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Neutron reflection study on soluble and insoluble poly †2-„2’-ethylhexyloxy …-
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Neutron reflection~NR! has been utilized to study the physical structure of the light-emitting
polymer poly@2-~2’-ethylhexyloxy!-5-methoxy-1,4-phenylenevinylene! ~MEHPPV!. Films of
soluble MEHPPV~S-MEHPPV! and insoluble MEHPPV~I-MEHPPV! prepared via a chloro
precursor polymer were investigated. For S-MEHPPV spin-coated films were found to contain two
layers, one of low-density and thickness of'1360 Å with the second layer being thinner,'240 Å,
but denser. The thicker layer only covered about 30% of the substrate surface. In contrast,
I-MEHPPV formed uniform films across the substrate. We found that during the thermal conversion
of the chloro precursor polymer the film thickness was maintained and it was only on cooling that
the films contracted. Importantly, the thermal expansion and contraction of I-MEHPPV was
reversible. NR showed that thermal annealing of I-MEHPPV had little affect on the films physical
structure while for S-MEHPPV only the thinner layer was changed and became more dense.
Photoluminescence spectra of S-MEHPPV before and after annealing showed that the densification
observed in the neutron reflection measurements was mirrored in the emission properties of the
polymer film. © 2002 American Institute of Physics.@DOI: 10.1063/1.1468902#
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I. INTRODUCTION

Morphology has become an important topic of inves
gation for light-emitting conjugated polymers.1–6 It has now
been clearly demonstrated that the morphology of the p
mer can directly affect the device performance of such m
terials in light-emitting diodes~LEDs!.1,3,4The light-emitting
polymers used in LEDs fall essentially into two ma
classes.7,8 The first group are polymers that are soluble in t
conjugated form with the solubility imparted by the additio
of long lipophilic groups. The soluble polymers can be fu
ther divided into two main classes, namely poly~1,4-
phenylenevinylene! ~PPV! and poly~fluorene! based materi-
als. The second type of polymers are those which
insoluble in the conjugated form and prepared via solu
precursor polymers. These latter polymers are essent
poly~arylenevinylene!s. Although considerable effort ha
gone into the development of soluble conjugated polyme
is not clear that these will be used to the exclusion of
soluble polymers produced via the precursor route. Inde
insoluble polymers could have distinct advantages o
soluble polymers in the areas of patterning, robustness,
sity of film, and the development of multilayer devices. T
main studies linking polymer morphology to th
photophysical and device properties have been car

a!Electronic mail: paul.burn@chem.ox.ac.uk
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out on soluble poly@2-~2’-ethylhexyloxy!-5-methoxy-1,4-
phenylenevinylene! ~MEHPPV!.1–6 For soluble MEHPPV it
has been shown that solvent, polymer concentration, s
coating speed, and annealing can affect the surface morp
ogy of the films, their photoluminescence properties, cha
injection and mobility, and device performance. Although t
effects of different film preparation can be ‘‘seen’’ in th
properties of the films, in most cases the actual phys
structure of the polymer films has not been investigated. T
limitation of optical and device techniques is that they do n
reveal the morphology or macromolecular structure direc
In fact there are few reports where the physical structure
an MEHPPV film has been studied. In one case x-ray d
fraction was used9 while in a second study electron diffrac
tion was utilized.10 Two powerful techniques that can be a
plied to determining the physical structure of polymer film
directly are neutron reflection~NR! and small angle neutron
scattering. In this article we describe our results in determ
ing the physical structures of films of MEHPPV by neutro
reflection. We have studied two types of films, first where
MEHPPV films were prepared via a chloro precursor po
mer ~I-MEHPPV! and secondly from MEHPPV soluble i
the conjugated form~S-MEHPPV!.

II. EXPERIMENT

To gain the required sensitivity for the NR experimen
the deuterated MEHPPV derivatives illustrated in Fig.
6 © 2002 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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were prepared. The syntheses of1 and2 followed the litera-
ture procedures11,12 but with the protonated 2-ethylhexy
chain being replaced by the perdeuterated equivalent.

weight average molecular weight,M̄w , of the chloro precur-
sor 1 used in these experiments was determined by gel
meation chromatography~against polystyrene standards
tetrahydrofuran! and was found to be greater than 13106

before disaggregation.13 The bulk material of S-MEHPPV2
contained material that swelled but did not dissolve in t
rahydrofuran~THF! even with ultrasonication or ultrasonica
tion combined with mild heating. The measurements
S-MEHPPV 2 were therefore carried out on the ultrason
cated or heated and ultrasonicated, filtered soluble fract
The infrared spectra of I-MEHPPV~converted from1 at
170 °C under vacuum! and S-MEHPPV were similar bu
with some differences observed in the relative intensities
the absorptions. The UV-visible spectra of I-MEHPP
S-MEHPPV2, and protonated I-MEHPPV films are show
in Fig. 2 and indicate that the optical properties of the d
terated and protonated materials are similar. For the NR
periments the chloro precursor films were spin-coated o
silicon wafers, of 2 or 3 in. diameter, from tetrahydrofuran
a polymer concentration of around 10 mg/ml at 2000 rpm
60 s. Thin films of1 were also prepared on quartz, under t
same spin-coating conditions, and KBr disks to follow t
properties of the films during the NR experiments carried
under vacuum. The S-MEHPPV film was formed on the s
con substrate by spin-coating a saturated solution of poly
in tetrahydrofuran at 2000 rpm for 60 s. Samples of2 on
quartz and KBr were also prepared. In both cases
samples were filtered through cotton wool to remove d
particles and any insoluble polymeric material to leave w
appeared to be homogeneous solutions. Photoluminesc
spectra were measured following excitation at 500 nm in
Instruments S.A. Fluoromax-2 fluorimeter.

FIG. 1. Polymer structures:2 can either be soluble~S-MEHPPV! or in-
soluble~I-MEHPPV! if formed from 1.
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III. RESULTS AND DISCUSSION

A neutron reflectivity~NR! profile is a measure of the
specular reflectivity as a function of momentum transferQ
@Q5(4p sinu)/l whereu is the grazing angle of incidenc
andl is the wavelength of the neutron#. It can be measured
either by varying the wavelength of the neutrons at a fix
angle or by varying the angle of reflection at a fixed incide
wavelength. We used both methods. Some measurem
were made on the reflectometer CRISP at the Rutherfo
Appleton Laboratory, ISIS, Didcot,14 where the reflectivity
profile is measured at a fixed angle using a white neut
beam, and others were made on the long wavelength diff
tometer D16 where a monochromatic neutron beam is in
dent on the sample and the angle of incidence is varied
the dedicated reflectometer, D17, at the Institut La
Langevin, Grenoble.15

The NR profile is determined by the profile of the sca
tering length density,r, across the interface, which depen
on the number density of each atomic species,ni , and its
known scattering length,bi :16

r5(
i

nibi .

Since the stoichiometry and isotopic composition of t
polymers is already known this equation can be rewritten
terms of the segment density,rs , of the film:

r5bsrs ,

wherebs is the scattering length of a monomer unit. In th
simplest case of a uniform film of polymer the NR profi
consists of a series of fringes whose spacing is directly

FIG. 2. UV-visible spectra of I-MEHPPV, S-MEHPPV, and protonat
I-MEHPPV.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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lated to the thickness of the film. The segment density of
film can be determined either from the amplitude of t
fringes or, if the scattering length density of the film
greater than that of the substrate and the film thicknes
greater than about 40 nm, from the critical angle for to
reflection. In our case the partial deuteration of the polym
ensures that the scattering length density of the film is gre
than the substrate. This is important because the reflect
profile is likely to be complicated by factors such as roug
ness in such a way that the amplitude of the fringes is
easily related to the film density. As the roughness of a fi
increases the interference fringes become progressively m
damped and, under these circumstances the behavior o
amplitude of the fringes gives more information about t
roughness than about the density of the film. For more co
plex film structures the reflectivity is fitted by comparison
the observed reflectivity with profiles calculated using t
optical matrix method, for which a detailed description h
been given by Born and Wolf17 and Lekner.18 In the optical
matrix method the reflectivity can be calculated exactly
any chosen distribution of scattering length density norma
the interface. The procedure that we have followed uses
minimum number of subdivisions of the film structure r
quired to obtain the best fit to the data. For the films be
studied here the structure is generally that of a single la
with roughness. The two key parameters that can be
tracted from the NR data are then the film thickness~D! and
the scattering length density~SLD!, and in addition some
qualitative information about the nature of the roughness
be gained.

A. I-MEHPPV

We first examined the formation of I-MEHPPV from
chloro precursor1 under two different conditions, namel
argon and vacuum. We found that there were difference
the film structure when the precursor was converted un
either argon or vacuum. In both cases the spin-coated pre
sor polymer films were reasonably uniform as evidenced
the presence of interference fringes in the reflectivity~in
nonuniform films the variation in thickness between differe
parts of the film severely damps any interference effects!.

B. I-MEHPPV formed under Ar

When1 was converted under argon the following cyc
was used. The film was analyzed at room temperature, 7
@above the glass transition temperature (Tg) measured for1
in the bulk#, 180 °C, 50 °C, and then 180 °C. To a first a
proximation, thermal conversion of1 to I-MEHPPV should
lead to no change in the scattering length density beca
both the thickness of the film and the number of atoms w
decrease. At room temperature under argon the film of1 was
found to have D5670 Å68% and SLD5(4.7560.35)
31026 Å 22. On heating to 70 °C the thickness of the fil
was found to increase (D5700 Å) and the SLD to decreas
to 4.4531026 Å 22. The two changes inD and SLD sugges
that the film has expanded by 4%–8%. Note that the quo
error here refers to the absolute error, which includes p
sible deficiencies in the fitted model. The relative errors,
pecially inD, are much smaller because they are determi
Downloaded 07 Feb 2003 to 138.251.105.140. Redistribution subject to 
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simply by examination of changes in the position of t
fringes or the critical angle for total reflection. The film of1
was then heated to 180 °C for 2 h togive I-MEHPPV2. The
neutron reflectivity of I-MEHPPV2 was then measured a
180 °C. The SLD and film thickness of I-MEHPPV2 at
4.3731026 Å 22 and 700 Å at 180 °C were essentially th
same as the film at 70 °C. On cooling to 50 °C the SLD
I-MEHPPV2 increased to 4.831026 Å 22 but the film thick-
ness decreased to giveD5610 Å. This is an increase of 12%
in the SLD and a decrease of 13% in thickness on coo
from 180 to 50 °C. A final important observation was that
heating the film of the I-MEHPPV2 sample back to 180 °C
the reflectivity profile of the film was essentially the same
the profile recorded at that temperature after the thermal c
version.

The NR results can be explained in the following ma
ner. When the film of1 was heated to 70 °C it expande
slightly due to either residual tetrahydrofuran being remov
and/or there being some thermal expansion of the poly
film at a temperature above theTg of 1. It has previously
usually been assumed that the films contract during the t
mal conversion as the leaving group is removed. This is
what we have observed and we found that the film of
converted I-MEHPPV2 at 180 °C is actually thicker than th
precursor film at room temperature. The fact that the film
I-MEHPPV 2 at 180 °C was not thicker than the precurs
film at 70 °C suggests that after the thermal expansion
going from room temperature to 70 °C any further therm
expansion at 180 °C was offset by loss of the hydrogen ch
ride. The expanded form of the film of I-MEHPPV2 would,
interestingly, have the consequence that it would have p
ways for the hydrogen chloride to escape. That there is
residual hydrogen chloride in voids after conversion is co
firmed by the final SLD and film thickness. If hydrogen chl
ride remained in the film the SLD would decrease sign
cantly due to the voids caused by the relatively lar
molecular volume of hydrogen chloride and the thickness
the film would also probably increase. Neither of these
fects was observed. The combination of film thickness of 6
Å and SLD of 4.831026 Å 22 means that the cooled film o
I-MEHPPV2 is about 9% more dense than the precursor fi
of 1. None of this arises from the elimination~conversion!
itself because the estimated loss of volume caused by
elimination of hydrogen chloride is about 4%, which wou
lead to a decrease of 4% in the thickness but should ha
negligible effect on the atomic density of the film, which
what determines the SLD. Most importantly, we found th
the thermal expansion and contraction of the film
I-MEHPPV 2 was reversible which suggests that the film
are effectively annealed postconversion. This is not unr
sonable as the precursor1 has aTg around 50 °C in the bulk.
However, it is interesting to note that the coefficient of e
pansion of 9% for2 is similar to that of polystyrene heate
above itsTg ~8%!.19 Finally, the reflectivity profiles indicated
that the conversion process resulted in more uniform fil
which is also indicative of an annealing process. In fact,
found that it was possible to form relatively uniform films o
I-MEHPPV ~interference fringes! from nonuniform precur-
sor films ~little or no interference fringes! ~Fig. 3!.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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C. I-MEHPPV formed under vacuum

A similar study was carried out on the conversion of1 to
I-MEHPPV 2 but this time under vacuum. The thermal cyc
that was used in this experiment involved collecting the
flectivity profiles at room temperature, 180 °C, room te
perature, then 180 °C, and finally room temperature ag
The SLD andD were found from the reflectivity profile of1
under vacuum to be 4.0431026 Å 22 and 1610 Å, respec
tively. After conversion at 180 °C the film of I-MEHPPV2
was found not to have expanded with the thickness and S
of the film being the same as the film of1. One possibility
for the lack of film expansion on heating is that any rema
ing tetrahydrofuran is removed more effectively from t
film under vacuum at room temperature. As in the first e
periment the film did not shrink at 180 °C by the amou
expected for the loss of the hydrogen chloride. This ag
indicates that the films stay thermally expanded during
conversion process allowing the loss of the eliminated
products. Only on cooling did the film of I-MEHPPV2 fi-
nally shrink. The film of I-MEHPPV2 at room temperature
had a thicknessD51470 Å and a SLD54.331026 Å 22,
corresponding to a 9% decrease in film thickness and
increase in SLD. As for the first experiment, this strong
suggests that there are no voids in the converted film.
heating reversible expansion of the converted film was ag
observed with only a slight change in the film thickness a
scattering length density on cooling in comparison with
newly converted film of I-MEHPPV2.

FIG. 3. Reflectivity profiles of an initially poor film of1 at 25 °C and
subsequent I-MEHPPV film at 50 °C showing improved uniformity. T
film of I-MEHPPV was formed and measurements carried out under Ar
Downloaded 07 Feb 2003 to 138.251.105.140. Redistribution subject to 
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D. S-MEHPPV

We found that there was a distinct difference in the fil
forming properties of samples of S-MEHPPV when com
pared with I-MEHPPV formed from1. While I-MEHPPV
formed uniform films reproducibly the reflectivity profile o
the spin-coated films of S-MEHPPV were particularly sen
tive to the preparation conditions. The reflectivity profile o
the first film studied~in which only ultrasonication was used
to prepare the solution for spin-coating! indicated that the
film was comprised of two different but well-defined layer
Careful examination of the reflectivity profile~Fig. 4! shows
two distinct length scales for the interference. These could
fitted with structures consisting of either a thin dense lay
next to the silicon substrate and a thick low density layer
top of the thin layer or with the two layers the other wa
around. The parameters of the two layers were SL
5(4.0– 4.5)31026 Å 22 and thicknessD'240 Å for the
dense layer and SLD5(0.9– 1.5)31026 Å 22 and D
'1360 Å for the second layer. We have only given appro
mate fits here because the alternative positions with resp
to the silicon substrate of the two layers result in slight
different fitting parameters. However, the key point is th
there are two well defined thicknesses with the thin lay
particularly well defined. The value of the SLD for the thi
layer is consistent with a complete coating of S-MEHPP
but the SLD of the thick layer shows that the mean density
this layer is approximately one-third of that of the thin laye
In principle, this low density could result either from
spongy layer, i.e., uniform on a lateral length scale of grea
than a few hundred nm, or it could result from a small num

FIG. 4. Reflectivity profile of S-MEHPPV showing the two overlaid inter
ference patterns with the fitted profile.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ber of patches of normal density. These two models h
quite different effects on the reflectivity profile, and althou
we cannot be very precise about the exact lateral len
scale, the observed reflectivity is only consistent with
spongy thick layer. This result from the neutron reflectiv
may help to explain a scanning force microscopy study
S-MEHPPV spin-coated from THF. The latter study show
that the S-MEHPPV films had topographic features in
film, which were assigned to polymer aggregates.5 We be-
lieve that the topographic features observed by scann
force microscopy may correspond to the thicker spongy la
observed by neutron reflectivity in our sample
S-MEHPPV. This would then suggest that the spongy laye
on the outside of the film. The topographic features are
lieved to arise from aggregates in solution being transfer
to the film during spin-coating. If this is the case then wha
remarkable is that, given the range of sizes possible for s
aggregates, the width of our thick layer is so well defin
One would expect a range of thickness in this layer wh
would lead to a complete absence of any interference frin
in contrast to our observation of a very well defined thic
ness. This suggests that there may be an alternative exp
tion for the formation of the topographic features, for e
ample, that they arise from a competition between
polymer–substrate surface interactions versus polym
polymer interactions. That is, a homogeneous solution is
posited but with the film organizing itself to minimize it
energy. Such an organization would be expected to be
form over the whole film and could give rise to two distin
but uniform layers. Such an organization would be clea
sensitive to the environmental conditions and solution c
centration from which the sample was processed.

To determine the effect of annealing on this pecul
structure the film was heated to 180 °C under vacuum
then cooled back to room temperature. There was li
change on heating up to 180 °C but, on cooling, the thickn
of the thinner layer decreased by about 1065% while there
was no change in the thicker layer. The lack of change in
spongy layer, if at the air–polymer interface, is differe
from the scanning force microscopy experiment wh
showed some apparent annealing of the surface of MEHP
films. The differences in the observations of the effect
annealing will have to be studied further.5 However, the
change in thickness of the thin layer shows that it has b
annealed. TheTg of S-MEHPPV2 has been reported to be i
the region of 216 °C.5 We have measured a broadTg for our
sample of S-MEHPPV, in the bulk, centered at 205 °
Therefore we prepared a second film of S-MEHPPV a
annealed it at 220 °C before allowing it to cool. In this se
ond film the thicker layer was not clearly observable refle
ing that slight differences in polymer solution preparati
can affect the formed spin-coated film. Nevertheless,
thinner layer was well defined and similarly to the earl
sample the thin layer decreased in thickness by around
and scattering length density increased by around 10%.
clearly shows that there is a densification of the S-MEHP
on annealing which could effect the photophysical proper
of the film. The fact that subtle differences in process
conditions can give rise to interesting structures with
Downloaded 07 Feb 2003 to 138.251.105.140. Redistribution subject to 
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S-MEHPPV2 films shows that there is a need for furth
investigation of the deposition process.

E. Photoluminescence spectra

It is important to relate the physical properties observ
in the reflectivity measurements to the optical properties
the polymers. Therefore we have measured the photolu
nescence~PL! spectra of I-MEHPPV and S-MEHPPV with
the latter measured before and after annealing. The PL p
erties of conjugated polymers are particularly sensitive
intermolecular interactions. Close packing of conjuga
chains can lead to excimer emission, which is observed
broad red tail on the PL spectra. The PL spectra
I-MEHPPV and S-MEHPPV on quartz before and after a
nealing are shown in Fig. 5. The I-MEHPPV was prepar
by heating1 under vacuum for 10 h at 220 °C, i.e., at
similar temperature as theTg measured for S-MEHPPV
S-MEHPPV was measured before and after annealing
220 °C for 1 h. A slightly lower molecular weigh
S-MEHPPV was used for the PL measurements to ensure
films were of good optical density. Two important observ
tions can be made; first, for S-MEHPPV there was a reds
of the peak maximum and onset of absorption, and broad
ing of the PL spectra after annealing. The redshift in t
absorption maxima suggests that there is better intramol
lar order in the film and the broadening and slightly long
red tail is indicative of increased intermolecular interactio
These two results are consistent with the densification
served from the reflectivity profiles for S-MEHPPV after a

FIG. 5. PL spectra of I-MEHPPV and S-MEHPPV before and after anne
ing.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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nealing and a previous PL measurement.5 The second obser
vation is that the PL spectra of I-MEHPPV and unannea
S-MEHPPV are very similar. The NR reflectivity resul
show that the I-MEHPPV films are annealed after the c
version process. This suggests that I-MEHPPV and anne
S-MEHPPV form films of different morphology.

IV. CONCLUSION

We have shown that neutron reflectivity is a power
technique for probing the physical structure of conjuga
polymers. We have shown that S-MEHPPV can form t
component films when spin-coated from tetrahydrofuran,
that the thinner layer can be annealed by thermal cycling
contrast, the films of I-MEHPPV formed from a chloro pr
cursor polymer were uniform and effectively annealed d
ing the conversion process. On thermal annealing there
little change to the physical structure of the film althou
I-MEHPPV does have a large coefficient of expansion. T
reflectivity data suggests that the amount of available hyd
gen chloride in a converted film, which may react with t
underlying electrode material,20 is low. Finally, the PL spec-
trum of S-MEHPPV shows a distinct redshift and broaden
after annealing which corresponds to the densification
served from the reflectivity measurements. We are cont
ing to study this and other conjugated polymer systems
NR in an effort to relate the physical structure to the op
electronic properties of the conjugated polymers.
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