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Introduction

Dendrimers are synthetic polymeric macromolecules

with a highly branched, three-dimensional architecture

emanating from a central point.[1] The placement of func-

tional groups at the polymer chain ends or in well-defined

segments can determine the ultimate properties of dendri-

tic macromolecules.[2] Because of their shape, dendrimers

have very unusual physical properties. For example, den-

drimers made from benzyl ether building blocks[3] have

vastly different solubility from linear analogues[4] based

on equivalent units, being 1.15 g/mL for the dendrimer

compared to 0.025 g/mL for the analogous linear polymer

in THF.

The potential use of dendrimers in a variety of techno-

logically important applications has promoted the rapid

growth of research in this field after the first dendrimer

synthesis by Vögtle and co-workers 20 years ago.[5] Den-

drimers are promising candidates for the future develop-

ment of host-guest chemistry.[6, 7] The complex formation

between dendrimers and other polymers is of practical

interest in a variety of areas, such as controlled drug

release systems, removal of toxic pollutants from envir-

onment, development of effective guest sensors, etc.

Sugar-substituted “glyco-dendrimers”[8, 9] are also the

focus of considerable research, owing to the crucial role

of sugar moieties of complex carbohydrates in living sys-

tems, and the high potential of glyco-dendrimers for pre-

venting pathogenic infections and related diseases.

Although the synthesis of dendritic materials has been

extensively studied for several years, SAXS and SANS

Full Paper: The size of poly(benzyl ether) dendrimers
with different molecular architectures was measured by
small angle neutron scattering (SANS). Both polar and
non-polar solvents were used to measure the effect of sol-
vent type. The radius of gyration (Rg) of all of the dendri-
mers follows a scaling law of Rg V M1/3 consistent with lit-
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studies have only recently begun. Scattering techniques

can be used to probe the structure of a wide range of den-

drimer types in a variety of environments. There are two

approaches to characterization of dendrimers through X-

ray and neutron scattering methods, measurement of size

variation in different solvent types, and under different

ionic conditions.

The first approach is to probe the structure of dendri-

mers in various environments, which is essential for

understanding their properties and for predicting their

behavior so that a synthesis can be designed to obtain

materials with predetermined properties. Up to now, only

few studies have been carried out in this field. Bauer et

al.[10, 11] performed SANS and SAXS experiments on

poly(amido amine) (PAMAM) dendrimer aqueous solu-

tions, and investigated the screening of the large-scale

intermolecular interactions between dendrimer macromo-

lecules upon addition of acid.

A series of carbosilane dendrimers were studied by

Stark et al.[12] using X-ray scattering and quasi-elastic

neutron scattering. They found that generation dependent

super-structures are formed as a result of the microphase

separation between the end groups and the carbosilane

core. The dynamic structure factor was composed of two

separable contributions referring to the segmental diffu-

sion in the dendrimer core and the rotational diffusion of

the end groups. Increasing the generation number results

in slowing down the segmental diffusion and in the exten-

sion of the lifetime of local dynamical processes.

SAXS was used by Prosa et al.[13] to characterize the

single-particle scattering factors produced by PAMAM

and poly(propylene imine) (PPI) dendrimers. These

authors presented evidence that the low generation den-

drimers of the former type are less dense than their higher

generation relatives; however, after a few generations

(M
—

w A 50000 g/mol), the average density of the dendri-

mers appears to be roughly independent of generation.

Moreover they obtained nearly monodisperse, spherical

shapes for the largest dendrimer generations with rather

sharp outer boundaries.

SANS with contrast matching techniques was applied to

extract the single-chain form factors of the fatty acid and

the dendrimer components in bulk and dilute solution of

fatty acid modified PPI dendrimers.[14] The fatty acid

chains were “covalently” or “non-covalently” linked to

the end groups of two generations, G3 and G5. The dendri-

mer core of both G3 and G5 appears to be collapsed with-

out the incorporation of a significant amount of solvent.

The same approach was used for the analysis of a dendritic

structure of the fifth generation with attached diphenyl

ether end groups.[15] The authors conclude that dendrimers,

composed of flexible units, have a compact structure

where the density is at its maximum at the center.

SANS investigations of PPI dendrimers in dilute solu-

tions reported by Scherrenberg et al.[16] and Rietveld et

al.[17] showed the M1/3 behavior of the size of dendrimers

with molar mass. This relationship proves to be independ-

ent of the character of the end group and the solvent used

and is indicative of a compact (space-filling) structure

with a fractal dimensionality of approximately 3 in con-

flict with theoretical results predicted by de Gennes and

Hervet[18] and Lescanec and Muthukumar.[19] The first the-

oretical approach based on ideal radial growth behavior

and a modified version of Edwards’ method of self-con-

sistent fields[20] revealed that there exists a limiting size

for dendrimer molecules, and their density should

increase towards their periphery (dense shell model).

Uppuluei et al.[21] proposed a similar structure with a

dense shell in order to account for the experimental rheo-

logical data. In contrast, a numerical approach revealed a

dense core-type structure for these molecules with a sub-

stantial amount of back folding of the monomer subunits

and an increasing density towards the center of the mole-

cules.[22] A Monte Carlo simulation of dendrimers up to

the ninth generation performed by Manfield and

Klushin[22] corroborated qualitatively the results presented

by Lescanec and Muthukumar. The equilibrium structure

of dendrimers was recently the subject of a comprehen-

sive study by Boris and Rubinstein.[23] A self-consistent

mean field model was solved numerically to verify the

Flory predictions[24] and to elucidate the density profile

within the dendrimer molecule. The density was found to

decrease monotonically from the center of the molecule.

More recent simulations suggest that the segment distri-

bution is rather uniform.[25]

Recent SANS studies at NIST on PAMAM dendrimers

show that the Rg does not change significantly when the

solvent type goes from very good to very poor.[26] Also,

the charging of the dendrimers with acid addition does

not significantly change the size of individual dendri-

mers.[27] The terminal groups of a deuterium labeled den-

drimer have a larger Rg than the whole dendrimer.[28] All

of these results are consistent with previous SAXS

results[13] which find PAMAM dendrimers having a uni-

form spherical structure.

A comprehensive analysis was carried out for polyor-

ganosiloxane dendrimers by Rebrov et al.[29] Their mole-

cular dynamics simulations show that these dendrimer

molecules have the shape of an ellipsoid of revolution

1:1:1.15 and a homogeneous distribution of density.

These results correlate well with the SAXS data. The

average density of dendrimer is 1.0 g/cm3 consistent with

the experimental value of 1.05 g/cm3 for the density of

polyorganosiloxane in bulk. In conclusion, the internal

structure of dendrimers continues to be a matter of debate

despite a decade of intense research.

Ramzi et al.[30] detected another difficulty in the inter-

pretation of the dependence of structural parameters of

dendrimers. They used SANS for the structural investiga-

tion of amine terminated PPI dendrimer solutions as a



The Influence of Molecular Architecture and Solvent Type on the Size and Structure of ... 893

function of concentration and acidity. It was found that

the scattering intensity at Q e 0 decreases progressively

by increasing the concentration due to the interdendrimer

correlations. They state that PPI dendrimers appear to

behave as soft molecules with possible intermolecular

interpenetration at higher concentrations. They also state

that when the dendrimer molecules are charged by adding

acid (HCl), the electrostatic repulsion dominates and the

molecules tend to stretch and to behave as hard particles.

These coulombic interactions can be screened again by

adding an excess of acid or salt (NaCl). For the time

being no clear explanation could be given for the empiri-

cal scaling relation of the interference peak position,

Qmax, upon increasing dendrimer concentration,

Qmax V b0.55. More recent studies, however, have shown

that dendrimers do not interpenetrate each other when

forced together at high concentration and shrink in size

rather than interpenetrate one another.[31, 32]

A SAXS study on highly diluted solutions of poly(ben-

zyl ether) dendrimers was carried out by Kleppinger et

al.[33] who obtained the form factor contribution of the

uncorrelated macromolecules revealing a rather dense

globular structure without any evidence for density differ-

ences between core and shell. The distance distribution

function P(r), calculated from the scattering data, appears

to be rather symmetric with a slight tail towards r-values

higher than twice the molecular radius of the correspond-

ing homogeneous sphere. The suppression of the maxima

in the reciprocal space data points to a slight anisotropy

of molecular shape.

The second important area of structural investigations

of charged dendritic structures is the characterization of

polymer systems with dendrimers as host (or guest) mole-

cules. The stoichiometry of the complexes, formed

between dendrimers and other polymers, is very sensitive

to the components and the external experimental condi-

tions (type of polyelectrolyte, concentration, pH, etc.).

This field of research is hardly explored and one should

mention the work of Amis et al.[34] who investigated inter-

penetrating networks of dendrimers and polymers by

SANS and state that dendrimers appear as “microgels”

and “segments of macrogels”.

Recently, dendritic polymers have been used as soluble

templates/unimolecular reactors from which nano-clus-

ters of inorganic compounds or metals can be synthe-

sized. A model system of PAMAM dendrimer-copper sul-

fide nanocomposites was studied in various stages of its

formation using a combination of SAXS and SANS.[35]

There is evidence of aggregation in the nanocomposite

system, which suggests that the stable form of the dendri-

mer/CuS hybrid species in solution is supermolecular

clusters containing more than 50 individual dendrimer/

copper sulfide particles.

In this paper a SANS study is presented of the relation-

ship between the chemistry and structure of different den-

drimers based on benzyl ether monomers including the

effects of chemical structure, shell groups and solvent.

Experimental Part

Materials

The dendrimers were synthesized via a convergent approach
using preformed building blocks (wedges or dendrons) that
are coupled to the final core in the last step of synthesis as
recently reported.[36–39] The molar masses of these dendri-
mers were determined by either MALDI-TOF (samples
101b and 150a) or by ES MS (samples 150b, 124 and 134)
as described in references.[33, 39] Two-dimensional pictures of
the resultant dendrimer structures are shown schematically
in Figure 1–3. Highly diluted dendrimer solutions with a
concentration of 1 wt.-% were prepared by mixing appropri-
ate amounts of the compounds into HPLC-grade deuterated
tetrahydrofuran (THF) or toluene. These moderately polar
and non-polar solvents have nearly the same solubility para-
meters of d = 20.3 (J/cm3)1/2 (THF) and d = 18.3 (J/cm3)1/2

(toluene).[40] The neutron scattering length densities qsol of
deuterated solvents used were 6.3661010 cm–2 (THF) and
5.6661010 cm–2 (toluene).

SANS Measurements

The small-angle neutron scattering measurements (SANS)
were carried out using the 8m SANS facility at the National
Institute of Standards and Technology Center for Neutron
Research. The scattering vectors used, defined as
|q| = q = 4p sinh/k, vary between 0.01 and 0.15 Å–1 (k is
wavelength of incident neutron beam, 2h is the scattering
angle). The incident wavelength was 8 Å with Dk/k = 25%.

The radially averaged scattering patterns were corrected
for absorption, solvent scattering and instrumental back-
ground and converted into an elastic scattering cross-section
(absolute intensity scale) dR/dX (q) using water as a second-
ary standard.[41] The radius of gyration Rg was calculated by
applying the Guinier approximation[42] and using the Leven-
berg-Marquardt non-linear least-squares curve fitting algo-
rithm as implemented in Microcal Origin (version 5.0,
Microcal Software, Inc., Northampton, USA).a The uncer-
tainties are calculated as the estimated standard deviation of
the mean, and the total combined uncertainty is not given
since comparisons are made with data obtained under the
same conditions. In cases where the limits are smaller than
the plotted symbols, the limits are left out for clarity. In data
plots with uncertainties larger than the symbols, representa-
tive confidence limits are plotted at appropriate places. Fits
of the scattering data are made by a least squares fit of the
data giving an average and a standard deviation to the fit,
this is true for fit values such as radius of gyration and expo-
nents.

a Certain commercial materials and equipment are identified in
this paper in order to specify adequately the experimental pro-
cedure. In no case does such identification imply recommen-
dation by the National Institute of Standards and Technology
nor does it imply that the material or equipment identified is
necessarily the best available for this purpose.
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Results and Discussion

Figure 4–6 show the scattering curves from the poly(ben-

zyl ether) dendrimers in THF and toluene solutions. For a

quantitative evaluation, SANS data were analyzed by the

classical Guinier approximation in order to determine the

radius of gyration Rg (Equation (1)):

dR

dX
ðqÞ ¼ dR

dX
ð0Þ N exp ÿ

q2R2
g

3

� �
ð1Þ

where dR/dX (0) is the scattering intensity at zero angle

(q = 0). The parameters dR/dX (0) and Rg were obtained

by linear fitting of the experimental curves in the repre-

sentation ln(dR/dX (q)) vs. q2 in the Guinier regime

Figure 1. Schematic structure of 101b dendrimer in a two
dimensional representation.

Figure 2. A two dimensional representation of dendritic struc-
ture for the second (a) and third (b) generation of 150 samples
([G2] and [G3] resorcinarene, respectively).

Figure 3. Schematic representation of molecular structure of
124 (a) and 134 sample (b).
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(qRg a 1) with uncertainties being one standard deviation

from the goodness of the fit. The q-range of fitting was

0.01 Å–1 a q a 0.15 Å–1. The Guinier representation of the

scattering intensity for these samples in the low q regime

is shown in Figure 7–9.

The characteristics of the dendrimer solutions and the

parameters, obtained from Equation (1) as described

above, are given in Table 1. In this table the relative

change of density of the dendrimer molecule, ddendr /d150 ,

compared to the 150-samples, are presented as well with

the subscript referring to the species measured.

These values were calculated according to the follow-

ing equation (Equation (2)):

ddendr /d150 = (Mdendr M150)(Rg,150 /Rg,dendr)
3 (2)

where Rg,dendr is the experimentally determined radius of

gyration of the dendrimer molecule, and Rg,150 is the

radius of gyration of the 150-sample, and MX is the mole-

cular mass of the dendrimer X. This value was deter-

mined from the linear fitting of the dependence of ln Rg

vs. ln M for the 150-samples in THF solutions. The rela-

tionship between the radii of gyration for the samples of

type 150 at various values of molecular mass were evalu-

ated according to the Equation (3):

lnRg = –2.654 + 0.331 N lnM (Rg in nm) (3)

The scaling dependence Rg V M0.33 is in line with a

recent molecular dynamics study of Murat and Grest.[25]

On the basis of molecular dynamics simulations, under

varying solvent conditions, these authors predict a com-

pact (space-filling) structure under all solvent conditions,

Figure 4. SANS curves for the 101b dendrimers in THF (1
wt.-%) and toluene (1 wt.-% and 10 wt.-%).

Figure 5. SANS curves of 1 wt.-% solutions of the 150a and
150b dendrimers in THF and toluene.

Figure 6. SANS curves of 1 wt.-% solutions of 124 and 134
samples in THF.



896 G. Evmenenko et al.

with the radius of gyration scaling with the number of

monomers N as Rg l N1/3.

The dependencies of the size of dendrimer molecules

on their molar mass, obtained by SANS and SAXS for

different dendritic systems, are presented in Figure 10 in

double logarithmic scale. Also, the scaling dependence

Rg l M1/3 is shown for comparison. It is obvious that all

of the experimental data are in good agreement with this

scaling law. This shows that different dendritic systems

all have a homogeneous and dense molecular structure,

therefore, the compact packing of polymeric chains in

such systems is a common principle of their structural

organization. The conclusion of the scaling dependence

as Rg l M1/3 is based on the analysis of a considerable

amount of data obtained on systems that are chemically

quite different. The SANS results of this work do not

resolve any secondary form factor maxima that have been

seen for other dendrimers.[13] This can be due to either

polydispersity or lack of instrumental resolution.

Table 1. The characteristics of the poly(benzyl ether) dendrimers.a)

Sample
code

Content M Solvent C

wt:-%

dR=dXð0Þ
cmÿ1

Radius of gyration

n

Relative change
of density

of dendrimer
molecule

101b C184H272O16 2736 THF 1 0.215 13.0 0.40
101b Toluene 1 0.189 13.4 0.34
101b Toluene 10 0.883 10.1 0.81
150a C448H384O56 6656 Toluene 1 0.156 12.7 1.0
150a THF 1 0.221 12.7 1.0
150b C896H768O120 13440 Toluene 1 0.301 16.0 1.0
150b THF 1 0.414 15.9 1.0
124 C200H176O48 3344 THF 1 0.0945 11.8 0.62
134 C432H400O104 6888 THF 1 0.222 16.4 0.41

a) The uncertainty of concentrations is mass fraction 0.01% from previous experience, of Rg is l 0.1 Å from the goodness of the fit,
of dR/dX (0) is 0.004 from the goodness of the fit, of density is typically l0.05. M is the theoretical value in units of g/mol.

Figure 7. Guinier representation (ln (dR/dX (q)) vs. q2) of the
scattering intensity from 1 wt.-% and 10 wt.-% solutions of
101b dendrimer in toluene and 1 wt.-% solution of 101b dendri-
mer in THF. The solid lines correspond to the best fits of Equa-
tion (1) to the experimental data with the parameters listed in
Table 1.

Figure 8. Guinier representation of SANS data for 1 wt.-%
solutions of the 150a and 150b dendrimers in THF and toluene.
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The data in Table 1 clearly show that changing the sol-

vent from THF to toluene causes no changes in the struc-

tural characteristics of the pure poly(benzyl ether) dendri-

mers of second and third generation (150a and 150b sam-

ples); the radii of gyration in both solvents are identical

within the experimental uncertainty. However, the radius

of gyration of the 101b sample is slightly larger in

toluene (Rg = 13.4 Å) than in THF (Rg = 13.0 Å), with the

difference being near the uncertainty limits of the mea-

surements. However, a slight change may be due to the

differences in the architecture of the dendrimer molecules

of the 101b samples compared to the 150 samples, as can

be seen from their schematic representation in Figure 1

and 3. The molecular structure of the 150 dendrimers is

more compact without any distinct end parts that could

cause a dependence of the structural characteristics of the

dendrimer molecule on small changes in its surrounding

resulting from a change of solvent. The 101b dendrimer

has eight linear hydrocarbon end chains originating from

the central benzyl ether core. The conformation of these

chains (and hence, the size of the whole molecule) essen-

tially depends on the type of environment. Changing the

solvent from the non-polar toluene to the polar THF with

practically the same solubility parameters could possibly

involve a contraction of the aliphatic part to the central

core of the dendrimer molecule and accordingly a

decrease of the radius of gyration.

The data of the relative density changes of the different

dendrimer molecules (see the last column of Table 1)

clearly show the relationship between molecular design of

the dendrimer and the degree of its internal packing (space

filling density). Dendrimers with homogeneous density

profile (such as the 150a and 150b samples) have the

more compact conformation resulting from a dense pack-

ing of the polymer chains in contrast to the more open

molecular architecture of the 101b, 124 and 134 samples

with the less dense supermolecular structure in solution

(see, for example, the data of relative change of density of

dendrimer molecule given in Table 1). The dendrimer den-

sity decreases from 150a and 150b samples to 124 and

134, and finally to the 101b sample.

From our SANS data another characteristic feature of

the dendrimers can be measured, i.e. the “contraction” of

the polymer molecule as the concentration of the solution

increases. The fit of the radius of gyration of 101b den-

drimer molecule decreases from 13.4 Å to 10.1 Å in

going from 1 wt.-% to 10 wt.-% solution. In this case the

calculated internal density of the polymer packing

increases two times, as can be seen in Table 1. This obser-

vation is consistent with similar results obtained for PPI

dendrimers by Topp et al.[31, 32] and Ramzi et al.[30] who

attribute the reduction in Rg on concentration to virial

effects. In our case of 101b dendrimers the mass fraction

of 10 wt.-% is also close to the overlap concentration of

21 wt.-%, which was estimated according to M/((4p/

3)R3 NA d) assuming spherical particles. Here, M is the

Figure 9. Guinier representation of SANS data for the 1 wt.-%
solutions of 124 and 134 samples in THF.

Figure 10. The dependence of the radius of gyration obtained
by SANS and SAXS methods for the different dendrimers on
their molecular mass, in log-log representation. The solid line
represents the scaling behavior Rg l M1/3.
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molar mass of the dendrimer, NA is the Avogadro number,

R = (5/3)1/2 Rg is the radius of the dendrimer, and the den-

drimer density d was approximated as 1 g/cm3. Previous

results for PAMAM dendrimers[31, 32] only see shrinkage at

concentrations greater than the overlap concentration.

Therefore, the decrease of Rg is probably only apparent

since the interparticle effects decrease the low Q scatter-

ing but do not necessarily change the actual dendrimer

size.

A more detailed analysis of the structural parameters

obtained from SANS measurements, i.e. the values of

dR/dX (0) and Rg, allows one to determine the mean scat-

tering length densities pqP of the scattering heterogene-

ities in the dendrimer solutions, as calculated by the fol-

lowing equation (Equation (4)):

pqP ¼
���� 33:3

Rg

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dR=dXð0Þ

bRg

s
ÿ qsol

���� ð4Þ

where dR/dX (0) is obtained by extrapolation of the

coherent scattering intensity to zero angle (the experi-

mental intensities were converted to absolute differential

scattering cross sections per unit sample volume as has

been described earlier), b is the volume fraction of den-

drimer in solution (in the present case this value is

roughly equal to the concentration of the dendrimer solu-

tion), Rg is the measured radius of gyration of the dendri-

mer (in Å) and qsol is the scattering length density of the

solvent. Equation (4) assumes spherical symmetry of the

scattering heterogeneities in dendrimer solutions. In this

case their volume is V = (4/3)pR3, R being the radius of a

sphere and Rg
2 = (3/5)R2.

From these data one calculates the fraction of solvent

in the dendrimer molecule by Equation (5):

bsol ¼
pqPÿ qdendr

qsol ÿ qdendr

ð5Þ

where the scattering length densities, qdendr, were calcu-

lated from the chemical composition of the dendrimer

according to Equation (6):

qdendr ¼
X

i

bi N d NNA=M ð6Þ

bi is the coherent neutron scattering length for the i th

atom (the summation is carried out over all the atoms),

NA is Avogadro’s number, M is molar mass of the dendri-

mer, d is the density of the substance (the value of the

density of the dendrimer is assumed to be that of the den-

sity of the solid dendrimer).

The calculated values of qdendr, pqP and bsol are shown in

Table 2. On the whole, these results are in line with the

structural characteristics reported in Table 1. From these

data additional information is obtained about the amount

of solvent in the dendrimer molecules. The relative change

of the neutron scattering density of the dendrimer mole-

cules follows the trend of the fraction of solvent, bsol , in

the dendrimer molecule; the lower the relative density the

larger solvent content inside the dendritic structure and

vice versa. As one can see from Table 2, the value bsol has

the range 26% to 28% in the case of the dense, highly

branched architecture of 150a and 150b dendrimers, and

ranges from 41% to 45% for dendrimers with a more open

dendritic structure (101b, 124 and 134 samples).

Conclusions

The results demonstrate the relationship between the

topology of the dendritic molecules and their size and

internal composition. The architecture of dendrimer

molecules influences the sensitivity of the structural para-

meters of poly(benzyl ether) dendrimers to concentration

or solvent characteristics. These results are important to

future investigations of the synthesis of dendritic systems

with appropriate designs in order to obtain dendrimers

with controlled properties.

Table 2. Neutron scattering length densities qdendr and pqP for the poly(benzyl ether) dendrimer solutions and the fraction of solvent
bsol in dendrimer molecule.a)

Sample
code

Content M Solvent C

wt:-%

Rb1

10ÿ12 cm

qdendr

1010 cmÿ2

pqP

1010 cmÿ2

bsol

% v=v

101b C184H272O16 2736 THF 1 29.9 0.66 3.07 42.3
101b Toluene 1 2.71 41.0
101b Toluene 10 2.58 38.4
150a C448H384O56 6656 Toluene 1 187 1.69 2.75 26.7
150a THF 1 2.90 25.9
150b C896H768O120 13440 Toluene 1 378 1.69 2.81 28.2
150b THF 1 2.98 27.6
124 C200H176O48 3344 THF 1 95 1.71 3.83 45.5
134 C432H400O104 6888 THF 1 198 1.73 4.00 49.0

a) The uncertainty of concentrations is mass fraction 0.01% from previous experience, of pqP is l0.05 N 1010 cm–2, and bsol is l2%.
The neutron cross sections and densities are calculated. M is the theoretical value in units of g/mol.
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The poly(benzyl ether) dendrimers have an homoge-

neous density profile. The size of these dendritic mole-

cules increases as M1/3, which is indicative for a compact

structure. A comparison of published results from differ-

ent dendritic systems allows the conclusion that the scal-

ing law and the structural organization is constant over a

wide range of chemically different dendrimers.
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