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(CHCMeg)(N(2,6-CsHy—i-Pry):0CMey),, 108969-04-6.
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1 (4.1 uL, 0.0205 mmol) was added to a solution of Mo-
(CHCMe,)(NAr)(OCMes), (1 mg, 0.00205 mmol) in toluene (1
mL) at =78 °C. After 10 min the solution was warmed and
held at —20 °C for 60 min. Pivaldehyde (6 uL, 0.064 mmol) was
added and solvents were removed in vacuo while keeping the
solution temperature below -20 °C (in order to minimize the
retro-Diels—Alder reaction®) to give light yellow colored pow-
ders quantitatively. Samples were analyzed immediately by
GPC in dichloromethane at 25 °C: 5 equiv of 1, M, = 1370,
M, = 1070, M,,/M, = 1.28; 10 equiv of 1, M, = 1700, M, =
1490, M,,/ M, = 1.15; 20 equiv of 1, M,, = 2600, M, = 2310,
M, /M, = 1.13; 20 equiv repeated, M, = 2400, M, = 2200,
M,/M, = 1.10. With time the retro-Diels-Alder reaction
vields polyene sequences that alter the hydrodynamic charac-
teristics of poly-1 and lead to higher apparent dispersities.
A solution of norbornene (193 mg, 2.05 mmol) in toluene (10
mL) was added dropwise to a rapidly stirred solution of Mo-
(CHCMey)(NAr)(OCMey), (20 mg, 0.041 mmol) in toluene (2
mL). After 5 min a solution of 1 (165 L, 0.82 mmol) in tolu-
ene (4 mL) was added dropwise to the rapidly stirred solution.
After 5 min another solution of norbornene (193 mg, 2.0
mmol) in toluene (10 mL) was added dropwise to the rapidly
stirred solution. After 10 min, 20 uL of benzaldehyde (0.168
mmol) was added. The solvents were removed in vacuo. The
residue was dissolved in a minimal amount of methylene
chloride and precipitated by addition of excess methanol to

obtain light yellow powders essentially quantitatively.

(12) The retro-Diels-Alder reaction was done in solution (methy-
lene chloride or toluene) at 2.0 wt % (polymer weight to sol-
vent weight) or as a thin film. All samples were heated at 90
°C for 60 min. Under these conditions we have shown that the
retro-Diels—Alder reaction is complete.’
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Electronic Properties of an Electron
Donor-Acceptor Polymer Blend

The phase-separation behaviors of organic polymer
blends have attracted extensive studies for their effects
on mechanical properties,! but few studies have been
concerned with the relation between the phase-separation
structure and the electrical properties. We have been
interested in the phase-separation behavior of the photo-
conductive polymer blends containing electron donor-ac-
ceptor (EDA) complexes, because they can have interfaces
similar to the p—n junctions of semiconductors and may
have unusual electronic properties different from those of
doped polymer systems.

Recently, Rodriguez-Parada and Percec reported that
polymethacrylates containing a carbazole group as a donor
chromophore are miscible with polymethacrylates con-
taining a 3,5-dinitrobenzoyl group as an acceptor.? This
miscibility was attributed to a relatively weak intermole-
cular electronic interaction, and the phase separation oc-
curred at 186-230 °C with the concomitant dissociation
of the EDA complex.

This finding motivated us to pursue further study on
phase-separation behaviors of EDA polymer blends and
their effect on photoelectrical properties. We have shown
that the phase separation of partly miscible blends of the
donor poly[(IV-ethylcarbazol-3-yl)methyl acrylate] (I} and
the acceptor poly[2-[(3,5-dinitrobenzoyl)oxylethyl meth-
acrylate] (II) has a structure similar to the phase structure
produced by spinodal decomposition. The effect of this
structure on the photocurrent of the polymer blend is also
presented. _

Polymers I (M, = 5.0 X 10% and II (M, = 3.5 X 10%)
were prepared by the radical polymerization of the cor-
responding monomers® by using AIBN as an initiator in
benzene. The THF solutions of these polymers were mixed
at various ratios, and films were deposited on slide glasses
or NESA glasses from the solutions at room temperature.
The films are yellow by the EDA complex, which had a
UV absorption around 400 nm.

The film of a 1:1 weight ratio of polymers I and II has
a phase-separated, matrix—island structure (Figure 1a) in
which isolated islands with irregular shapes and sizes (0.5-1
um) dispersed in the continuous matrix. When this 1:1
film (containing ca. 10 mol % excess of carbazole group)
was exposed to iodine vapor for several hours, the islands
became green, indicating the formation of an EDA complex
between carbazole and iodine. This result suggests that
the islands were composed predominantly of the donor
polymer and that the matrix was a solid solution of the
donor and acceptor polymers with the interchain EDA
complex.

When the films were heated, another phase separation
started in the matrix, and islands were finally absorbed
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Figure 1. Phase-separation behavior of the polymer blend film
of poly[(N-ethylcarbazol-3-yl)methyl acrylate] and poly[2-[(3,5-
dinitrobenzoyl)oxy]ethyl methacrylate] (1:1 weight ratio): (a)
original; (b) heated at 190 °C for 2 min.

into the newly separated phase. The phase-separation
structure changed to a reticular tetrapod structure which
was retained after cooled to room temperature at ca. 7
deg/min (Figure 1b). Examination of these films under
a phase-contrast microscope with different varying focal
point across the film thickness showed that each of two
phases in this tetrapod structure was highly interconnec-
tive. This type of phase pattern is very similar to that
produced by spinodal decomposition. The cooled samples
retained the yellow color of the EDA complex.

The starting temperatures of phase-separation change
for various II/I polymer molar ratios were determined by
microscopic observation with a Mettler FP 800 hot stage
at a heating rate of 5 deg/min. The change started at 173
°C and was completed at 183 °C, independent of acceptor
compositions between 0.23 and 0.77 (Figure 2), implying
that the new phase separation was closely related to dis-
sociation of the EDA complex. The as-prepared films with
acceptor contents less than 0.23 or higher than 0.77 were
homogeneous and showed no phase separation by thermal
treatment up to 200 °C.

The matrix-island structure of polymer blends with
acceptor composition between 0.23 and 0.77 comprised
islands with sizes of 0.5-1 um composed of the donor-rich
(p-type) phase, and the matrix comprised the EDA com-
plexes. Because these polymer blends underwent a new
phase-separation change on heating, whereas the homo-
geneous blends with compositions outside this range did
not, it is assumed that the new separated phases are com-
posed of an acceptor-rich phase (acceptor content ~0.77)
and a donor-rich phase (acceptor content ~0.23) with an
EDA complex layer between them. This result is in con-
trast to that reported by Percec et al® and reflects the
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Figure 2. Transition temperature (T,) of the phase-separation
structure and T, for various composition of poly[(N-ethyl-
carbazol-3-yl)methyl acrylate] (D) and poly[2-[(3,5-dinitro-
benzoyl)oxy)lethyl methacrylate] (A): (0) T; (&) T
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Figure 3. Current—voltage characteristics for the 1:1 polymer
blend film: (A) original; (O) dark current, (A) photocurrent, (O)
dark current after irradiation; (B) heated at 190 °C, (@) dark
current, (A) photocurrent, (W) dark current after irradiation.

difference in the polymer main chains.

It is known that dinitrobenzoyl-containing polymers
show persistent conductivity® or the “memory effect”.®
Accordingly, we measured three kinds of current—voltage
characteristics on the 1:1 blend film at 20 °C before and
after thermal treatment:” (a) the dark current of blend
film preheated at 80 °C for 1 min to erase any memory
effect, (b) the photocurrent (light intensity 0.1 mW /cm?,
wavelength 400 nm), and (c) the dark current after irra-
diation by strong white light (light intensity 46 mW /cm?)
(Figure 3).

No appreciable difference in dark currents was observed
for the original and the heat-treated films. The current
(/) depended on applied voltage (V) as J « V™. The values
of n were 1.0 for both films and therefore both dark cur-
rents were ohmic. The photocurrent in heat-treated film
was almost twice as high as the dark current in the original
film (Figure 3B). Because the intensity of the light was
low and the field dependence was not steep (n = 1.2), the
measurement was made in an emission-limited region.
Therefore, the difference in photocurrents in two films may
be ascribed to an increase in carrier generation efficiency
in the heat-treated sample. The photogeneration of
electrons and holes may occur in the interfacial region
between the donor-rich and acceptor-rich phases. These
carriers might readily migrate to the latter two phases, thus
preventing electron—hole recombination and increasing
carrier generation efficiency.
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After irradiation with a strong light, the heat-treated
sample had a dark current five times higher than that
before irradiation with the n value of 1.0. In contrast, the
original sample showed only a slightly higher dark current
after irradiation with the n value of 1.4. Since the dark
current of the heat-treated film after irradiation was ohmic,
the persistent conductivity in the heat-treated sample may
be related to a phase-separation structure different from
that reported by Abkowitz et al.® In the heat-treated
sample, each carrier is in a different phase and has a longer
lifetime than in a homogeneous system, because the re-
combination of carriers can occur only in the interfacial
EDA complex layer. This situation could account for the
persistent conductivity of the heat-treated sample.

Registry No. (I)(II) (copolymer), 114563-27-8; 1 (homo-
polymer), 71356-19-9; II (homopolymer), 82008-07-9.
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Specular Reflectivity of Neutrons by Thin
Polymer Films

Introduction. The reflectivity of neutrons provides a
novel means of investigating a wide range of surface and
interfacial phenomena with a spatial resolution that is on
the nanometer size scale. Neutron reflectivity is emerging
as a technique that can quantitatively address segment
density depth profiles by simple isotopic substitution of
light hydrogen by deuterium. Only recently has the utility
of this technique in polymer science been realized. For
example, Jannink and co-workers!? have used the reflec-
tion of neutrons to evaluate the concentration profile of
polymer segments in solution near the air-solution inter-
face. There have also been preliminary reports on block
copolymer solutions?® and immiscible polymer bilayers.*®
In the present paper, we report the application of specular
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neutron reflection to investigate the interdiffusion of two
layers, composed of polymer molecules where one of the
polymers is deuteriated and the other is protonated.

Two different samples were studied. The first sample
was a bilayer composed of deuteriated polystyrene on the
top of protonated polystyrene; the latter layer was de-
posited on an optical flat of fused silica. The object here
was not only to measure the segment profile for the
specimen as prepared but to observe its evolution following
an annealing treatment. The second sample consisted of
a deuteriated/protonated bilayer of polyimide on fused
silica.

Neutron Reflectivity. Neutron reflectivity principles
have been extensively treated in the literature.b It is
sufficient here to recall a few concepts to clarify which
quantities can be obtained for the problem at hand. The
neutron reflectivity profile is solely a function of the
component of the neutron momentum perpendicular to
the film:

G, = (2w /) sin 8 (1)

where 0 is the angle of incidence of the neutron beam with
the surface and M is the neutron wavelength. In a medium
composed of nuclei with neutron scattering amplitudes’
b in a volume® V,q,, is modified such that

9z = (Qz02 - 47l'b/‘/)1/2 (2)

The component of the neutron momentum parallel to the
surface is identical with that in vacuum. For this reason
the reflectivity process can be described in terms of the
one-dimensional motion of a particle in a potential. The
problem of finding the potential from the reflecitivity is
nothing but the well-known “inverse problem” in quantum
mechanics. The reflectivity cannot be described in an
explicit form except for a few analytical forms of the po-
tential; the simplest of which is a histogram of layers of
different thicknesses and different refractive indices to
which the effective profile can be approximated. The
reflectance at the boundary between the ith and (I + 1)th
layers is

Gz — 9zi+1 (3)
Fijw1 = —— T ——
o QZ,i + Qz,i+1

and the total reflectance of the system r, is a suitable
combination of the products of the reflectances at the
single boundaries. In our case the system is vacuum/
deuteriated polymer/hydrogenated polymer/silica; the
reflectance takes the form®

rt = [rm + r12 exp(2iq21(?1) + r23 exp(Zi(qzldl + i
Q:205)) + roiriaras €xp(2iq,0d,)]1/[1 + roirys exp(2ig,id;)
+ rigfes eXp(2iq.odsy) + rorrys exp(2i(g,d; + g,0ds))] (4)

where d; is the thickness of layer i.

Using tabulated values for b and V, we obtain (for a
bilayer of polystyrene) (b/V)pgp = 6.1 X 10 cm™2, (b/
V)PSH = 1.4 X 101° cm'2, and (b/ V)silica = 3.48 X 101° ¢,
The strongest reflectances occur at the front and back faces
of the deuteriated layer. Hence, to a first approximation
we can simply substitute the real system by a layer of
deuteriated polystyrene over an infinitely thick layer of
protonated polystyrene. For real values of q,;, the re-
flectivity takes the simple form?!¢

ro’ + r? + 2roiryp c08(29,:,dy)

R=r!=~ 2. 2
1 + ro’rip® + 2ryris cos (2q,:d,)

(5

Equation 5 gives basically an interference function in
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