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ABSTRACT: Diblock copolymers of norbornene and an organometallic derivative of norbornene, Sn[2,3-
trans-bis[(tert-butylamido)methyl]norborn-5-ene]Cly, were synthesized via ring-opening metathesis polym-
erization using a tungsten alkylidene catalyst. The morphologies of these copolymers were investigated by
transmission electron microscopy (TEM) and small-angle X -ray scattering (SAXS). The copolymers exhibited
spherical, cylindrical, or lamellar morphology depending on their composition and molecular weight. The
phase diagram compares well with the predictions of the Helfand and Wasserman theory. The interdomain
spacing (d) for the spherical and lamellar polymers scales with copolymer molecular weight to the 0.49 power
and 0.67 power, respectively. Additionally the SAXS data for two copolymers with spherical morphologies
were fitted to a model to obtain information on the size and packing of the organometallic spheres.

Introduction

Several studies in recent years have focused on the size-
dependent evolution of properties in nanoscale (diameter
< 500 A) aggregates of metallic and semiconducting
materials.! These materials exhibit hybrid properties in
between the molecular and bulk solid-state limits. As a
result of their incompletely developed electronic structures,
aregular array of these aggregates or clusters may exhibit
novel optical, electronic, and magnetic properties. A major
stumbling block in achieving these goals has been the
inability to synthesize monodisperse clusters in significant
quantities.

In a recent paper? we outlined a new technique to
synthesize semiconductor clusters. Qur technique takes
advantage of the uniform microdomain structure resulting
from the self-assembling nature of block copolymers.?
Synthesis of a diblock copolymer of norbornene and an
organometallic monomer allows for the transport of metal
atoms into the block copolymer microdomains, inside
which clusters can be grown in a controlled fashion. In
a subsequent paper* we reported the synthesis of two new
ligands bTAN [2,3-trans-bis[(tert-butylamido)methyl]-
norborn-5-ene] and bSAN [2,3-trans-bis[[(trimethyl-
silyl)amido]methyl]norborn-5-ene] for the preparation of
organometallic monomers, characterization of a tin mono-
mer [Sn(bTAN)CI;, 1] prepared using the bTAN ligand,
and resuits for the polymerization of monomer 1 by well-
characterized ring-opening metathesis polymerization
(ROMP) initiators such as M(CH!Bu)(NAr)(O!Bu); [M =
W or Mo and Ar = 2,6-'ProCgHs). Also included was the
characterization by transmission electron microscopy
(TEM) of a 50/50 wt % polynorbornene/poly-1 diblock
of 11 500 molecular weight exhibiting lamellar morphology.

Here we report the results of a detailed structural
characterization of the same polynorbornene/poly-1 sys-
tem. A series of copolymers has been studied by gel
permeation chromatography (GPC), TEM, and small-
angle X-ray scattering (SAXS). Results are presented in
the form of a phase diagram relating morphology to
copolymer molecular weight and relative block lengths.
The scaling of interdomain spacing as a function of the
copolymer molecular weight was studied for polymers with
spherical and lamellar morphologies. The results were
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Figure 1. Schematic for the synthesis of polynorbornene/poly-1
diblock copolymers via ROMP.

compared to the predictions of the microphase-separation
theory developed by Helfand and Wasserman.® Addi-
tionally quantitative information on domain size and
packing was obtained from SAXS data for the samples
exhibiting spherical morphology.

Experimental Section

Chemicals and Reagents. All reactions were performed in
a Vacuum Atmospheres nitrogen glovebox. All glassware used
was flame dried under vacuum. Benzene was vacuum distilled
from a flask containing sodium sand, stored over Na/K alloy,
and filtered through a sintered-glass frit prior to use. Norbornene
was distilled from molten sodium under a slight overpressure of
argon. W(CH'Bu)(NAr)(O'Bu); [Ar = 2,6-Pr,CsHj)] and mono-
mer | were synthesized as described in the literature.48
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Table I
Summary of the Characterization of the Different Block Copolymers Synthesized
exptd mol wt obsd mol wt caled mol wt
(Mg X 107%) (M) of (M) of wt fraction morphology
sample ID (polynorbornene/poly-1) polynorbornene block (PDI)? poly-1 block® of poly-1 block (TEM)
A 111/16 111 300 (1.30) 15 800 0.13 spherical
B 21/21 21 400 (1.05)¢ 21 500 0.50 lamellar
C 19/9 21 200 (1.04) 10 200 0.33 cylindrical
D 8/8 7 900 (1.08) 7 800 0.50 lamellar
E 11/11 11 500 (1.08) 11 500 0.50 lamellar
F 47/7 52 000 (1.04)4 7 500 0.13 spherical
G 23.5/3.5 26 200 (1.05) 3 800 0.13 spherical
H 41/4.1 5100 (1.07) 5200 0.50 lamellar
I 141/20 190 600 (1.33) 27 600 0.13 spherical
dJ 70.5/10 79 300 (1.06)¢ 11300 0.13 spherical
K 47/47 54 500 (1.03) 54 300 0.50 lamellar

a Molecular weights determined by GPC. Values reported were obtained by dividing the equivalent PS molecular weight by 2. PDIindicates
polydispersity index, i.e., Mw/Mp. ® Molecular weights reported based on first block molecular weights and on the assumptions of termination-
free crossover and 1007 conversion of monomer 1. ¢ Sample had ~10 wt % of high molecular weight polymer (M, = 581 100 with PDI = 1.43).
4 Osmometry yielded M, values of 51 100 for sample F and 67 500 for sample J.

Polymerization Chemistry. Block copolymers of norbornene
and 1 were synthesized by sequential addition of the monomers
to W(CH'Bu)(NAr)(O'Bu); in benzene, with the norbornene block
being polymerized first (Figure 1). ROMP initiators are usually
terminated using aldehydes such as benzaldehyde or pivalde-
hyde. However, NMR experiments indicated that monomer 1
(most likely the Sn atom) reacts rapidly with aldehydes giving
a complex mixture of products. We therefore terminated the
polymerization by the addition of trans-1,3-pentadiene which
reacts rapidly with the living polymer yielding a vinyl-terminated
polymer and a new alkylidene which is then terminated over a
period of time by reaction with benzophenone. Control NMR
experiments confirmed that 1 is unreactive toward trans-1,3-
pentadiene and benzophenone.

The following conditions are used to prepare a 200/20 diblock
copolymer of polynorbornene/poly-1. A solution of 15 mg (2.6
X 1078 mol) of catalyst in 1.5 mL of benzene was added to a
stirring solution of 490 mg (5.2 X 103 mol) of norbornene in 15.5
mL of benzene. After 10 min, 2 mL of the reaction mixture was
withdrawn using a pipette and terminated with henzaldehyde.
This aliquot was used to obtain a GPC trace of the first block.
A solution of 208 mg (4.6 X 104 mol) of monomer 1 in 5 mL of
benzene was then added to the reaction mixture. After 20 min
9.17 uL (1 X 10~ mol) of pentadiene and 16.76 mg (1 X104 mol)
of benzophenone were added to terminate the reaction. The
reaction was allowed to stir for another 1 h to ensure complete
termination. Other polymers were prepared by appropriately
changing the relative amounts of monomers added.

Molecular Weight Characterization. Molecular weights
were obtained using a GPC setup comprised of four u-Styragel
columns (500, 102,103, and 104 A) in series followed by a refractive
index detector and a UV /vis detector. The solvent was dichlo-
romethane at a flow rate of 1.00 mL/min. The sample volume
injected was 100 uL, and the concentration of polymer in the
sample was ~0.2wt % . Number-average molecular weights were
determined by osmometry using a Wescan recording osmometer
Model 231. The solvent was toluene, and the membrane used
had a molecular weight cutoff of about 15 000.

Density Measurements. The density of polynorbornene was
determined using a density gradient column composed of eth-
anol, water, and sodium chloride. The column was calibrated
using glass floats of densities 0.8511, 0.8984, 0.9546, and 1.004
g/cm?®. To estimate the density of poly-1, we used a sink—float
method with halogenated alkane liquids of varying densities.

Morphological Characterization. Films were solution cast
directly from the polymerization mixture inside the nitrogen dry-
box. The polymerization mixture was transferred to a Teflon-
lined cup placed inside a sealed glass jar (diameter = 7 cm; height
=7 cm). The cap of the jar had four holes of 1-mm diameter.
The solvent (benzene) was allowed to evaporate slowly over 5-8
days to obtain a transparent yellow film, which was further dried
under vacuum for 24 h. SAXS experiments were performed using
a Rigaku instrument with a 1.54-A Cu K« rotating-anode point
source, Charles Supper double-mirror-focusing optics, and a Nico-

let two-dimensional detector. The setup was calibrated using
cholesteryl myristate [long period (d) = 50.7 A].7

Ultrathin sections obtained using a LKB Ultratome ITI Model
8800 were studied by transmission electron microscopy (Jeol CX-
200, operating voltage 200 kV, and Philips EM300, operating
voltage 100 kV). The X-ray fluorescence experiment was
performed on a STEM (VG-HB5, operating voltage 100 kV).
EM300was calibrated against a diffraction-grating carbon replica
(21 600 lines/cm).

Results

Block copolymers of norbornene and 1 were synthesized
with specific block lengths to target a variety of morphol-
ogies. The composition of these polymers, their molec-
ular weights, and observed morphologies are summarized
in Table I. Molecular weights of the first blocks were
obtained by GPC. The diblockitself could not be analyzed
by GPC as the Sn-N bond in 1 is readily cleaved by trace
amounts of moisture and oxygen. The molecular weight
of the second block was obtained from the first block mo-
lecular weight and the amount of monomer 1 added with
the assumption of termination-free crossover and complete
monomer comsumption. The GPC results clearly indicate
the synthesis of a low-polydispersity first block with
roughly the expected molecular weight. The polynor-
bornene molecular weights reported were obtained by
dividing the equivalent polystyrene molecular weights by
a factor of 2. This value of 2 is based on comparison of
the stochiometric molecular weight to the polystyrene
equivalent molecular weight of a number of norbornene
homopolymers prepared over the years in our laboratory.
Additional proof comes from osmometry measurements
on polynorbornene blocks of samples F and J (M, =51 100
for sample F and 67 500 for sample J).

One can clearly observe the microphase-separated
morphology of these polymers by TEM. Representative
micrographs of the different morphologies observed are
shown in Figure 2. The dark areas represent the Sn-
containing phase, i.e., poly-1regions, as confirmed by X-ray
fluorescence spectroscopy in a scanning transmission
electron microscope (STEM).2 A density map obtained
by monitoring the Sn L signal (3.3-3.9 keV) correlates
with the corresponding bright-field STEM micrograph
for sample E (Figure 3). The tin therefore acts as an
inherent stain, making it very easy to observe morphology
inthissystem. This elegantly solves a major problem faced
in studying the morphology of ROMP block copolymers
by TEM, as the presence of double bonds in both blocks
makes it very difficult to selectively stain one of them.
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Figure 2. Representative micrographs for the different polymers synthesized: (a) sample A, (b) sample I, (c) sample C, (d) sample

B, (e) sample E, (f) sample K.

Figure 3. X-ray fluorescence spectroscopy data collected on
the STEM for sample E: (a) bright-field micrograph; (b) O pulse
map obtained by monitoring the K signal (0.4-0.6 keV); (c) Sn
pulse map obtained by monitoring the L signal (3.3-3.9 keV).

TEM samples were microtomed in air, resulting in the
hydrolysis of a significant amount of Sn as substantiated
by the correspondence between the Sn and O density maps
shown in Figure 3. The Snatoms are no longer covalently
bonded to the bTAN ligand, raising questions about their
mobility within the heterogeneous polymer morphology.
The excellent contrast and sharp boundaries in the Sn
map indicate that the hydrolyzed Sn atoms have only
limited mobility.

SAXS spectra were obtained by collecting data for 30
min and subtracting out the required background scat-
tering. A typical two-dimensional SAXS patternisshown
inFigure4a. Thetwo-dimensional SAXS pattern for each
of the samples was a clearly discernible ring at a particular
value of scattering vector @, where @ = (4x/)) sin 8, the
scattering angle being 26. The symmetry in the two-
dimensional pattern indicates no preferred large-scale
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Figure 4. SAXS data for sample D collected over a period of
30 min: (a) two-dimensional pattern after correcting for back-
ground scattering; (b) radial-averaged plot of intensity, / (counts),
vs scattering vector, Q(A), obtained from the two-dimensional
pattern.

orientation of the morphology and is a consequence of our
film preparation technique. Radial-averaged plots of
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Table II
Morphology and d Spacing for the Different Samples
sample ID morphology d spacing,® A
A spherical 500
B lamellar 510
C cylindrical 340
D lamellar 240
E lamellar 300
F spherical 330
G spherical 250
H lamellar 160
1 spherical 660
d spherical 370
K lamellar 770
@ Obtained using SAXS data.
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Figure 5. Radial-averaged plots of intensity (/) vs scattering
vector (@) obtained for samples A and J over a period of 2 h. The
data have been corrected for background scattering.

intensity (I) as a function of scattering vector (@) obtained
from the SAXS patterns show a single peak in each case
[Figure 4b}. Theradial-averaged plots were obtained from
the two-dimensional pattern by calculating an average
intensity around the circumference at each value of @ along
the radius. The interdomain spacing (d = 27/ Qmnax) for
each of the polymers was obtained from the location of
the maximum in the I vs @ plot; these morphological
distances are listed in Table II. In the case of polymers
A and J with spherical morphologies, increasing the
collection time to 2 h revealed the presence of a distinct
shoulder in the SAXS pattern (Figure 5). The presence
of a shoulder instead of resolvable higher order peaks is
an indication of a disordered arrangement of spheres.®

Qualitatively, results from SAXS and TEM compare
well with each other. In both cases we see an absence of
any long-range order in any of the copolymers. This lack
of order is a result of nonequilibrium effects encountered
in the solvent evaporation process!® (see the Discussion
section). Quantitatively we do not have good agreement
between our SAXS and TEM results. Interdomain
spacings obtained by SAXS are always significantly higher
than those obtained by TEM. We note that norbornene,
which is the matrix block in all our polymers, has a T of
35-45 °C,!! and because our microtoming is done at room
temperature, significant compression of the polymer
morphology could occur, resulting in the smaller d spacings
observed in TEM. We therefore consider the results
obtained by SAXS to be more reliable.

Additional information on domain size and domain
packing was obtained by fitting some of our SAXS spectra
to models employed earlier®e12-15 for more conventional,
fully organic diblock copolymers. The analysis was carried
out on samples A and J, both of which exhibit spherical
morphology. The model includes scattering from two
mechanisms: interparticle and intraparticle interference.
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The intraparticle scattering (/) was described with the
Bessel function J3/2 as shown below,?>12 where Ry, is the
radius of domains

- 9r[ JopQRW T _
2| (qry?”

2
[ : Qz )3] [sin (@R,) - QR cos (@R,)I* (1)
b

The interparticle scattering was modeled as described by
Kinning and Thomas® using the closed-form solution for
the Percus—Yevick correlation function developed by Wer-
theim!? and Thiele.!* Thissolution assumes a hard-sphere
behavior for the interacting spherical domains. The
calculation is expressed in terms of the hard-sphere volume
fraction, 5, which is defined as

n=4/3zR,’n )

where Ry, is the effective radius of the hard spheres and
n is the number of hard spheres per cubic centimeter.
Three other parameters o, 3, and v are defined in terms
of 7 as follows.

f sphere2( QRb)

a=(1+2p%01-n? )
8 =-6n(1 +/2)%/(1-n)* (4)
v =1n/2(1 + 29)%/(1 - n)* (5)

As shown by Kinning and Thomas, the interparticle
interference factor, S, is written as

_ 1
SRy =7 247(G(A)/A)
where A = 2QRy, and

(6)

G(A) = %(sin A-AcosA)+ %[ZA sin A +
(2-AY)cos A-2] + AJE{_A4 cos A+

4[(3A%-6) cos A + (A%~ 64) sin A + 6]} (7)
The total scattering can then be represented as!®

I(Q»Rhs»Rb) = KS(Qths’n)fspherez(QRb) + Iinc (8)

The incoherent scattering (linc) Was essentially zero for
our samples. K is the contrast factor, which is the
difference in the electron densities of the particle and the
matrix. As K for the polynorbornene/poly-1 system is
unknown, we compared our calculated and observed
spectra after normalizing them with their respective
maxima.

Parts a and b of Figure 6 show the results of the
calculations described above together with the SAXS
spectra for samples A and J. The excellent fit confirms
the applicability of the model to organometallic copoly-
mers. The twosamples had a n value ~0.28, which implies
a poor packing of the spheres (n = 0.74 for fcc and hep
packing and 0.68 for bcc packing!®). The Ry values
obtained were approximately half the d spacing observed
by SAXS for these samples. We also found that the
position of the shoulder is remarkably sensitive to the
value of Ry, (Figure 6b). Thus, even though our data exhibit
nodistinct higher angle peaks, we can determine the value
of R,. Weobtained R}, values of 130 and 100 A for samples
A and J, respectively, from our model. These values were
approximately twice those obtained by TEM (60 A for
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Figure 6. Comparison of calculated and observed SAXS data
for samples A and J. The solid line is the observed data and the
dashed line the fitted curve.

sample A and 50 A for sample J). A similar discrepancy
in domain sizes obtained from SANS and TEM was
observed by Berney et al. for polystyrene/polybutadiene
diblock copolymers (SANS results were 1.3 times larger
than the TEM resuits).l? At present we do not have a
definite explanation for this discrepancy. Possible ex-
planations are the compression of the morphology during
microtoming or the aggregation of the hydrolyzed Sn atoms
within the domains (SAXS experiments use bulk samples
inwhich the Sn atoms may not be significantly hydrolyzed).

Discussion

Typically one can develop a phase diagram representing
the morphology of a block copolymer as a function of the
total copolymer molecular weight and volume fraction of
one of the blocks. Usually volume fractions are replaced
by weight fractions, as most organic polymers have
densities close to 1. Density measurements yield a value
of 0.97 g/cm? for polynorbornene and 1.3-1.4 g/cm? for
poly-1. We therefore present our phase diagram (Figure
7) in terms of volume fractions using an average density
of 1.35 for poly-1. Microphase separation occurs at
copolymer molecular weights as low as 15 000, implying
alarge value for the Flory—Huggins interaction parameter
(x) for this system. For a block copolymer with equal
volume fractions of the two blocks, microphase separation
occurs for xN = 10.5, where N is the degree of polymer-
ization. Similar calculation for this system (based on
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Figure7. Phasediagram for the polynorbornene/poly-1 system
at room temperature (~20 °C). The density of poly[Sn(bTAN)-
Me,] has been assumed to be identical to that of poly-1.

sample H) gives x = 0.17, significantly larger than the
value of 0.03-0.04 observed for the styrene/butadiene
system.!8 This large value observed for x is remarkable
considering that monomer 1 primarily has a polynor-
bornene backbone. The large positive value of x is due
to the highly polar nature of monomer 1, which in turn is
a result of the highly polar Sn—Cl bonds; it does not arise
directly from the presence of the metal atom. Replacing
the Sn-Cl bonds in 1 by the less polar Sn—Me bonds
significantly reduces the x parameter and increases the
minimum molecular weight required for phase separation
of polynorbornene/poly-1{methyl derivative) copolymers.
A diblock copolymer of norbornene and the Sn-Me
derivative of 1 with a copolymer molecular weight of 22 500
and a composition of 52 wt % Sn-Me block is homogeneous
(see Figure 7).

The large value of x for the polynorbornene/poly-1
system puts most of the polymers synthesized in the strong
segregation limit,'? i.e., xN > 10.5. In this limit the most
successful microphase-separation theory is the self-
consistent mean-field theory proposed by Helfand and
Wasserman,>20 who developed a free-energy expression
for a microphase-separated system and numerically solved
it to calculate the phase diagram for polystyrene/poly-
butadiene. The curve shown in Figure 7 was determined
by shifting the Helfand—Wasserman phase diagram ver-
tically to fit our data. The compositions that delineate
the thermodynamic stability of different morphologies
have also been taken from ref 20 (these boundaries are
virtually independent of molecular weight and temper-
ature).

In the strong segregation limit the interdomain spacing
(d) scales as d ~ M?, where M is the total copolymer mo-
lecular weight. The value of exponent a is predicted to
be 9/14 (~0.64).1920 For block copolymers of styrene/
isoprene and styrene/butadiene exhibiting lamellar?! and
sphericall®® morphology, Hashimoto found the exponent
to be 2/5. For our system we found the exponent to be
0.66 and 0.49 for samples having lamellar morphology and
spherical morphology, respectively (Figure 8). The de-
viation from theory exhibited by the spherical samples
has been observed previously.®22 This discrepancy was
explained by Hashimoto et al.1%2! as a result of nonequi-
librium effects of solvent casting. Experimentally Shiba-
yama et al.23 found that there is a tendency for domain
size to increase as the concentration of the casting solvent
decreases. For the case of spherical morphology this can
be accomplished only by increasing the number of polymer
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Figure8. Interdomain spacing, d(A), as a function of copolymer
molecular weight, M,,. The d spacings were determined by SAXS.

chains in each domain. This size increment requires
transport of B chains through a matrix of A chains, a
process of very high activation energy when the solvent
concentration is low. Therefore, the observed spherical
domain size in bulk is a manifestation of an equilibrium
concentration lower than 100% copolymer, resulting in a
smaller than expected domain size and d spacing. As dis-
cusssed by Bates et al.?® this domain size discrepancy
becomes more pronounced at higher molecular weights,
thereby leading to alower than expected slope in the scaling
law for the spherical system.

Conclusions

Block copolymers of polynorbornene and organome-
tallic poly-1 exhibit morphologies and scaling laws which
can be well understood with the existing framework of
theories for wholly organic block copolymers. The present
set of observations will enable us to anticipate the
morphological behavior of various other block copolymer
systems which contain organometallic moieties. With an
appropriate phase diagram and scaling laws it should be
possible to target a desired morphology and domain size
for a selected organometallic system. This would in turn
allow us to synthesize metallic or metal-containing clusters
of desired size and shape. Currently we are investigating
the growth of semiconductor clusters within the micro-
domains of block copolymers synthesized using Sn(1I) and
Pb(II) analogues of 1.
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