful co_n§[dering, especially. in_ the
has been broadened recently by the development of fullerenecase of SANS, its unique possibility of contrast variation by
derivatives containing polar functions, such as hydroxy and/or Selective H/D sub_stltutlon (deuteranon). With this merit, Wignall
amino groups. For instance, the water-compatible polyhydroxy- €t al° have studied the size and shape of the polymer-grafted
lated Gy (fullerenol) consisting of a & cage covalently bonded fullgrepes ina deuterated so.lvent using SANS. In determining
with hydroxy functional groups (OH) is a versatile intermediate &N ionic micellar structure, Liu et at.and Zemb et al*have
in synthesizing hypercross-linkedr dendritic polymer&.One also demonstrated the advantage of utilizing a _comblne_d analysis
application of fullerenols is the synthesis of fullerenol hyper- Of SANS and SAXS measurements for macroion solutions. The
cross-linked poly(urethane-ether) elastomers, which have beenintrinsically different cross-sections of a scattering system for
shown to exhibit greatly enhanced properties over the conven-neutrons and X-rays can provide contrast and/or complemental
tional polyurethane elastomersnother direction of the ap- structural |nforrr_1at|on for the system stu_dleo_l. This is particularly
plication for fullerenols involves the synthesis toward am- Useful in studying fullerene-based derivatives, since the scat-
phiphilic Cgo derivativestS In our research group Canteenwala tering-length-density (SLD) of a fullerene cage is high for both
et al. have synthesized a starlike fullerene derivatiyf(CH2)q- neutrons and X-rays.

SOsNajs containing an average of six ionic sulfonate arms. With ~ Scattering Basics for Colloidal Solutions.For a colloidal
the Gy cage and the Cialkyl) chains forming a hydrophobic squFion of mo_nodispersity the small-angle scattering cross-
core and the ionic sulfonate end groups as hydrophilic compo- S€ction per unit volume can be written as

nents, this novel starlike molecule has the amphiphilic property

resembling that of molecular micelles, exhibiting high solubility 1(Q) =n,PQ)SQ) Q)

in water. In practice, the star-ionomers comprised of extended

alkyl arms may be expected to hold lipid molecules in water whereQ = (47/) sin(9/2) is the scattering vector defined by
better than a complex system of an oil-in-water microemulsion the scattering anglé and the wavelength of the radiation.
which often dissociates due to a variation of temperature or e denoten, as the number density of particles in the solution,
concentratiorf:” This aspect of molecular architecture engineer- P(Q) = |F(Q)2 the intraparticle structure factor (form factor),
ing should lead to the implication of potential biomedical andg(Q) the interparticle structure factdiFor a homogeneous
applications. spherical particle with a radiug, the particle form factoF(Q)

Using SANS and SAXS we focus the present study on the = (4/3)7R3(p — p4)(3j1(QR/QR) wherep and ps are the SLD
structures and the aggregation behaviors of a star-ionorger, C  for the particle and the solvent, respectively, @nis the first-
[(CH2)nSOsNajs with n = 4, in water solutions. The extended  grder spherical Bessel functién.
three-component (oil/water/star-ionomer) system, although also  |n a suspension of weak interaction or a dilute solution where

intriguing, will be deferred to a later study. SQ) ~ 1, the scattering intensity in (1) is significantly
* Author to whom correspondence should be addressed. Fax: Simplified, and the size information can be revealed from the
886-3-5728445; E-mail: tllin@ne.nthu.edu.tw. radius of gyratiorR, obtained using the Guinier approximatién
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Figure 1. Schematic drawing of a star-ionomer -3 7] :—
in the smallQ region QR < 1) where ] [
Q) = 10)exp(-QR/7/3) @ 37 N
o4 i i
The coefficient in eq 2 can be expressed as % ] |
— .5 - -
I(O) = np|btol - Vpps|2 (3) : :
whereby is the total scattering length of the particle for neutrons 6 ] [
or X-ray, andV, refers to the solvent-excluded volume (dry -] i
volume} of the particle. For a spherical and homogeneous ] -
particleV, = (4/3)7R® where R= (5/3)V°R,. i i
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Experiment and Analysis 0.000 0.005 0.010 0.015 0.020 0.025
Synthetic Description. The sodium salt of hexa(sulfobutyl)- Q2( A-z)

fullerenes, Gy(CH,CH,CH,CH,SOs;Na); (Figure 1), were syn-
thesized in a yield of 8685% by the treatment of fullerene  Figure 2. Guinier plots for the SANS data of thesfXCH,)sSOsNae
molecules in a mixture of toluene and tetrahydrofuran or SO:U“O"SbOf_ 1(‘1’Vft % (ﬂrcles_) and 4 wt % (squares) i@gheﬁg i
dimethoxyethane (DME) with sodium naphthalide (10.0 equiv.) }’;“fi; f’/?g]rfd lrg.r;/t& ‘(3 dg;']rggrlﬁ]per;r?gr"zax?g/ﬁ 323;1'7 (solid line)
in DME at ambient temperatures, followed by reacting of the
resulting hexaanionic fullerene intermediates with an excess of
1,4-butane sultone. The reaction was carried out unden i
glovebox which was conditioned to under 50 ppm of O
minimize the partial oxidation of fullerenic anions by dissolved
O,. Electron oxidation of anionic & intermediates by @may
produce t_he correspondlng fullerenic radicals. A hl_ghly CoNjU- 1795 A1 10 0.2 AL The sample transmissions, = 0.66,
gated radical of a multi-sulfobutylated fullerene derivative was . . .
found to be rather stable at ambient temperatures. Its electronmeasurexj for these two concentrations were nearly identical

. . L within a 5% accuracy. Data were corrected for sample transmis-
spin resonance (esr) was readily detectable in the aqueous.. o .

. . e sion, background, and detector sensitivity, and normalized to
solution. Even under rigorously deoxygenated conditions, the : - .
. . X ) . the scattering cross section per unit sample volume (the absolute

persistence of fullerenic radicals in the resulting products was . .

. - . intensity).
evident from repeated reactions. Therefore, an excess of sodium . .
naphthalide was found to be necessary to achieve the generation, 0" SAXS measurements, sample solutions with a concentra-
of hexaanionic fullerene intermediates. The product was purified 10N of 0.5, 1.0, 2.0, and 4.0 wt % inJ® were transferred
by a chromatographic method to exhibit a single peak in its |nd|V|d_uaIIy into sample cells of 1_mm path length nominally.
HPLC profile using a reverse-phase C-18 column with water The thickness for each Kapton window of the sample cell was
as eluant. Infrared spectra of hexa(sulfobutyl)fullerenes dis- <2 #M-
played a broad absorption band centered at 3444 ¢owing The SAXS measurements were performed at a sample
to a hydrated molecule) along with two strong absorptions temperature of 25C on the 8-m SAXS instrument at Tsing-
centered at 1178 cm and 1050 le, Corresponding to the Hua University, Hsinchd? This instrument was eqUiDDEd with
stretching bands of the sulfonic acid salt with a80,—0 an 18 kW rotating-anode X-ray source and a copper target. The
linkage. The mass spectroscopic studies were carried out using?€am collimation system consisted of three pinholes (1.5 mm,
the matrix-assisted laser desorption ionization (MALDI) tech- 1.2 mm, and 2.0 mm in diameter, respectively) arranged in 3.1
niques. The negative ion MALDI mass spectrum of hexa- M path length. With the beam wavelength of 1.54 A mono-
(sulfobutyl)fullerene showed a conceivable molecular ion of chromated by a pyrolytic graphite and a sample-to-detector
Cso(CH2CH,CH,CH,SOsH]s at m/z 1542. It was followed by distance of 4.1 m, the SAXS instrument scanned the scattering
two groups of ion fragmentations with a maximum intensity of intensity in aQ range from 0.01 At to 0.12 A%, Data were
peak atnvz 1405 and 1269 corresponding to the mass of collected by a two-dimensional area detector, and normalized
Ceo(CH2CH.CH,CH,SOsH]5 and Go(CHCH2CHoCH,SOsH] 4, to the absolute intensity using the same procedure as that applied
respectively. These mass spectroscopic data provided a cleafor the SANS data.
evidence of the chemical composition for the hexa(sulfobuty- ~ SANS ResultsFigure 2 shows the SANS data collected for
lated)fullerene compound. the sample solutions containing 1 wt % (circles) and 4 wt %

SAS Measurements.For SANS measurements,,0O was (squares) star-ionomers. The scattering profiles for these two
selected for its much lower incoherent scattering background samples bear a close resemblance to each other, indicating a
as compared with 0.2 Two sample solutions with a concen-  high similarity in structures of the scattering patrticles in these
tration of 1 wt % and 4 wt % in BO were separately charged solutions. Each set of the data follows, respectively, the Guinier
in quartz cells of 5 mm in path length. The SANS measurements approximation for the 1% (solid line) and 4% data (dotted line)
were conducted at a sample temperature of@®n the 8 m closely up to larg& values QR ~ 4), which suggests that the
SANS instrument at the National Institute of Standards and scattering intensity is contributed by nearly isodiametric ag-

Technology (NIST). Pinholes of 2.5 cm and 1 cm diameters
separated by 4.1 m were used to collimate the incident beam
which has a wavelength dispersia®{A)snm = 25%. Equipped
with a beam wavelengthfo5 A and a sample-to-detector
distance of 3.6 m, the SANS instrument coveré@ mnge from
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“ T R S S N T TR SR N U S T S W R S SRR TABLE 1: Summary of the SANS and SAXS Result3

o Co%)  10)(em Y R, (&)
SANS (in D,O) 1 0.030+ 0.001 21.+18
b, 4 0.109+ 0.002 19.2+ 0.2
o e, SAXS (in H0) 0.5 0.116+ 0.001 19.5-0.2
1 0.3344+ 0.003 20.6t£ 0.2
2 0.561+ 0.005 19.5-0.2
4 1.256+ 0.025 20.0£ 0.3

a2 The notationC is for the sample concentration, ah@) for the
scattering intensity a@ = 0 (from the Guinier approximationRy is
the radius of gyration for the small aggregates of star-ionomers.

In(1(Q))

the Guinier approximations are due to the interparticle interac-
tions between the aggregates. The degree of deviation decreases
as the concentration decreases and reaches a vanishing level as
shown in the 0.5% data. Therefore, the form factor of the
aggregates for a 0.5% solution can be determined from the
scattering profile unequivocally sinc§Q) ~ 1. A well-
determined form factor is useful in extracting interparticle
0.000 0.005 0.010 0.015 0.020 structure factors for the solutions of higher concentrations. The
2 22 effect of interparticle interactions is more pronounced and can
QA be clearly observed in the SAXS data, because the SAXS has

Figure 3. SAXS data for the sample solutions of 0.5 wt % (open a much. hlghelQ-resplutl.on thap that for the SANS. Note the
circles), 1 wt % (solid circles), 2 wt % (triangles), and 4 wt % (squares) MUch higher scattering intensity of SAXS10-fold) than that
of Ceo[(CH2)sSOsNajs in H,0 are fitted, respectively, using the Guinier Of SANS measured under the same concentration.
approximation oRy values of 19.5, 20.6, 19.5, and 20.0 A (solid, long- Comparative SAXS measurements were also performed on
dashed, short-dashed, and dotted lines). both solutions of RO and HO containing 1% by wt of sample.
The SAXS data from these two solutions are nearly identical
after the normalization by molar concentration. This indicated
gregates of star-ionometd.The Ry values obtained by the the lack of isotope effect during the forming of the aggregttes.
Guinier approximation are 21 1.8 A for the 1% data and  To evaluate the potential temperature effect on the aggregation
19.24 0.2 A for the 4% data. The mean radius of the small of ionomers, we measutiea 2 wt %sample solution at 8, 25,
aggregatesR = (5/3)'?R,, deduced from 1% data is about 28 and 50°C, and found no obvious change in the scattering profile
A. This radius is much larger than the estimated size of a single at these temperatures.
star-ionomer molecule with fully stretched arr®s+ 15 A) 1115 Structure of the Aggregate.Aggregation features of the star-
which is clear evidence of the existence of small aggregates.ionomers derived from the SAXS data agree well with that
The profile of the 4% data deviates slightly from the Guinier concluded from the SANS results (see Table 1). In fact, by
approximation in the lowe® region, implying weak interactions  ignoring the lowQ (<0.02 A1) data, the scaled SAXS profiles
among the aggregatés. for the 4% and 1% sample solutions can superimpose well with
We also investigated the polydispersity, of the small the corresponding SANS data, especially in the case of 1% data
aggregates using a Gaussian size distribution of splemes (Figure 4). This indicates the form factor of the small aggregates
well as the indirect transform methédBoth results show a  for SAXS is very similar to that for SANS, sincgQ) is the
small percentagep(~ 10%) of polydispersity for the 4% data, same for both SANS and SAXS. Therefore, we use the SANS
and a vanishing for the 1% data. This result is consistent with and SAXS data as a contrast to determine the structure of the
the conclusion of nearly monodisperse aggregates obtainedaggregate as shown beld®#!® Our method differs from

LALLM N L L B I B B ) B L R et e
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previously. otherdt12where SANS and SAXS data collected for the same
In addition, models of disklike and/or rodlike structures for system were used complementarily to elucidate the structure
the aggregates are also examined using the Kra#grod of an ionic micelle.
approximation® The results show both models being inap- From eq 3 the zer® intensity In(0) andlx(0) respectively
propriate. for SANS and SAXS can be expressed as
SAXS Results.Figure 3 shows the SAXS data measured at
25 °C for the sample solutions containing 0.5 wt % (open Iy(0) = NClb, \ — VcPs,N|2 4)

circles), 1 wt % (solid circles), 2 wt % (triangles), and 4 wt %
(squares) of &[(CH2)sSOsNajs in H,O. Besides the scattering  and
peaks in the very lowQ (<0.015 A1) region due to the
instrumental resolution, the scattering profiles for these four 1x(0) = NC|b, y — chs'x|2 (5)
concentrations are essentially close in shape to each other,
suggesting the formation of similar packing structures of star- whereN is the mean number of star-ionomers for the aggregate
ionomer aggregates in these concentrations. The data for 0.5%andC is the number of star-ionomers per unit sample volume,
1%, 2%, and 4% sample solutions can all be fitted well up to with C = Nn,. We denotéd n (bc,x) andps (ps,x), individually,
largeQ values using the Guinier approximation wi values as the scattering length of the star-ionomer and the SLD of the
of 19.5+ 0.2 A (solid line), 20.6+ 0.2 A (long dashed line),  solvent for neutrons (X-ray), where¥s is the dry volume for
19.5+ 0.2 A (short dashed line), and 206 0.3 A (dotted the star-ionomer. Using egs 4 and 5, and the numerical values
lines), respectively. In(0) = 0.030 cnt! and Ix(0) = 0.334 cn1! (see Table 1)

In the lowerQ region of Figure 3 the deviations of data from extrapolated from the 1% SANS (in,D) and SAXS (in HO)
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Figure 4. The comparison of the SANS and SAXS data. The 4% Figure 5. 1(0) extrapolated from the Guinier approximation for the

(closed squares) and 1% (closed circles) SAXS data are scaled down>AXS data versus the sample concentration. Th¢Bevalues fall on

by a factor 10 to the corresponding 4% (open squares) and 1% (open® Straight line which intercept40) = 0 at 0.13 wt %. This gives an
circles) SANS data. The SANS and SAXS data are fitted simultaneously estimation of a threshold concentration for forming aggregates of star-
(solid and dashed curves for 1% and 4% data, respectively) using a'CMOMers

simple model of monodisperse spheres with a hard-sphere potential.
Note data in theQ < 0.02 A% region are not shown.

data by using Guinier approximation, abgh = 5.225x 1073

A, box=2.420x 102A, psn=16.36x 106 A2 andpsx =

9.44 x 1078 A—2, we solve the two parameteks= 7.0+ 0.9

andV, = 1340+ 20 A3, The value o/ obtained is consistent

with an estimated value of 16003&rom the volume of G

cagé® with 6 sulfobutyl chaing! Using the volume of the

aggregaté/, = NV, + MV,, whereV,, = 30 A3 is the volume

of a water moleculé! andM is the number of water molecules

in each aggregate (hydration number), we dedvice 2500+

450. The value foW, is estimated from a spherical particle with

a radius of 27.2 A given by the averag@gvalue derived from

the SANS and SAXS data of the 1% sample solution. This result

indicates an association of 60 water molecules, on average, on

each sulfonate headgroup ($&) of the star-ionomer having ) . i .

six hydrophilic arms in the aqueous aggregate. Egg;ﬁe?'s acgevr\?a?gf gg?:ﬁ;?cnon of an aggregategfderived star-
Using the same method for the 4% SANS and SAXS data as giyen above, and does not change much the picture outlined

was used in the analysis of the 1% data, we obthin 6.5+ here for the aggregates.

0.7, Ve = 1330+ 95 A3, and M = 1950 + 350 for the

aggregates in the 4% sample solution. These values indicatepijscussion and Conclusions

that the structure of the aggregates for the 4% solution is

essentially the same as that for the 1% solution, except a smalle

water content.

r The repulsive electrostatic potential is often used to account
for the strong interference between ionic micelles in a macroion
i o o solution, e.g., a sodium dodecyl! sulfate (SDS) soluffofihe
With 1(0) (from the Guinier approximation) for the SAXS  iytemarticle interaction between the aggregates of star-ionomers
data plotted as a function of concentration, as shown in Figure o observed, however, is much weaker and insensitive to the
5, we found all thesé(0) values fall on a straight line which  {emperature change for the concentrations studied. These are
intercepts the zero scattering intensity at a concentration of 0.13{e characteristics for the interaction of a hard-sphere-like
+ 0.09 wt %. It verifies the approximation used in the above hntential22 Such an interaction behavior may result from the
calculation forN andV, that almost all the star-ionomers in the watery structure of the star-ionomer aggregate which has a
solution exist as a form of small aggregates. homogeneous charge distribution rather than the two-shell
Using a simple model of monodisperse spheres with a hard- distribution for an ionic micellé1-12As a consequence, its net-
sphere potential, we fit (solid and dashed curves in Figure 4) surface-charge-densitg ~ 4 x 104 e /A2is much lower than,
the SANS and SAXS data simultaneousiy2 The result, which for instance,0s ~ 2 x 1073 e /A2 for the ionic micelle of
will be presented elsewhef®,improves slightly the values  SDS!221Here, we have used 0.2 as an ionization factor for the
(aggregation number, hydration number, size, and dry volume) sulfate group3?!
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