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Study on Aqueous Mixtures of Fullerene-Based Star lonomers and Sodium Dodecyl Sulfate
Using Small Angle Scattering with Contrast Variation
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Using small angle neutron scattering (SANS) and small angle X-ray scattering (SAXS), we have studied
aqueous mixtures of fullerene-based ionomegg(CH,),SO:Na]s (FC,S), and sodium dodecyl sulfate (SDS).

With the contrast variation provided by SAXS and a selected deuteration of SDS for SANS, we have identified
the formation of complex aggregates of fS8Cand SDS. The aggregation structure of the complex obtained

is similar to that for pure F§S aggregates and is stable to the SDS concentration in the mixtures studied.
Combining the contrast data sets of small angle scattering, we have obtained detailed aggregation information,
including aggregation number, shape, size, and fractional ionization for tif&/$0S complex aggregates.

It is found that the globular-like complex aggregate, with a radius of gyration of 20 A, consists of fige FC

and two SDS, in an average.

1. Introduction FC10S2° will lead to a substantially smaller association with
. . SDS. Using a similar strategy as that for|g&SDS aggregatés,

Recently, we have synthesized fullerene-based ionomers,ye cojlect small angle neutron scattering (SANS) and small
Cod(CH2)aSONas (FCaS) and G CO(CH,)sO(CHz)aSOsNals angle X-ray scattering (SAXS) data for mixtures of 48Cand
(FC10S) for potential biomedical applications, such as free gps The measurement results are presented below.
radical scavenging or antioxidant action facilitatiwith six
sulfobutyl arms randomly extending out from theyCage, the 2. Scattering Model and Contrast Variation
Cso-based star ionomers possess the desired high water solubil-
ity. Because of the constraint of the starlike morphology, both
two Cgp ionomers form aggregates of loosely arm-rich regions
with a high water content in aqueous solutions, contrary to the =
typical micelle structure of linear surfactants, sodium dodecyl Q) = 1,PQSQ @)
sulfoxide (SDS) for instance, having a compact hydrophobic
core enclosed by a hydrophilic shéll.

For the bioactive g ionomers, it is crucial to know how
their aggregation behavior is affected by the addition of
surfactants or other amphiphilic molecules that are often used
in the mimic biosystems for protein unfoldihgr peptide
aggregation preventingln our previous study, we found that
FCi0S star ionomers formed complex aggregates with SDS in
water solutions$.In comparison with pure FGS aggregates,
the aggregation number 18 of S in FGeS/SDS mixtures
was significantly lower than that for pure IS aggregates by

Small angle scattering (SAS) profiles for colloidal aggregates
of a monodisperse size can be modele¥ as

whereP(Q) is the normalized form factor witP(0) = 1 and

SQ) is the structure factor witl§Q) ~ 1 at largeQ values.

The scattering amplitudi, 1(Q = 0), can be extrapolated from
[(Q) in a largeQ region!! Here, the wave vector transfér =
47sin(@/2)/7 is defined by the scattering angle and the
wavelengthl of the radiation quanta. Becaukgrelates to the
contrast between aggregates and solvent, we can conveniently
vary the contrast for differerit, values through a deuteration

of the aggregation molecules or solvent or a switch of the
scattering radiation quanta between X-rays and neutrons, without

. i changing the aggregation characteristics. This contrast variation
~ 0, " . . . . .
50% due to the intervening of SDS molecules. The molecular technique is useful in extracting structural information of

ratio of SDS/FGoS in each aggregate was around 0.7. We also | t detailed i : tudy fenSrC
concluded that the SDS absorption efficiency to the complex g()Drgpni?(Xtal?rgergga es, as detailed in our previous study fgs/

should relate to the arm-rich sites (hydrophobic) gf-Based For ellipsoids of a uniform scattering length density and

star |onomers. in the cqmplex aggregates. semimajor axi® and semiminor axib, the form factor averaged
On the basis of the information for F§S/SDS aggregates  for spatial orientation is given B¥

obtained previously, we expect that JSZ with a much smaller

aggregation number~5) and significantly shorter arms than 1 3i,(v)
= _ 2
PQ = [y =1 du 2)
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E'Tﬁ'gngﬁgl%ﬁntﬂﬂfﬁ“ﬁmrgn wherev = Q[a2u? + b%(1 — u?)]*¥2 andj; is the spherical Bessel
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in water have a homogeneous structure rather than a—core

H.SO.Na shell structure like SDS mmelléﬁé.psmg thg two sets of data
@CHZCH2CHZC 2S0;Na ) as a contrast constraint in a fitting algorithm (see ref 6 for
details), we fit conjunctly (dotted curves) the two sets of data

Figure 1. Scheme for the fullerene-based ionomegg[(CH2)4SOs- with the same ellipsoidal shape and the sa®@) from the
Najs (FC4S)- MSA model. The structural parameters commonly determined
1 ) . ‘ N . ‘ ﬁ by the SANS and SAXS data for the g:aggregates are the
dry volume of FGS Vy4y = 1696 + 50 A3, mean aggregation
SAXS + 6.6 mMFCAS : numberN = 4.3+ 0.1,ryand semiaxes = 36.7+ 2.0 A andb
SANS o 6.6 mMFC,S +4 mM d-SDST =17.6+ 1.2 A. The aggregation size, corresponding to a radius
SANS . 6.6 mMFC,S of gyrationRy = 19.8 A Ry = [(a2 + 20?)/5]"9), is close to the
I value of 21 A obtained from the Guinier approximatiihe
= ¢, N fractional ionizationo. best-fitted is 0.15+ 0.02, leading to a
g 01 _ﬁ#WMW NWM i mean charge number ef4 (6aN) for each FGS aggregate of
< 4 6N sulfobutyl arms (CH),SO;Na. The fractional ionization
%’\*{**, i obtained is close to that for SDS micelles of similar hydrophilic
I wﬂ o msa, . + \+ heads of SENal® Also, Vyy fitted matches the volume 1650
&w T [ )‘M A3 estimated using 525, 27, and 86 fér the dry volumes of
-3 S + Cs0, CHp, and SQNa, respectively. The hydration number 1340
‘Ni\s§N of the aggregate, deduced from the volumes of water (36),3 A
001 | —a FC,S, and the aggregate, indicates a high water volume content
. of 85% in the watery FGS aggregates.
. , ( , , , , Using the same ellipsoidal model with the MSA model, we
002 004 006 008 0.10 012 014 016 can fit the data for the mixture of 4 mM SDS seamlessly (Figure
r 2). In the fitting process, we have assumed no scattering
QA7) contribution from SDS micelles, since the SDS concentration
Figure 2. SANS and SAXS data for the pure FEsolutions in RO. is substantially lower than the critical micelle concentration

Also shown are the SANS data for the mixture of 4 mM SDS. The (CMC; 8 mM) of SDS?° Also, we have adopted a dry volume
dashed curves are the fitting results using an ellipsoidal modé&(@y of SDS, 405 &, reported by Sheu et al. for reducing free
and the MSA approximation fo&Q). parameterd!22 The structural information suggested by the
fitting result includes 4.5 and 1.8, respectively, for the aggrega-

ionizationa of the .ionic aggre.gate?§.We adopt the commonly. tion numbers of FGS and SDS in each aggregate, the semiaxes
used mean spherical approximation (MSA) and the subroutine a=139.6 A andb= 15.5 A, and the fractional ionization 0.14

originated by Ha_yter etal. f.(ﬁ(Q);ﬂ our StUdy%’M.T.he MSA for the complex aggregates. Except for the small absorption of
model, detailed in many articlés;*!“assumes a rigid charged  gpg intg FGS aggregates, these structural parameters fitted
sphere interacting through a screened Coulomb potential. Weare nearly the same as those for pureF@ggregates. From
further correct the§Q) calculated from the MSA model fora 4,6 a4qregation numbers obtained, we deduce that about 2.6
nonspherical particle effeét. mM SDS adsorbs to FS aggregates, whereas the rest of 1.4
. mM SDS remains as free monomers in the mixture of 4 mM

3. Samples and Experiment SDS.

The synthesis route for fullerene-based ionomersSHEigure Pure SDS Micelles Coexisting with FGS/SDS Aggregates.
1) was reported previousfyD,O solutions of 6.6 mM FgS The aggregation behavior for E&/SDS mixtures with SDS
mixed with 0, 4, 8, 12, 16, and 20 mM SDS were prepared for concentrations close or larger than the CMC of SDS is more
SAS. For contrast variation purpose, mixtures with 8 and 20 complicated due to a possible coexistence of pure SDS micelles
mM deuterated SDS (d-SDS) were also prepared. We conductedn the system. Fortunately, the scattering contribution from pure
SANS measurements for the sample solutions on the 40 mspDS micelles is insignificant for SAXS, since the SAXS
SANS instrument at FRJ-2, Institute of Solid State Research jntensity from FGS/SDS mixtures is constantly dominated by
(IFF), Juich, Germany. The neutron wavelength used was 7 the high scattering contrast ofs€(charge density ~ 0.69
A, with a wavelength spread of 18%. The sample pinhole e-/A3) of FC,S and is insensitive to SDS monomeps¥ 0.39
employed was 8 mm by 8 mm, and the sample to the two- ¢-/A3) or micelles in water ¢ ~ 0.37 e/A3). Therefore, we
dimensional detector distance was varied from 0.8 tm for can monitor Convenienﬂy the structural Change 0f4$®g_
covering a large@ region. The SAXS data for the same sample gregates in the mixtures upon the change of SDS concentration
solutions were collected usingetl8 m SAXS instrument atthe  ysing SAXS. In fact, the series of SAXS profiles observed for
National Tsing-Hua University, Hsinchu, Taiw&nAll of the the mixtures of 6.6 mM FgS with 0, 8, 12, 16, and 20 mM
SAS data were corrected for sample transmission, background,sps is very much the same (selected data are shown in Figure
and detector sensitivity and normalized to the absolute scatteringg)_ The SAXS result implies that the FEaggregation behavior
?((Sﬂelé namely, scattering cross-section per unit sample volumegssentially does not change with the SDS concentration in the

. mixtures.

On the other hand, because neutrons are much more sensitive
4. SANS and SAXS Results to SDS micelles (in BO, scattering length density contrasp

FC.S Aggregates and FGS/SDS ComplexFigure 2 shows & 6.0 x 1076 A=) than FGS aggregatesAp ~ 3.0 x 1076
the SANS and SAXS data for the 6.6 mM FEsolutions in A=2), we can use SANS to monitor the SDS aggregation
D.O. The two sets of data are similar in profile but differ behavior in the mixtures. The SANS profiles (Guinier plot
drastically in intensity. The result implies that [ECaggregates  presentation in Figure 4) measured for the same series of sample
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Figure 3. Typical SAXS data for the 6.6 mM RS mixtures with
different SDS concentrations (only 8 and 20 mM SDS data sets are
shown). The data and the fitting curve for the pure,&@Golution are
also shown for a comparison.
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Figure 4. Guinier plot presentation for the SANS data of SSISDS
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normalizedi, value,l/C = NAp2,13 where we can also deduce

a common aggregation numbigps of 100 & 5 for the pure
SDS micelles in these three mixtures. The averaged r&idiss

= 22.0+ 0.8 A for the SDS micelles is extracted from the
slopes of the solid lines for the Guinier approximation (see
Figure 4). Here, we have neglected the relatively small contribu-
tion of the FGS/SDS aggregates and approximated the SDS
micelles with a spherical model of a homogeneous structure,
which is reasonable as shown by Sheu é® &ith the effective
CMC value of SDS taken into account, we now can calculate
the number density of SDS micelles in the mixtures usiggs

= (C - Co)/NSDS

The observed CMC for SDS in the mixing system can be
attributed partly to the SDS adsorbed into the complex ag-
gregates and partly to the free SDS monomers. Because of the
amount of SDS adsorbed to the complex aggregdigs,~
2.6 mM is essentially the same for mixtures of 6.6 mM,;EC
(see Table 1), and the free SDS monomers concentration (
Co — Cagg Saturates at 1.7 mM as the SDS concentration in the
mixture grows larger tharC, where the formation of SDS
micelles launches.

The aggregation characteristics for the SDS micelles in the
mixtures obtained above are quite useful in selecting the initial
values for fitting parameters in our fitting algorithm that takes
into account the scattering contributions ofJSISDS complex
and pure SDS micelles in the same time. Using the same model
mentioned previously, we fit the contrast data sets of 8 and 20
mM cases, respectively. In each case, we fit conjunctly the three
contrast data sets, including the SANS with SDS, SANS with
d-SDS, and SAXS with SDS. Note that because the number
density of SDS micelles is much smaller than that fo,&C
SDS complex aggregates in all the mixtures studied, we neglect
the partial structure factbrof SDS micelles in the model fitting.
Namely, the structure factor of the mixing system is ap-
proximated by theS(Q) calculated from the MSA model with
the volume fraction and the fractional ionization contributed
solely by the complex aggregates f/SISDS. The highly
consistent fitting results shown in Figures 5 (8 mM case) and
6 (20 mM case) support strongly our picture on the&ISDS
aggregates, which have a stable aggregation structure under the
addition of SDS. The structural parameters obtained from the
fitting are summarized in Table 1.

We have also conducted SANS and SAXS measurements for
sample mixtures of a S concentration (13.2 mM) two times
higher than the previous one and a SDS (d-SDS) concentration

mixtures. The solid lines are the corresponding Guinier approximations of 17.3 mM. The SAS result reflects generally the same
for the data sets. The inset shows a linear relationship (dashed line) Ofaggregation characteristics as those for the previous system of

the extrapolated, with the SDS concentration.

mixtures exhibit a linear increase in the scattering intensity,

when the SDS concentration increases from 12 to 20 mM SDS.

This indicates that the scattering profile and intensity of the

6.6 mM FCS. We will detail the results in a later paper.

5. Conclusions and Discussion
Using SAXS and SANS with the contrast variation method,

mixture are, indeed, well-dominated by the shape and numberwe have found that §&-based star ionomers & associate

density of SDS micelles after 12 mM SDS. Whereas the SDS

weakly with SDS in aqueous mixtures (1:0.2 molecular ratio

concentration is smaller than 8 mM, the scattering concentrationin the complex aggregate), as compared to thg&(SDS

of SDS micelles is comparable to that for JSC(see below).
Using the Guinier approximation (solid lines in Figure'#),
we extrapolatd, (Q = 0) for the SANS profiles (Figure 4) of
the mixtures with 12, 16, and 20 mM SDS. As shown in the
inset of Figure 4, thesig values fall well in a linear relationship
(dotted line) with the SDS concentratidd, An effective CMC,
Co = 4.3+ 0.3 mM, for the threshold concentration of the
formation of SDS micelles in the RS/SDS mixtures, can be
extracted sharply from the interceptlat= 0. In addition, the

slope of the dotted line fitted represents a mean concentration-

complex aggregates (1:0.7). As a consequence, thgSFC
aggregation structure (shape, size, and aggregation number) is
relatively stable upon the addition of SDS surfactants in the
mixtures. The lower SDS absorption efficiency for /8C
aggregates can be realized from the significantly smaller
aggregation number and shorter sufbotyl arms than that for
FCi0S aggregates, as we have mentioned in the beginning.
Structurally speaking, the starlike morphology preventgS-C
from a compact aggregation. As a consequence, the loose
hydrophobic regions formed in the EEaggregates with a high
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TABLE 1: Structural Parameters Fitted for Pure FC 4,S Aggregates and the Mixed FGS/SDS Aggregates in the Mixtures of 6.6
mM FC,S with 4 mM SDS, 8 mM SDS (or d-SDS), and 20 mM SDS (or d-SD%)

+8 mM SDS +20 mM SDS
6.6 MM FGS +4 mM SDS (d-SDS) (d-SDS)
(SANS, SAXS) (SANS) (SANS, SAXS) (SANS, SAXS)
mixed aggregate N 43+0.1 45 4.8 4.3
Ns 0 1.9 1.9 1.9
a(h) 36.9+1.9 41 39.8 39.8
b (A) 17.6+1.2 15.2 15.5 15.9
o 0.15+ 0.02 0.14 0.072 0.090
Vary (A%) 1695+ 50 1697 1625 1563
pure SDS micelles Nsps 0 0 76 100
Rsps(A) 22 220 22 24

a Parameters listed are common for the contrast SANS and SAXS data sets. The smearing gi@ctloé to the beam divergence and the
wavelength dispersion of the beam were taken into account for the SANS and SAXS data, resgeblotelythat fitting parameters for the
complex aggregates are less sensitive at higher SDS concentrations due to the increasing larger contribution from SDS micelles. Fitting parameters
obtained for the SANS data of the mixtures with 12 and 16 mM SDS are nearly the same as that for the mixture of 20 MRS ameters.
N andNs, aggregation numbers for &€ and SDS in ellipsoidal BS or FGS/SDS aggregates; andb, semimajor and semiminor axes for the
ellipsoidal aggregates;, fractional ionization for the aggregatééiy, dry volume for FGS; Nsps andRsps, aggregation number and radius for the
pure SDS micelles coexisting with E&/SDS aggregates in the mixtures.
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Figure 5. SAS data sets for the mixtures of 6.6 mM fSCwith 8 mM Figure 6. SAS data sets for the mixtures of 6.6 mM fCwith 20

SDS case. The data are fitted (dashed curves) using the same model a&M SDS case. The data are fitted (dashed curves) using the same model

described previously. as described previously. The slighter larger discrepancy between the
fitting curve and the SANS data for the mixture of 20 mM SDS may

d result from the neglect of the partial structure factor of SDS micelles

water content may only provide small attractions to SDS and ! rol :
in the fitting algorithm?3

saturate with a small amount of SDS quickly. This low

assoqatlon with SD.S found for B6 aggregates may have . surface pressurearea isotherm measurement using a Langmuir
certain advantages in systems where SDS is used for p'")te'ntrougr?3 and the microcalorimetry resétfor the Na" effect to
unfolding® or peptide aggregation-preventing agentSor the CMC value of SDS in pure SDS systems. Furthermore, we

in§tance, '.[he activity. of the bioactivegg)ased star ionomers . have also observed a very similar CMC reducing effect for SDS
with proteins or peptides may be less interfered by the protein in the sister system of FGS/SDS25

denaturing agent, SDS, added into the systems.
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