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Use of anomalous small-angle X-ray by a Rb" counterion. The polyelectrolyte chains are rather dense and

Scattering fOl' the investigation Of hlghly It_he'lr mutual distance on the surface of the core particles is sma_ll (brush
. imit). These systems have recently been studied comprehensively
charged colloids
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We present a study of the radial structure of a spherical polyelec-
trolyte brushes by anomalous small-angle X-ray scattering. The spher-
ical polyelectrolyte brushes consist of a solid poly(styrene) com.of
100 nm diameter onto which long linear chains of poly(acrylic acid)
(PAA) are densely grafted. A sufficiently high pH, these polyelec-
trolyte chains are fully charged. Rubidium ions are used as counteri-
ons because their adsorption edge (15 199.6 eV) can be conventiently
reached by synchrotron radiation. By performing small-angle X-ray
scattering studies at different energies of the incident radiation, thggyre 1
contribution of the Rb counterions can be analyzed separately. Thescheme of the spherical polyelectrolyte brushes (SPB) analyzed in this study.
scattering contribution of the counterions can be derived and comparédhe particles consist of a poly(styrene) core of ca. 100 nm diameter. Onto this
to the scattering intensity of the entire particle. The distributions of th(%ore linear poly(acrylic acid) (PAA) chains are grafted chemically. The distance

. . - .between the chains on the surface of the core particle is much smaller than the
macro-ion and of the counterions are shown to be very similiar. Thig,

’ . - ear dimensions of the PAA chains. Hence, the PAA chains form a brush in
shows that the counterions must be confined within the brush. which the Rb counterions are confined.

Keywords: ASAXS; counterion condensation; latex; particles;

polyelectrolytes by dynamic light scattering (Guo & Ballauff, 2000; Guo & Ballauff,

2001). Here we demonstrate that these particles are ideally suited for
an ASAXS-study. The energy of the incident radiation was changed to
reach the adsorption edge of Rubidium (15 199.6 eV; see Fig. 2) from
below. Near the adsorption edge the scattering length of the counterion
Polyelectrolytes consist of a highly charged macro-ion and its respedecomes a complex function. The macro-ion is made up from poly-
tive counterions. When dispersed in media of sufficient dielectric conmers that exhibit no anomalous dispersion in the energy range used
stant as e.g. water the counterions dissociate from the macro-ion (Mahere. Hence, ASAXS can be used to extract the scattering contribution
del, 1987). The distribution of the counterions in the strong electriof the counterions as will be shown below.

field of the macro-ion is among the classical questions in this field.

Small-angle X-ray scattering (SAXS) is well-suited to study this prob-

lem experimentally if the counterions exhibit enough contrast toward%' Theory
the solvent (Wtet al,, 1988). Often the contribution of the macro-ion

is non-negligibe which renders the determination of the structure of th2.1. Small-angle scattering from spherical polyelectrolyte
clouds of counterions less secure. brushes

Anor_nalous small-_angle X-ray scattering (ASAXS) can solve this prob-_ The absolute scattering intensltig) is given by

lem if the adsorption edge of the counterions can be reached experi-

mentally (Stuhrmaneet al,, 1991). Hence, changing the energy of the N

incident beam changes the scattering factor of the counterions while I(q) = V'O(Q)S(q) )
leaving the scattering contribution of the macro-ion constant. Recently,

we have demonstrated that ASAXS gives valuable information on diswhereN/V is the number of dissolved particles per volurhgq) is
solved polyelectrolytes that cannot be gained by SAXS or other mettthe scattering intensity of a single particte= 4x sin6/\ is the mod-
ods (Guilleaumeet al,, 2001, Guilleaumet al,, 2002). Model calcu- ulus of the scattering vector, with = half the scattering angle and
lations showed that ASAXS should be of similar use in the case of = wavelength of the incident X-rays, a$q) is the structure factor.
spherical macro-ions (de Robillaed al.,, 2001). Since we work in the dilute regime, the influences(d) is restricted to

In this communication we present the first analysis of a well-definedhe region of smallest angles (Ballauff, 2001). Hence, in the following
polymeric macro-ion by ASAXS. The system investigated here conS(q) = 1 which corresponds to a system of non-interacting particles.
sists of a dilute aqueous solution of the spherical polyelectrolytdespite the spherical symmetry the scattering interisity) is a com-
brushes (SPB) depicted schematically in Fig. 1. The particles consispdex quantity because the scattering factor of thé Rims has a non-

of a solid poly(styrene) core onto which linear chains of poly(acrylicvanishing imaginary part.Therefore

acid) (PAA) are attached. The PAA chains affixed to the surface are

fully dissociated and the negative charge of each group is balanced lo(q) = F(q)F"(q) (2)

1. Introduction
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whereF (q) is the scattering amplitude of a single particle. Because off” (E) is directly related to the adsorption cross section for X-rays

the spherical symmetry of the particlEgq) follows as of energyE. Both f'(E) and f”(E) are related to each other by the
- ) Kramers-Kronig relation. Fig. 2 displays the variation BfE) and
sinqgr 7 s )
F(q) = 471,/ [p(r) — pm] ar2q ©) of f”(E) calculated for Rublc_ilum from the tabulation of Hendteal.
0 r (1993) and from the calculations of Brennan and Cowan (1992). Both

. . ) . sets of data agree well and provide a sound base for the evaluation of
wherep(r) is the radial electron density of the spherical polyelectrolytethe present data

brush andom is the electron density of the surrounding medium water.; o interesting to note that the imaginary péft remains practically

constant below the edge wherefdsshows a strong variation near the
edge. Hence, the ASAXS effect will be fully determined by the real

5 - part f' if the experiments are conducted at energies below the adsorp-
FHEeEEeg tion edge. Measurements above the edge, on the other hand, would
: lead to strong fluorescence which may mask the scattering intensity at
0 Bt OHEEE 88 80 high g. Fig. 2 also demonstrates that measurements need to be done
very closely to the adsorption edge if a sufficient decreasE of to
be observed.
. 5 For ions immersed in a medium with electron dengitjthe number
of excess electrons per idxfion follows as
Afion = fo — pmVion + f/(E) + if H(E) =
10 Afo+ f/(E) +if"(E) (6)
v whereVion is the volume of a single ion. The quantikf, hence denotes
the scattering contribution of a single counterion that is independent of
12000 13000 14000 15000 16000 17000 the energy of the incident radiation.

E [eV] Let nion(r) be the number of counterions per unit volume within dis-
tancer from the center of the particle. Then the contribution of the
counterions to the excess electron density of the entire particles is given

Figure 2 b
Scattering factor of Rubidium near the K-edge: the real and imaginary parts y
and f”/ as function of the energly of the incident radiation. Triangle’ taken Dpion(r) = Nion(r)Afion; T > Re 7

from the tabulation of Henket al. (1993); solid line:f’ taken from the calcula-
:'0” thBre”t:‘e}n and E%war&é19?2%gggares connected by dashedffis&en  From these considerations it follows that the excess electron density of
rom the tabulation of Henket al. ): the spherical polyelectrolyte brush is given by

Th_e excess electron de_ns'yWr) = pm consist; of_two parts: i) The _ Do(r) = Dpeorelr); T < Re ®)
contribution of the macro-ion, and ii) the contribution of the counteri- (o
ons which is complex. Dp(r) = Dpean(r) + Afion;r > Re

2.4. Calculation of 1o(q) and of v(q):

2.2. Contrast of macro-ion: The scattering amplitude(q) is splitinto a non-resonant terfa(q)

The macro-ion is composed of a poly(styrene) core having an exce§"§‘d an energy-dependent tefgy(q):

electron densityApcore This contrast is small and the main contribu- F(q) = Fo(q) + Fres(Q) ©)
tions stem from the PAA chains attached to the surface. With the radial

excess electron density of the PAA chains givenyaa(r) we have  For the non-resonant term we obtain from equation (3)

for the radial excess electron density of the macro-ion oo singr

Fo(q) = 477/ A,Oma\croion—rzdr +
Apmacroior‘(r) = Dpcore ' < Re 0 qar
Bpmacraor(I) = Bpeaa ()i T > Re @ +Afodn / Rlon(r) S0 (10)
Re

whereR; is the radius of the core.
The resonant term follows as

singr

2.3. Complex contrast of counterions: Fres(qQ) = (f'(E) +if "(E))47r/ Nion(r) o ridr
The scattering factofi,n becomes a complex function of the energy R‘j -
E of the incident radiation near the adsorption edge of the ions: = (F(E) +it7(E))v(a)
. (11)
fion = fo+ f'(E) +if"(E) (5)

wherev(q) is the Fourier-transform of the distribution function of the
The first termfo is the non-resonant term which equals the atomiccounterionson(r). Equation (2) then leads to
number of the element. The second and the third term in equation (5) ) , L o
are the real and the imaginary part due to the anomalous dispersion 1o(d) = Fg (@) + 2f Fo(@)v(a) + (f'(E)* + f"(E)**(q)
near the adsorption edge anis the complex unit. The imaginary part (12)
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Equation (12) shows that the intensity measured near the adsorpti@ Experimental
edge consists of three parts: The tefi{q) denote the non-resonant
intensity that is measured far from the edge by the conventional SAXS
experiment. The second term is the cross term of the non-resonant!*
and the resonant amplitude of the object. It scales linearly fitgnd The particles used in this study is the system L22 (Guo & Ballauff,
presents in most cases the leading part of the ASAXS effect. It shoul@d001). The latex was purified by extensive ultrafiltration to remove the
be kept in mind that the amplitud®(q) embodied in this term is still

related to the entire scattering object, i.e.,

Materials and methods
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Figure 3 Influence of the energy dispersion of the primary beam. The energy spread of

Determination of the position of the adsorption edge. The transmission of a s¢he primary beam is compared to the dependenc of the energy of the in-
lution of the spherical polyelectrolyte brush is plotted against the energy of theident beam. The effectiv/; results from the convolution of the energy spread
incident beam. The edge determined from the point of inflection of the expemwith f(E).

imental transmission curve is slightly shifted from the theoretical value (solid

line). This shift is caused by a residual uncertainty of the adjustment of the

monochromator. It is corrected for in all subsequent calculations. free polymer in the serum. The characterization with regard to the con-

tourlengthL. and the grafting density was done as described recently

to the spatial distribution of the non-resonant scatteres as well. On'é@uo & Ballauff, 2000). The particles studied here had a core diameter
the third term is solely related to the spatial distribution of resonantly;¢ gg nm a weight-average contourlength— 233 nm and a grafting

scattering parts of the object under consideration. Its prefactor is muqﬁbnsitya — 0.026 nn 2 (cf. Table Il of (Guo & Ballauff, 2001)).

smaller, however, and its magnitude becomes only appreciable if thehe Riy counterions were introduced by titration of the acidic parti-
second term in equation (12) is small. This is borne out directly fromy|eg by aqueous RbOH. Previous studies have shown that all carboxyl-
the model calculations presented by de Robilkefrdl. (2001). _ groups within the brush are converted by this procedure (Guo & Bal-
For systems havingo(q) of appreciable magnitude, the third term in |4, 2001). No additional salt was added to the system studied here.

equation (12) can be omitted anhy) can be directly calculated from  ppo was added until a pH of 10 was reached. This ensured full ion-
the second term of equation (12). Henefg) is obtained by dividing  isation of the brushes.

the experimental cross terfg(q)v(q) through the amplitudBo(q) that
is available from the first term of equation (12), i.e, from the conven-

tional SAXS experiment. Since we are dealing with spherosymmetri?D
systemsfo(q) may directly obtained from the SAXS intensity. This

All ASAXS experiments reported here were performed using the
2-beamline of the ESRF in Grenoble. The sample-to-detector dis-

) . ; . tance was 10 m in all cases. As detector an image-intensified CCD-
pro_cedt_;re_leaQs tw(q) which may d|r(_ectly be inverted to y!eld _the camera was used. The energy of the incident beam was varied between
radial distributionnien(r) of the counterions. It must be kept in mind, 12.460 eV and 15 200 eV. All data have been corrected for detector re-

however, that the spherical polyelectrolyte brushes under considerati%%onse and normalized to an absolute scale. The normalized data were
here are always slightly polydisperse. The finite width of the size dis-

oo : : o . - ~azimutally averaged and corrected for the background of the solvent
tribution of the particles will smear out the minima at higher scatterin

. . Yvater and the empty cell. The possible contribution from fluorescence
ahr?gleé anq the anaIyS|sTok:‘the ASbA>éS datt? (fjlref.ct.lyv(mn"must tak% that occurs was checked by measurements at energies slightly above
t 'S € ?Ct Into account. Mis can be done by defining a “measured anm, edge. It turned out that data taken in themnge under considera-
plitude” v (q) from equation (12) through tion here is not influenced by fluorescence.

>, Foi(a)vi(a) The particle concentration was 6 wt.% to minimize the effect of particle
wa(q) = SigF(Q]1> FE (@2 (13)  interaction. Previous investigation had demonstrated that this concen-
o centration is low enough to disregard the influence of mutual interac-
If the polydispersity is smallyw (q) leads directly tonion(r). In case  tion of the particles in therrange analyzed here (see Ballauff, 2001,
of a broader size distributiomy (g) may be compared to theoretical and further citations given there).
models and the radial distribution of the counterions follows from a fitSpecial care has been taken to localize exactly the energy of the edge by

procedure. careful measurements of the absorption of each sample. Fig. 3 displays
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as an typical exampe the transmission of a given solution as functiod. Results and discussion

of the energy of the incident beam. ) ) . )
All ASAXS experiments discussed here are done using spherical poly-

electrolyte brushes L22 synthesized and characterized recently (Guo

& Ballauff, 2001). For a pH of 10 used here these particles are fully
E % “““““““““““ E charged. Fig. 5 displays the intensities of this suspension measured at

) o -27371eV ] different ene_rgies of the incident beam. F_or the sake of clarity only
Lo® + -97.1eV 1 three scattering curves are shown. The circles refer to an energy far
100 ¢ 90 x -1.l1eVv 3 below the edge wheré’ and f” are very small. First of all, the dis-
E ); 3

X

1000

tinct maxima and minima of the scattering curves are clearly seen and
point to the narrow size distribution of the spherical polyelectrolyte
brushes studied here. Moreover, it is seen that the measured intensities
become smaller upon approaching the adsorption edge. This becomes
directly evident upon inspection of equation (12). As demonstrated by
the model calculation discussed in de Robillatdl. (2001) the third

term in equation (12) is small and the ASAXS effect is dominated by
cross amplitude which is negative by its prefactofsee Fig. 2).

The magnitude off’ is increasing when approaching the energy
of the adsorption edge and the measured intensity is progressively di-
minished by the negative ASAXS contribution. Equation (12) suggests
to remove the non-resonant part of the intensity by subtradifty
measured far below the adsorption edge.

The resulting plot is displayed in Fig. 6. The solid line shows the in-

Figure 5 tensity measured far below the edge whereas the other data refer to
Experimental scattering intensities measured at different energies of the incidegte differences of this intensity and the intensities measured near the
beam. edge. Evidently, the cross amplitude (see equation (12)) is of apprecia-
gle magnitude near the adsorption edge. Accurate data can be taken,

10}

I(@) [cm™]

0.1

The solid line marks the theoretical value of the energy of the edg .
(15 199.6 eV) whereas the broken line shows the point of inflection o owever, even 400 eV below the edge. Hence, the ASAXS effect is
conveniently measurable for the present systems.

the absorption curve. This shows that there is a small shift of the en*
ergy. This small shift was taken into account for the determination of
the true energy of the incident beam.

The ASAXS experiment of a given solution was done as follows: First

the energy scale of the monochromator was corrected for the shift seen 2737.1 eV
in the transmission curve. Then intensities are measured at energies be- 1000 o I(-273-7eV) - 1(-397eV)
low the edge thus determined. All scattering curve are corrected for the o) +1(-2737eV) - I(-97eV)
sensitivity of the detector using software available at the beamline. 100 >i> o 1(-2737eV) - I(-1.1eV)
An important point to be considered in the course of an ASAXS ex-
periments is the energy spread of the primary beam. For the 1D2 T
AE/E = 2 x 107*. Fig. 4 shows the real paft together with the 5 10
profile of the primary beam. The narrow width renders the effect of a o
finite width of the primary beam negligible except for the immediate g
neighborhood of the edgE < 10 eV). For this region an effective © 1
scattering factorfl; has been calculated by weightirfg(E) by the
profile of the primary beam the maximum of which was shifted to the 0.1
respective energ. Table 1 lists the energies at which measurements
have been conducted together with the respedtiVg) and f2;(E). In
all subsequent calculationi;(E) was used. 0.01
0 0.05 0.10 0.15 0.20 0.25
Table 1 q [nm™]
Scattering factors” and f; as the function of the distancE to the adsaorp-
tion edge.
AE[eVIT 7 F L8 Figure 6
Difference of experimental scattering intensities measured at different energy of
-2737 -1.41 141 the incident beam.
-397.1 -3.09 -3.00
-197.1 -3.76  -3.71 . Lo . .
97.1 4.46 -4.45 A feature comanding attention is the parallel shift of the difference
-13.1 -6.51 -6.33 curves. The maxima remain at the samealues and the different
-11 -9.65 -8.77 energies lead only to a shift parallel to the ordinate. A similar effect

f Difference of energy relative to the energy of the edge has already been seen in the model calculations discussed recently
t Real part of the scattering factor (He 1, 1993) (de Robillardet al,, 2001). They point to the fact that the cross term

§ Effective scattering factor used in the evaluation of the data; see the discussi(% equation (%2) is the leading .p‘r?m of the.non-resonant terms. This
of Fig. 4 becomes obvious when normalizing the difference curves displayed

J. Appl. Cryst. (2003). 36, 578-582 Dingenouts et al. 581
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in Fig. 5 to f4. Fig. 7 shows the resulting data refering to different

The master curve displayed in Fig. 7 is the central experimental re-

energies of the incident beam. All difference curves are now located osult of the present analysis. It shows that ASAXS does not allow to

a single master curve that corresponds$d()v(q). This result gives

see directly the contribution(q) of the Rb ions to the measured in-

the experimental proof that the cross term is much larger than the thingnsity which is embodied in the third term of equation (12). The con-

term in equation (12) which is solely due to resonant teffrend f".
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Figure 7
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trast of the macro-ion which includes the high X-ray contrast of the
attached PAA chains is high enough to render the amplifudg) a
non-negligible quantity. The cross terffa(q)v(q), however, is linear
independent of the non-resonant teFgiq) and thus present highly
valuable information on the Fourier-transforty) of the distribution

Nion ().

Moreover, as already discussed above, ASAXS allows to determine
directly the "measured scattering amplitudgs(q) of the counterion
cloud by equation (13). Evidently?, (q) is then the scattering intensity

of the cloud of counterions around the macro-ion. Fig. 8 shei(s)
together withFZ(q). Fig. 8 demonstrates that the information solely
due to the distribution of counterions can be obtained by a carefully
conducted experiment. Moreover, Fig. 8 shows that this information
can be obtained with excellent accuracy.

A comparison of?(q) with suitable models gives the distribution
Nion(r). The g-range available here, however, is to small to arrive at
meaningful results. Therefore an extension of the present measure-
ments to higher scattering angles is necessary. The results obtained so
far, however, already indicate that the radial distribution of the counte-
rions must be closely related to the radial structure of the macro-ion.
This can directly be argued from the fact thétq) andFZ(q) are re-
lated in good approximation by a factor. This is directly demonstrated
in Fig. 8: The dashed line is the intensfy (q) shifted parallel to the
ordinate to match the intensitf, (q). Full agreement is seen which

Difference of experimental scattering intensities measured at different energy ghows that?, (q) differs from |:02(q) only by a constant factor related
the incident beam normalized ;.

&833) o Fi(q) (12460 eV)
100 2 )
° é% o vy, (@)
M
%9 S
o 1
S,
G
0.01
0.0001
0 005 010 015 020 0.25
-1
q [nm7]
Figure 8

to the different contrast of the entire system and the counterions alone.
This results therefore clearly demonstrates that the counterions merely
decorate the polyelectrolyte chains of the macro-ion.
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