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ABSTRACT: The analysis of a dendrimer of fifth generation by small-angle neutron scattering (SANS)
in solution is presented. The contrast of the solute toward the solvent dimethylacetamide (DMA) is changed
systematically by measurements of the dendrimer in mixtures of deuterated with protonated DMA.
Additional SANS measurements at highest contrast and varying dendrimer concentrations allowed to
determine the structure factor of the dendrimers in solution. SANS intensities measured at different
contrast are shown to yield the contrast p — pm Where p is the average scattering length density of the
dissolved dendrimer and pm is the scattering length density of the solvent. This allows to determine the
molecular weight of the dendrimer in an unambiguous fashion. The comparison of the measured and the
calculated molecular weight demonstrates that the dendritic structure under consideration here is not
fully perfect. The analysis of the radial structure of the dendrimer rests on the decomposition of the
measured intensities into terms depending on powers of the contrast p — pm. The leading term which
scales with the square of the contrast leads to the determination of the scattering intensity referring to
infinite contrast. This allows to elucidate the radial scattering length density in an unambiguous manner.
The analysis demonstrates that the present dendrimer, composed of flexible units, has a compact structure
where the density has its maximum at the center of the molecule. This is in accord with recent theoretical
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deductions.

Introduction

Dendrimers are synthetic macromolecules with de-
fined architecture which are synthesized by iterative
controlled reaction steps.1—3 Starting from a trifunc-
tional monomer (generation 0), subsequent generations
are connected to this initial core which results in a
treelike structure. Since the mass of the molecule
increases exponentially with the number of generations
and grows more rapidly than the available volume, the
structure is expected to saturate at a given generation
number. In this respect dendrimers represent interest-
ing intermediates between linear polymers and colloid
particles: At low generation number the structure will
be akin to the one of star polymers having a great
number of available conformations. At high generation
number, however, a rather densely packed radial struc-
ture will result with less internal degrees of freedom.
At this stage, significant back-folding must result.

The first theoretical treatment of the structure of
dendrimers has been given by de Gennes and Hervet.*
These authors derived a density profile that has a
minimum at the center of the starburst and increased
monotonically to the outer edge. In contrast to this,
Lescanec and Muthukumar found the density to exhibit
its maximum at the center of the molecule.> Manfield
and Klushin performed a series of Monte Carlo Studies
of dendrimers up to the ninth generation.® Their study
corroborated qualitatively the results presented by
Lescanec and Muthukumar. More recently, Murat and
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Grest presented a molecular dynamics study that
included the effect of solvent quality on the internal
structure of dendrimers.” A further study of the struc-
ture of dendrimers employing molecular dynamics was
presented by Cavallo and Fraternali.8 Radial atom
densities as a function of the distance from the center
of mass have been derived and discussed by these
authors. The equilibrium structure of dendrimers was
recently the subject of a comprehensive study by Boris
and Rubinstein.® These workers developed a Flory
model of the starburst structure, the results of which
were subsequently corroborated by a self-consistent
mean-field model. The theory of Boris and Rubinstein
allows to understand the basic factors controlling the
size of dendritic structures as a function of solvent
power. These authors also made detailed prediction
regarding the scattering function of dendrimers and
showed that small-angle scattering is capable of distin-
guishing between different models of the radial struc-
ture. Very recently, Welch and Muthukumar demon-
strated the strong influence of charges within the
dendrimer which may lead to a transition between a
dense core and a dense shell structure.1©

From these theoretical studies is seems to be well-
established that uncharged dendritic structures should
have the maximum of the density at the center of the
molecule. On the other hand, Uppuluri et al. proposed
a structure with a dense shell in order to explain
rheological data.'* Thus, the internal structure of den-
drimers seems to be still a matter of debate despite a
decade of intense research.
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Compared to these detailed theoretical studies, the
number of experimental investigations devoted to the
structure of dendrimers is scarce.12716 A study by small-
angle X-ray scattering (SAXS) conducted by Prosa et
al.* demonstrated clearly the transition of a polymer-
like scattering behavior to the scattering pattern of a
colloidal structure with increasing number of genera-
tions: For low generations a virtually structureless
scattering curve resulted whereas the dendrimer of
generation 10 exhibited two side maxima in the mea-
sured SAXS intensity I(q) as a function of the magnitude
of the scattering vector q [gq = (4xr/1) sin(6/2), where 1 is
the wavelength of radiation and 6 the scattering angle).
These side maxima are indicative of a rather dense
spherical structure!” expected for dendritic structures
of this generation. A study using small-angle neutron
scattering (SANS) by Scherrenberg et al.1> showed the
similar trend. Here a distinct maximum showed up in
Kratky plots 1(g)g? vs q with increasing number of
generation. This feature is in qualitative accord with
the findings of Boris and Rubinstein (see Figure 11 of
ref 9).

All previous SANS and SAXS investigations were
conducted at a given contrast of the dendrimer toward
the solvent used in the respective studies. Here a
number of problems arise that render a direct compari-
son of theory and experiment a difficult task: SANS and
SAXS are sensitive not only to this distribution but also
to inhomogeneities deriving from the different scattering
lengths?8 of the atoms constituting the dendritic struc-
ture. Therefore, different groups within the dendrimer
will contribute differently to the measured scattering
intensity 1(g). The presence of groups inside the den-
dritic structure that have a different scattering length
density is followed by an additional contribution to the
measured scattering intensity. This part of 1(q) must
be removed prior to comparison with theory. Moreover,
the constitutive units of the dendritic structure can no
longer be regarded as point scatterers but as objects of
finite size having an internal density distribution. This
fact must be kept in mind when comparing the scatter-
ing function measured at high g values to theoretical
data.

Another serious problem of SANS investigations is
given by the incoherent contribution to the intensity due
to the great number of hydrogen atoms in the struc-
ture.1® This contribution does not depend on contrast
and may constitute a nonnegligible part of the measured
intensity at high g values. This is a problem of particu-
lar importance when measuring the scattering function
of small objects in solution.

In addition to this, dendrimers are structures that
have certainly larger dimensions than the surrounding
solvent molecules, but the difference is only about 1—2
orders of magnitude. Treating the solvent as an incom-
pressible continuum may therefore lead to errors,®
because fluctuations of the density of the solvent around
the dendrimer may lead to concomitant fluctuations of
the contrast which must be addressed properly.

Most of these contributions are small or negligible if
polymeric objects comprising a great number of scat-
tering units are investigated by SANS. The coherent
part of I(q) scales with n? where n is the number of
monomer units. The incoherent part scales only with n
and is negligible for large n. In case of small objects as
for example dendrimers, however, possible incoherent
contributions must be removed to allow for a meaningful
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structural study of dendritic molecules.

SANS offers the unique possibility to address these
problems by change of the contrast between solute and
solvent through use of mixtures of deuterated and
protonated solvents.’® The method termed contrast
variation allows to distinguish between the scattering
signal due to the outer shape of the object and the
scattering signal due to the variation of the density
inside the object.17:18.20-23 Moreover, contributions that
are independent of contrast as for example the incoher-
ent contribution may be determined and subtracted
from the measured intensity.

Here we present the results of a comprehensive SANS
investigation of a dendritic structure of fifth generation
(see Figure 1). The synthesis and characterization of a
similar dendrimer of fourth generation has been given
recently.2* Here diphenyl ether end groups have been
attached to a dendrimer of fifth generation. The struc-
ture is akin to the dendrimer simulated in ref 8. The
dendrimer exhibits good solubility in dimethylacetamide
(DMA). In the course of the present study the contrast
of the solute toward the solvent has been changed by
use of appropriate mixtures of deuterated DMA with
protonated DMA. The main goal of the present inves-
tigation is the determination of the radial density profile
of the dendrimer.

Theory

We consider a system of monodisperse objects with
number density N oriented at random. The scattering
intensity 1(q) as a function of g, the magnitude of the
scattering vector, may be rendered as'?18

1(@) = Nlo(a) S(a) + Nlineon 1)

where lp(q) is the scattering intensity of a single particle
at infinite dilution and S(q) denotes the structure factor
that takes into account the interparticular interfer-
ences.1”18 The influence of S(q) will make itself felt even
at low concentration and must be removed through
proper extrapolation to vanishing concentration (see
below). In addition to these terms which are determined
by the spatial structure of the dissolved molecule, 1(q)
may also contain an incoherent part lincn Which is due
to the reasons discussed above. lincon Mmay become a
nonnegligible contribution to I(g) at high scattering
angles.

In general, lo(q) referring to particles immersed in a
solvent of scattering length density pm can be calculated
by use of the Debye equation?’

6@ = [ [To(F2) — prllo(F) —
(sin@lf, = T7,l)
Pm Q|?1 _ —r=2| drler (2)

where p(F) is the scattering length density at point T.
Following refs 17 and 20, this quantity is rendered as
the product of a shape function T(F) and the local
scattering length density py(F) inside the object:

p(F) = T(F) pp(F) + pu[1 — T(F)] ®3)

The local scattering length density py(F) refers to the
hypothetical structure of the object in vacuo. All infor-
mation to be obtained from an analysis of the crystal
structure is embodied in pp(F). In contrast to this, the
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Figure 1. Chemical structure of the dendrimer of fifth generation.
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shape function T(F) describes the spatial structure
assumed by the object in solution, i.e., the shape of the
cavity in which the solvent has been replaced by the
object. When discussing these quantities and functions,
it must also be kept in mind that the dendritic object
under consideration here has a diameter of a few
nanometers only. The monomeric units building up the
structure have a size hardly exceeding that of the
solvent. It is therefore evident that the penetration of
the solvent into the dendritic structure may depend on
the solvent used in the scattering experiment. The shape
function T(F) is therefore governed not only by the
structure of the solute but also by the ability of the
solvent to penetrate into the structure. To account for
this effect and for the finite resolution of the scattering
experiment, T(r) is allowed to vary continuously be-
tween 0 and 1 (cf. refs 17 and 20).

Furthermore, the shape function derived from experi-
mental data describes the statistical-mechanical aver-

age of a centrosymmetric but fluctuating object. By
virtue of this averaging, the shape function of the
centrosymmetric dendrimer considered here will be a
function of the distance r of the center of gravity only.
Therefore, T(r) corresponds to the average over T(r) of
all possible conformers and orientations and gives the
probability of finding a segment at a distance r; i.e.,
47T(r)r2 dr is the volume of all segments located in a
spherical shell at distance r. It is obvious from this that
the shape function describing the conformation of such
a statistically fluctuating object must be a function that
varies continuously between 0 and 1.

From the above definition of T(F) it follows directly
that the partial volume V, of the particles is given by

Vv, = [T(F)d¥ (4)

Hence, V, is the volume of the particular solvent
replaced by the solute. The volume fraction ¢ of the
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solute is therefore given by ¢ = NV,. The average
scattering length density p in this system follows as

p=y T ) at ©)

and the difference p — pm is the contrast of the object
toward the solvent. The average scattering length
density refers therefore to the volume V, occupied by
the particles in a given solvent and not to the volume
occupied in the dry state, i.e., in vacuo.

Given these basic prerequisites and definitions, the
excess scattering length density g(f,om) may be split into
a part depending on the contrast p — pm and into a
function Ap(f) independent of contrast:?°

9(F.pm) = p(F) = pyy = T(F)[o — prl + T(F) Ap(F) (6)
Equation 6 defines the function T(F)Ap(F) which de-
scribes the deviations of the scattering length density

from its mean value inside the object. From eqgs 5 and
6 it is evident that

JT(¥) Ap(T)dP =0 7

Introduction of eq 6 into eq 2 leads to the splitting of
the scattering intensity lo(q) into three parts:

Io(@) = [p — prml’15(@) + 2[6 — prllg(@) + 1,(q) (8)
where

sin(q|T, — T,l)

Is(@) = ffT(_':l) T(T,) qit, — 1] dr,dr, (9)
and
in(al?, - 7,
150 = [T T Aoy o = ar, ar,
10)

and

L@ = [ [T(F) Ap(Fy) T(F,) x

_ Sin(q|T; — Ty))
Ap(P)———————
p(T2) qir, — 1yl

dr,dr, (11)
Here Is(q) is the scattering contribution referring to an
object the shape of which is defined by T(r). I,(q) is
related to inhomogeneities that result from the fact that
not all atoms and groups constituting the dendritic
structure have the same scattering length.

The three different contributions defined in eqs 8—11
are related to the structure of the object and constitute
coherent parts of 1(q). As mentioned in the Introduction,
a further contribution to the measured intensity may
arise from the density fluctuations of the solvent. On
one hand, these fluctuations of the solvent density lead
to the scattering background which is removed as usual
during the evaluation of the data (see Experimental
Section). On the other hand, fluctuations of the solvent
density must necessarily be followed by small fluctua-
tions of the contrast p — pm. This is directly evident
when considering a homogeneous object embedded in a
solvent that exactly matches its scattering length
density p. No scattering can be observed in this case if
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the solvent is completely homogeneous. If pr, fluctuates,
a small but finite scattering intensity arises which is
uncorrelated to the structure of the dissolved object. The
magnitude of this term is difficult to estimate, however.
It is important to note that this term has no cross-term
with Is(q). This again is due to the fact that the
fluctuations of solvent density are uncorrelated to the
equilibrium structure of the dendrimer. In the following
this term will be treated as another contribution to lincon.

For g — 0, eq 8 in conjunction with eq 7 leads to the
conclusion that

N1,(0) = N[p — p, J?V,> = ¢[p — pl°V, (12)

Hence, the forward scattering of the solute is solely
determined by Is(q) if lincon cONstitutes only a negligible
part at small g values. In this case plots of 1o(0)2 vs pp,
can be used to determine the average scattering length
density. If lincon is NOt negligible against 1s(0), however,
plots according to eq 12 may lead to erroneous data for
the average scattering length density. At small q the
measured intensity I1(q) must exhibit its minimal value
if pm = p, i.e., if the scattering length density of the
solvent matches the one of the object. For g — 0 and pm
= p the extrapolated intensity 1(0) is solely given by the
g-independent term lincon. Therefore, plots of 1o(Q) Vs pm
for small g may serve for the determination of p as well.

At small g the scattering intensity normalized to the
volume fraction of the solute may be approximated by
Guinier’s law!>16

| Ry’
% =V, (p ~ pm)’ exp(— = qz) (13)

where Ry denotes the radius of gyration. Its dependence
on contrast p — pn, is given by?223

o _ _
RZ=Ry. +=—L— =BG —pn) >  (14)
P~ Pm

Here Ry. denotes the radius of gyration at infinite
contrast, i.e., of the shape function, whereas the coef-
ficient a is given by

a = (pV,) ! [ T(F) Ap(F)r® dV (15)

The quantity o therefore may be regarded as the
radius of gyration of the internal variation of scattering
length density T(F)Ap(F). The coefficient j is the average
square distance between the centers of gravity of the
distributions T(F) and T(F)Ap(F).1"23 It vanishes for a
centrosymmetric object. Hence, for the average shape
function to be determined here, j is expected to be zero.
Equation 14 also demonstrates that only Is(q) and 1,(q)
will contribute to Ip(q) in the Guinier regime; the cross
term Isi(q) has only contributions of O(g*).

Having determined p, the measured scattering inten-
sity 1(g) can be decomposed according to eq 8. This leads
to the unambiguous determination of Is(q) which is
related to the shape function T(r) through eq 9. I1s(q)
refers to the scattering intensity measured at infinite
contrast where all other terms in eq 8 may be neglected.
Hence, contrast variation allows to extract the contribu-
tion that contains the structural information through



Macromolecules, Vol. 32, No. 12, 1999

20

4, *e To0s
= a ", % om
£ 5 R 1 2 3
2 o 2% q "]
o
= ) § D':'AA.'
X % o .
+++¥X><x DSAA..
1 + ﬁxgﬁﬁg..l’“x X X
oy ++++Dé5553§§50¥ x
. o285 aueegﬁg
05
1 2 3
qlnm’]

Figure 2. Scattering intensity (0.14 nm™! < q < 3.3 nm™) of
the dissolved dendrimer normalized volume fraction ¢ mea-
sured at different contrast. The contrast has been adjusted
by appropriate mixtures of DMA-Dy and DMA-Hs. The inset
shows the raw data in the entire g range. The numbers in
parentheses give the contrast p — pm/10%° cm~2. @, 100% DMA-
Dg (—4.55); A, 80/20 DMA-Dyo/DMA-H, (—3.42); O, 60/40 DMA-
Do/[DMA-Hy (—2.53); x, 40/60 DMA-D¢/DMA-Hg (—1.14); +,
DMA-H, (+1.18).

Fourier transformation of T(r). The other terms defy
direct interpretation since I,(q) cannot be separated from

| incoh-

Experimental Section

Protonated DMA (DMA-Hq, Fluka, analytical grade) and
deuterated DMA (DMA-Dgy, Deutero GmbH, 98% deuteration)
were used as received. The dendrimer shown in Figure 1 was
synthesized as described recently.?*

All SANS measurements have been conducted using the
D11 instrument of the Institut Laue-Langevin in Grenoble
using a wavelength of 0.6 nm. The range of scattering vectors
was 0.07—3.3 nm™! using three different positions of the
detector.?®> The dendrimer was dissolved in DMA-Dyg in con-
centrations ranging from 9.4 to 46.6 g/L to explore the
influence of finite concentrations. Contrast variation was done
by using mixtures of DMA-Hy and DMA-Dyg; the concentration
of the dendrimer was 45 g/L in these solutions. Absolute
intensities at a detector distance of 5 m were obtained by
normalizing the intensity scale by using the strong incoherent
scattering of water as a standard. The absolute scattering cross
section of H,O was calculated for the wavelength of 0.6 nm
using the relation of Ragnetti et al.?® Data deriving from
measurements taken at different positions of the detector were
normalized by using an appropriate factor determined from
measurements of a Teflon probe.

The contribution I(q) of the dissolved dendrimer was sepa-
rated from the contribution of the solvent 1,(q) by?*

I(q) = Isolution(q) - (l - ¢)|1(q) (16)

Densities of the solutions were measured using a DMA-60
densitometer (Paar, Graz, Austria). The partial molar volume
v, of the dendrimer resulted to 0.84 cm?/g. Volume fractions
in the dilute regime have been obtained from the weight
concentrations ¢ through ¢ = cv..

Results and Discussion

As mentioned in the Introduction, the present analy-
sis rests on measurements of the dendrimer at different
contrast. Figure 2 displays the scattering intensities
obtained by application of eq 16 to the data measured
in four different solvent mixtures. For all contrast
statistically sound data could be obtained up to at least
g = 2.5 nm~%; beyond this point the data taken at lowest
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Figure 3. Influence of S(g) on the scattering intensity 1(q)
measured at highest contrast (in DMA-Dy): Scattering inten-
sity normalized to volume fraction vs magnitude of scattering
vector g. The respective volume fractions ¢ are (+) 0.039, (V)
0.026, (O) 0.016, (®) 0.008, and (x) extrapolated to ¢ = 0
according to eq 17 (cf. Figure 4).

contrast are less secure and will be omitted in the
analysis by contrast variation.

There is some indication of a weak association which
leads to an upturn of the scattering intensities at lowest
scattering vectors q. This is demonstrated in the inset
of Figure 2, which displays the measured scattering
intensities over the entire q range. The upturn visible
only at the first points can be explained by the presence
of a few aggregates which could not be avoided despite
careful preparation of the solutions. A possible reason
for this weak attractive interaction between the den-
drimers may be located in the presence of some imper-
fect structures (see below). The signal of these aggre-
gates is restricted to the first few points and can be
omitted in the subsequent analysis of the data. Hence,
in what is to follow only data between 0.14 and 3.3 nm~!
have been taken into account.

To determine the influence of concentration expressed
through the structure factor S(q) (cf. eq 1), measure-
ments have been performed at different concentrations
(9.4—46.6 g/L) at the highest possible contrast in DMA-
Dy. Figure 3 displays the intensities normalized to the
volume fraction ¢.

To discuss the influence of concentration on I(q) in
the dilute regime, it is permissible to treat the dilute
solution of dendrimers in terms of an effective diameter
d which is the minimum distance to which two spheres
may approach each other (cf. the discussion of this point
in ref 21). For the small concentrations under consid-
eration here, binary interactions between the spheres
will prevail. Therefore, S(q) may be approximated as?!

1 2
——=1+2B + 0 17
5 o+ O() (17)
with the apparent virial coefficient Bagp given by??
_ (4m3)d? 1 5o
app_4V—1_Edq + ... (18)

3

This suggests the extrapolation of Ip(q) by plots of ¢/1(q)
vs ¢ for given scattering angles. The intercept yields the
normalized reciprocal scattering intensity at ¢ = 0. The
slope of these lines is expected to decrease with g. Figure
4 displays the extrapolation to vanishing concentration.
Good linearity is observed for all q values under
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Figure 4. Extrapolation of the scattering intensity to vanish-
ing volume fraction using eq 17. ¢/1(q) vs ¢ for four different
gvalues: A,gq=05nm™% +,g=0.34nm %0 9g=0.24 nm™%;
v, q=0.14 nm
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Figure 5. Dependence of the structure factor on volume
fraction and g. (@) S(q) as a function of q for four different
volume fractions: +, 0.039; v, 0.026; O, 0.016; ®, 0.008. (b)
Dependence of S(q) on g according to egs 17 and 18. 1/S(q) vs
g? for four volume fractions: +, 0.039; v, 0.026; O, ¢ = 0.016;
®, ¢ = 0.008.

consideration here which corroborates the analysis
according to eqs 17 and 18. It also becomes obvious from
Figure 4 that in the present q range none of the used
concentrations are small enough to render the influence
of S(q) negligible. The uppermost curve in Figure 3
displays the resulting intensity data 1(q)/¢ which have
been extrapolated to vanishing volume fraction.

The data of 1(q)/¢ at ¢ = 0 thus obtained may now
serve for the evaluation of the structure factor S(q)
according to eq 1. Figure 5a displays S(q) thus obtained.
Since the concentrations are much smaller than in case
of the study by Ramazi et al.,'® no distinct maximum of
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Figure 6. Guinier plots of the scattering intensities measured
at different contrast. All data have been extrapolated to
vanishing concentration as described in ref 21. The curves refer
to different contrasts as adjusted by using mixtures of deu-
terated DMA (DMA-Hg) and protonated DMA (DMA-Hoy)
indicated by the weight ratio of DMA-Dy to DMA-Hs. The
numbers in parentheses give the contrast p — pm/10° cm™2,
@, 100% DMA-Dg (—4.55); A, 80/20 DMA-Dg/DMA-Hg (—3.42);
O, 60/40 DMA-D¢/DMA-Hg (—2.53); x, 40/60 DMA-Dy/DMA-
Hg (—1.14); +, DMA-H, (+1.18).

S(q) as a function of q can be seen. Figure 5b demon-
strates that eq 17 together with eq 18 provides a
reasonable fit for the data at low volume fractions and
low g values. The evaluation of the slope and the
intercept gives an effective diameter of interaction d =
2.5—3 nm. This is slightly lower than is expected from
the structural data to be discussed for below which
would suggest an effective diameter of 4—5 nm. It must
be kept in mind that the determination of d from S(q)
is afflicted by an appreciable error which is difficult to
assess. Moreover, data at still lower g have demon-
strated that there is some weak attraction between the
dendrimers (see above the discussion of Figure 2) which
will lower d as well.

The above data of S(q) can be used to calculate the
scattering intensities lo(q) obtained at different contrast
because S(q) does not depend on contrast. This is due
to the fact that we deal here with a practically mono-
disperse system. For suspensions containing particles
of different size and composition, however, the measured
structure factor obtained by 1(q)/lo(q) is function of
contrast as well.Z’ In the present case division of the
measured intensity 1(q) by S(q) obtained for the respec-
tive volume fraction ¢ leads to lp(q) for a given contrast.
Hence, it suffices to measure S(q) for the highest
possible contrast, i.e., for the dendrimers dissolved in
DMA-Dq. In the following all data have been divided
by S(q) to remove the influence of interparticular
interferences.

Figure 6 displays Guinier plots of the scattering
intensities taken at different contrast. Good linearity
is seen at all contrasts in the given g range which gives
accurate values of 1(0)/¢ and the radius of gyration
Ry as a function of contrast. As suggested by eq 12, a
plot of the square root of the intercepts vs pm allows to
obtain p and V,. Figure 7 demonstrates that (1(0)/¢)?
is a linear function of p, indeed. The average scattering
length density p = 1.71 x 10%° cm~2, which is in good
agreement with the calculated value p = 1.68 x 10%°
cm~2. The volume V,, follows from the slope as V, = 26.1
nms,

In addition to this, plots of 1(q) vs pm in the region of
small angles showed that the minimum of 1(q) is located
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Figure 7. Plot of the square root of the forward scattering
intensity 1(0)/(¢S(q)) obtained from the Guinier extrapolation
eq 13 (see Figure 6) vs the scattering length density of the
solvent (mixtures of DMA-Hy and DMA-Dy). The sign of the
square root has been determined by the sign of the respective
contrast. The slope gives the volume of the dendrimers V, =
26.1 nm? whereas the intercept yields the average scattering
length density p = 1.71 x 10'° cm™2.

at pm = 1.69 x 10 cm~2. It is thus obvious that the
incoherent part linen is @ small contribution near q =
0, and plots of the square root of the forward scattering
1(0) lead to correct values of the contrast. While lincon is
practically negligible at small q, its contribution at high
g will turn out to be important as compared to Is(q) (see
below).

The molecular weight resulting from this analysis is
given by 18 700 + 500 g/mol instead of the theoretical
value of 21647 g/mol calculated from the chemical
formula. This shows that the dendrimer studied here
is not fully perfect.?® It must be noted that only contrast
variation allows to obtain p and V, independently. If
measurements are only done at one contrast, V, or the
molecular weight of the dendrimers cannot be deter-
mined unambiguously. From eq 13 it is obvious that in
this case p cannot be obtained independently but must
be calculated from the chemical structure of the particle
or molecule. Defects in the structure, however, will
affect p as well and introduce a considerable error into
the calculation of the molecular weight. SANS in
conjunction with contrast variation, however, yields
both p and Vp. Hence, SANS furnishes valuable infor-
mation on the overall size of the dendrimers and thereby
on possible faults in these structures. In this respect,
SANS supplements the information obtained by mass
spectrometry.28

The experimental value of the average scattering
length density p is the base for analyzing the depen-
dence of Ry on contrast according to eq 14. Figure 8
displays the Stuhrmann plot!"22 of the Ry. The radius
of gyration exhibits a small dependence on contrast.
From Figure 8 we obtain Ry, = 2.15 nm and o. = 0.13
nm. Within the present limits of error, 5 is zero as
expected for a centrosymmetric distribution. The value
of a is too small to be interpreted in terms of structural
details. It may also be afflicted by the incoherent
contributions discussed above. Its magnitude, however,
allows to draw one important conclusion: Given the fact
that the dendritic core has a different contrast (p ~ 1.73
x 1019 cm~2) than the diphenyl ether end groups (p ~
1.83 x 10%° cm™2), this finding shows that the dendritic
structure under consideration must fluctuate strongly.
If the dendrimer would have a distinct core—shell
structure with the end groups being always located at
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Figure 8. Stuhrmann plot (cf. eq 14) of the radii of gyration
obtained from the Guinier plot Figure 6.
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Figure 9. Comparison of the different contributions to the
measured scattering intensity I(g) according to eq 8. The
triangles give the measured intensity extrapolated to vanish-
ing volume fraction (1(q)/(S(q)¢). The squares show the con-
tribution [p — pml?ls(q), i.e., the part of I1(g) that scales with
the square of the contrast (cf. eq 8). The inset displays the
contribution I,(g) which is independent of contrast.

the periphery of the molecule, a characteristic change
of Ry with contrast would result (cf. the discussion of
this point in refs 23 and 29).

With the contrast p — pm being known, the measured
scattering intensity 1(q) now may be decomposed into
three contributions according to eq 8. As discussed
above, the cross term Isi(q) only contributes to O(q~*)
and is therefore to be omitted in the Guinier range. Its
contribution turned out to be marginal at higher q as
well. Figure 9 gives both Is(q) and I,(q) obtained by this
decomposition of lIp(q) together with the data for Io(q)
obtained at highest contrast (triangles). The term 1,(q)
shown in the inset presents a small but nonzero
contribution to the measured scattering intensity 1(q).
As discussed in the theoretical section, I,(g) contains also
the sum of the incoherent contributions lin,n and is
therefore difficult to interpret. In what is to follow, we
therefore discuss only Is(q), i.e., the leading contribution
which scales with the square of the contrast.

Is(g) may be obtained from the above analysis without
difficulty. At small q it practically coincides with 1p(q)
derived from measurements at highest contrast. There
are marked differences beyond g = 1 nm™1, however.
Only Is(q) is related to the spatial structure of the
dendrimer and can be compared to theoretical models.
Residual contributions from linen and 1(q) would pro-
foundly disturb this comparison, of course.

The shape function T(r) which presents the main
information to be drawn from the present scattering
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Figure 10. Scattering intensities of the dendrimer in Kratky
representation vs magnitude of scattering vector g. The
triangles mark the scattering intensities measured at highest
contrast (in fully deuterated DMA) normalized to unity at q
= 0. The squares give (p — pm)?T?(q). The latter part has been
determined according to eq 8 from measurements taken at
different contrast using the average scattering length density
p. The solid line gives the best fit of the latter term by the
expression given by eq 21. The inset displays T(r) obtained
from T(qg) by Fourier inversion of eq 21. The dashed line gives
the scattering intensity of a homogeneous sphere having the
radius of gyration Rg.

experiments may be obtained by Fourier inversion of
Is(g). This can be achieved as follows: The previous
analysis has clearly demonstrated that Is(q) is the
Fourier transform of a centrosymmetric distribution
T(r). Therefore, it follows that

ls(@) = T*(q) (19)

where T(q) is given by
_ sinqr »
T(q) =4 [ T(r)Tr dr (20)

It is obvious that the experimental data are restricted
to a given g range. Direct numerical inversion therefore
would lead to truncation effects. To circumvent this
difficulty, T(qg) obtained from Is(q) by application of eq
19 is fitted by the following empirical expression:

TXq) =V, exp[~0°R,,..’/3] + (ag’ + ba) exp(—dq?)
(21)

In this expression the first terms ensures the correct
rendition of the data in the range where eq 4 is valid.
The second term is purely empirical and gives an
optimal description of the data at high g values.

To display the difference between Is(q) and lo(q) more
clearly, Figure 10 gives a Kratky plot of both intensities.
For better comparison with theory, the abscissa has
been scaled by the radius of gyration Ry, referring to
infinite contrast. The solid line in Figure 10 refers to a
fit of the experimental T2(q) by eq 21. It demonstrates
that the above expression yields a description for the
entire range of q values available from experiment. It
must be kept in mind, however, that T2(q) as given by
eq 21 presents a continuation to much higher g values
which are not available experimentally. The present
experimental data extend to qRg.. < 5. In consequence,
this g range allows to make firm conclusions about the
overall shape of T(r); smaller details in the subnanom-
eter range cannot be resolved by the present set of data.

Macromolecules, Vol. 32, No. 12, 1999

It is obvious, however, that Is(q) deviates markedly from
the measured intensity at highest contrast when going
beyond the Guinier range. It demonstrates that contri-
butions independent of contrast come into play for qRg
> 2 and must be subtracted properly.

The inset shows the function T(r) derived from Fou-
rier inversion of the T(q) fitted by the expression eq 21.
As expected from recent theoretical treatments,>6° the
function T(r) exhibits its maximum at the center and
falls of to zero within ca. 3 nm. As mentioned above
when discussing the radius of gyration, there is no
distinct core—shell structure, but T(r) decreases smoothly.
The entire structure has therefore a maximum diameter
of approximately 6 nm. It is therefore clear that the
dendrimer analyzed here is not a compact but a fluc-
tuating structure.

This point becomes even more evident when compar-
ing the experimental T(q) (Figure 10, squares) with the
form factor of a homogeneous sphere having the radius
of gyration Rgy. (dashed line in Figure 10). It is seen
that this model of a homogeneous sphere describes the
Is(g) in the Guinier region (qRg«. < 1) quite well as
expected from eq 13. It fails badly, however, if qRg» >
2 and predicts a distinct minimum not being visible in
the experimental data. While the present g range does
not give information about the finest details of the
structure, the comparison shown in Figure 10 demon-
strates that the model of a compact sphere can easily
be ruled out. Therefore, the dendrimer of fifth genera-
tion under scrutiny here is more akin to a polymeric
structure than to a dense colloidal structure.

Conclusion

The present analysis of a dendrimer of fifth genera-
tion employing SANS including contrast variation has
been presented. It clearly demonstrated that the struc-
tural analysis requires the decomposition of the mea-
sured intensity according to eq 8. Only the part of 1(q)
which scales with the square of the contrast, namely
I1s(q), is related to the structural information embodied
in average segment density T(r). Despite the restricted
g range available (qRy. = 5), the analysis of Is(q) has
shown unambiguously that T(r) has its maximum at r
= 0. This finding is in full accord with recent theoretical
studies.> 7
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