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We have used neutron reflectivity �NR� measurements to probe the physical structure of
phosphorescent dendrimer films. The dendrimers consisted of fac-tris�2-phenylpyridyl�iridium�III�
cores, biphenyl-based dendrons �first or second generation�, and perdeuterated 2-ethylhexyloxy
surface groups. We found that the shape and hydrodynamic radius of the dendrimer were both
important factors in determining the packing density of the dendrimers. “Cone” shaped dendrimers
were found to pack more effectively than “spherical” dendrimers even when the latter had a smaller
radius. The morphology of the films determined by NR was consistent with the measured
photoluminescence and charge transporting properties of the materials. © 2010 American Institute
of Physics. �doi:10.1063/1.3457438�

Since the initial reports of light-emitting dendrimers be-
ing used in organic light-emitting diodes �OLEDs�1,2 they
have now become an established materials class3,4 with
phosphorescent dendrimers giving rise to highly efficient
devices.5 For all light-emitting organic materials the mor-
phology of the film can play a critical role in device perfor-
mance as it governs the intermolecular interactions that con-
trol charge transport and photophysical properties. With
dendrimers it has been found that the OLED performance is
dependent on dendrimer generation and/or the number of
dendrons attached to the core complex.6,7 Neutron reflectiv-
ity �NR� has been used to study the morphology of conju-
gated polymer films and the interface with the commonly
used anode indium tin oxide �ITO�.8–13 In this letter, we ap-
ply NR measurements to study the morphology of phospho-
rescent dendrimer films. The dendrimers are comprised of
fac-tris�2-phenylpyridyl�iridium�III� cores, biphenyl-based
dendrons, and 2-ethylhexyloxy surface groups �Fig. 1�. Den-
drimers 1 and 2 are first and second generation “singly den-
dronized” �one dendron per ligand� dendrimers, and because
of the facial arrangement of the ligands are somewhat “cone”
shaped. Dendrimer 3 differs from 1 and 2 in that it has two
first generation dendrons attached per ligand, which we call
“doubly dendronized,” and is consequently more spherical in
shape. The results provide useful information on the crucial
structure-semiconducting property relations in conjugated
light-emitting dendrimer films.

The dendrimers contained perdeuterated
2-ethylhexyloxy surface groups, and were prepared by a
similar method to the protonated versions.14 The deuterated
surface groups provided contrast for the NR experiments but
did not change their photoluminescence properties. For ex-
ample, the film photoluminescence quantum yields �PLQYs�
of the protonated and deuterated first generation dendrimer 1
measured using an integrating sphere15 were 65%16 and 63%,

respectively, while the double dendrimer 2 had a PLQY of
82% which is within the error of the material with the pro-
tonated surface groups �81%�.16 Hydrodynamic diameters
were calculated from the viscosity molecular weight ob-
tained by gel permeation chromatography �GPC�.17 GPC was
carried out using PLgel Mixed-A columns �600 mm
+300 mm lengths, 7.5 mm diameter� from Polymer Labora-
tories calibrated with polystyrene narrow standards �Mp
=580 to 3.2�106� in tetrahydrofuran. The tetrahydrofuran
was deoxygenated with helium and pumped with a rate of
1 cm3 /min at 30 °C. The ITO on glass was from Merck
Display Technologies �Part No: 255 645 XE, 20 � /sq� and
consisted of �in order� soda lime glass, a silicon dioxide bar-
rier layer and a layer of ITO. Before spin-coating, the ITO
substrates were cleaned by sonication in tetrahydrofuran for
15 min at room temperature. For the NR experiments, neat
films of 1, 2, and 3 were spin-coated from solutions of con-
centrations of 20 mg/mL in chloroform onto ITO substrates
of dimensions 50�50 mm2 at 2000 rpm for 60 s, and the
NR profiles were collected under vacuum. NR measurements
were carried out at the Institut Laue-Langevin, Grenoble, in
the time-of-flight mode with a wavelength range of 2–20 Å
at an incidence angle of 0.7° on the D17 reflectometer.18 The
instrumental resolution ���q� /q� is equal to 2% as defined by
the wavelength spread ������ and beam divergence ������.
The specularly reflected beam at the solid/air interface was

a�Electronic mail: p.burn2@uq.edu.au.
FIG. 1. Structures of the singly first generation 1 and second generation 2,
and doubly dendronised 3 dendrimers where R= �d17�-2-ethylhexyl.
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measured as a function of the wave vector transfer, Q, in a
purpose built vacuum chamber. The model fitting method of
analyzing the reflectivity profiles for layer thickness, scatter-
ing length density �SLD, given by the ratio of the scattering
length, SL, of the material at the interfacial layer and its
volume�, and roughness has been described previously.10 For
each of the layers the thickness is given to the nearest 10 Å
and SLD is to the nearest 0.1�10−6 Å−2. The fitting pro-
gram errors were �5% for thickness, �0.1�10−6 Å−2 for
SLD and �5% for roughness in all fits. It should be noted
that within the errors of the fitting parameters the NR profiles
of the films could be fitted with zero roughness. The errors in
the determined thicknesses and SLDs have been assessed as
the range over which the fits, shown in the figure, are accept-
able. The instrumental errors �reflectivity 10−8� fall well be-
low the sample background of the measurements �minimum
reflectivity 10−4� and are therefore negligible. NR measure-
ments on the ITO on glass showed it was comprised of three
layers excluding the bulk glass: the first layer immediately
on the bulk glass had a thickness of 280 Å and SLD of 3.3
�10−6 Å−2; the second layer was 84 Å thick and had a SLD
of 4.3�10−6 Å−2; and the bulk layer of ITO was 1490 Å
thick and had a SLD of 3.9�10−6 Å−2. These parameters for
the ITO were fixed during the analysis of the dendrimer
films.

The room temperature reflectivity profiles for films of
the first-generation, second-generation, and doubly den-
dronized dendrimers �1, 2, and 3, respectively� are shown in
Fig. 2. In each case the solid markers represent the data
points and the solid lines represent the fits achieved from

modeling the film; the fitting parameters are summarized in
Table I, and the SLD versus position in the film is shown
pictorially in Fig. 3. When describing the dendrimer films the
layer nearest the air interface is defined as layer-air and that
nearest the ITO as layer-ITO. For dendrimers 1 and 2 two
films �A and A� and B and B�, respectively� were analyzed
while a single film of the more difficult to form 3 was stud-
ied. As can be seen in Table I there were some minor differ-
ences between the SLDs of the bulk layers of the two films
of dendrimer 1 �A and A��, with the average SLD for the
bulk of the layer being 4.8�10−6 Å−2. In addition to the
slight differences between the bulk layers of films A and A�,
film A was found to have a thin �120 Å� layer-air of low SLD
�0.2�10−6 Å−2�, which was not present in the A� film. In
contrast films A� had a thin �40 Å� slightly denser layer-ITO
�SLD=4.8�10−6 Å−2�. For the second-generation den-
drimer 2 there were again very small differences between the
bulk layers of the two films, which have an average SLD of
the bulk layer of 4.7�10−6 Å−2 �Table I�. Film B could be
fitted as a single layer while the best model of B� had two
layers of similar SLD �layer-air: 100 Å and SLD=5.0
�10−6 Å−2, and layer-ITO: 760 Å and SLD=4.8
�10−6 Å−2�. The differences in the parameters for the bulk
layers between the two films of 1, and also between the two
films of 2 are outside the error of the fitting program imply-
ing that measurable but small structural differences can occur
when films are prepared under slightly different environment
conditions. Interestingly, the SLDs of the first and second-
generation dendrimers are the same within error. Finally, the

FIG. 2. Room temperature reflectivity profiles of dendrimers 1, 2, and 3.
The profiles are offset for clarity.

TABLE I. Physical properties of the films of dendrimers 1, 2, and 3. SLD is obtained from NR data analysis; MW and SL are calculated from the molecular
formulas; and density and volume are derived from the SLD. DH is obtained from GPC measurements. The errors shown are the fitting errors for a particular
film.

Dendrimer
�film No.�

SLD of bulk material
�10−6 Å−2�

MW of deuterated dendrimer
�g/mol�

SLdend

�Å�
Density of bulk material

�g /cm3�
Volume per molecule

�Å3�
DH of protonated dendrimer

�Å�

1 �A� 5.0�0.1 2211 0.0145 1.26�0.03 2900�100 20.4
1 �A�� 4.6�0.1 2211 0.0145 1.17�0.03 3200�100 20.4
2 �B� 4.5�0.1 3997 0.0280 1.07�0.02 6200�100 28.4
2 �B�� 4.8�0.1 3997 0.0280 1.14�0.02 5800�100 28.4

3 4.5�0.1 3768 0.0273 1.03�0.02 6100�100 25.6

FIG. 3. �Color online� SLD vs position in the film for the five films from the
ITO surface to the air interface.
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NR profile for the film of dendrimer 3, with the six first
generation dendrons, was comprised of two layers with simi-
lar SLDs �layer-air: 960 Å and SLD=4.5�10−6 Å−2 and
layer-ITO: 71 Å and SLD=4.3�10−6 Å−2� with the SLD of
the bulk layer being 4.5�10−6 Å−2.

The physical density of the films ��film� was determined
using Eq. �1� as follows:

�film = MW � SLD/�0.602 � SLdend� , �1�

where MW=molecular weight of the dendrimer, SLdend
=scattering length of the dendrimer calculated from the mo-
lecular composition, and SLD=scattering length density of
the bulk of the film determined by model fitting the NR data.
The results are summarized in Table I. The films of den-
drimer 1 were found to have an average density of
1.22 g /cm3, with that of dendrimers 2 and 3 being
1.11 g /cm3 and 1.03 g /cm3 respectively. Although these
differences are close to the film-to-film differences between
measurements �see Table I�, they suggest that the density of
films decreases on going from dendrimer 1 to dendrimer 2 to
dendrimer 3. The volume occupied by one dendrimer was
calculated with Eq. �2� with results summarized in Table I as
follows:

Volume per dendrimer in film = SLdend/SLD. �2�

The average volume occupied by each dendrimer in the film
was 3100 Å3, 6000 Å3, and 6100 Å3 for 1, 2, and 3, re-
spectively. Assuming an error in these numbers due to film-
to-film variation of �3%, these volumes correspond to diam-
eters of 18.1�0.2, 22.5�0.2, and 22.6�0.2 Å for 1, 2, and
3. It is interesting to compare these values with the hydrody-
namic diameter �DH� obtained from GPC in which dendrim-
ers 1, 2, and 3 were found to have DH of 20.4 Å, 28.4 Å, and
25.6 Å, respectively �Table I�. As would be expected from
these results, in the film the second-generation dendrimer
takes up more space than the singly dendronized first gen-
eration material but an important observation is that although
dendrimer 2 has a larger hydrodynamic diameter than den-
drimer 3 when measured in solution, in the film the volumes
occupied by the dendrimers are very similar. This indicates
that 3 is packing less efficiently than 2 within the film.

These physical results explain the experimental observa-
tions of the optoelectronic properties of the materials. In so-
lution each of the protonated forms of the dendrimers have a
PLQY of around 80%. However, in the solid state the
PLQYs of the materials are different with the protonated
forms of 1, 2, and 3 having PLQYs of 65%,16 74%, and
81%16 respectively. The core of each dendrimer is emissive
and hence the increase in PLQY across the series is due to
the cores being less able to interact in the film. This is con-
sistent with the average volume of each dendrimer in the film
increasing from 1 to 3 in spite of 3 having the smaller hy-
drodynamic diameter than 2. This is an important point as it
shows that for dendrimers it is not only the size �either by
generation of number of dendrons� that matters but also the
distribution of the dendrons around the core. The results
show that the more cone-like structure of the monoden-
dronized materials can pack more efficiently than the more
spherical doubly dendronized material. The effect of den-
drimer packing in the films can also be seen to affect the hole
mobilities �the cores are also responsible for charge trans-
port�. Time-of-flight experiments showed that, at the same

field �1 MV/cm�, the first generation dendrimer had a hole
mobility of 4.1�10−5 cm2 /V s, which was an order of mag-
nitude greater than that of the second generation dendrimer
�6.6�10−6 cm2 /V s�.19 We find the hole mobility of the
doubly dendronized material 3 to be 5�10−5 cm2 /V s at the
same field, which is similar to the first generation single
dendron material, showing that molecular shape as well as
molecular size influences the charge transporting properties.
The high PLQY and good hole mobility explains why
OLEDs with neat films of 3 perform well.7

We have shown that NR can give direct information
about the physical structure of phosphorescent dendrimer
films that explains their optoelectronic properties. The sec-
ond generation and doubly dendronized dendrimers both di-
lute the active chromophores within the films when com-
pared to the singly dendronized first generation material. The
NR measurements also show that the shape and not just the
volume of the dendrimer is important for the film morphol-
ogy; second generation dendrimer 2 has a larger solution
hydrodynamic diameter than the doubly dendronized den-
drimer 3, but in the solid state the cone-shaped nature of
dendrimer 2 allows better packing than that seen for the film
of the more spherical dendrimer 3. Our results show that NR
measurements are a powerful technique for the study of or-
ganic semiconductor thin films.
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