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Polymerization-induced epitaxy (PIE) refers to epitaxial
growth of polymers on a substrate surface during solution
polymerization of monomers.Many crystalline polymers have
been shown to form epitaxial films on graphite, during cationic
and anionic ring-opening polymerizatién? radical polymer-
ization? and polycondensation and polyadditiorDespite its
generality, however, the growth mechanism is not well under-
stood. This paper is the first report of PIE kinetic studies,
comparing the polymer growth in solution with the film growth
on the surface when the initial monomer concentration is varied.
Here, we show that it is possible to have epitaxial growth even
below the equilibrium monomer concentration in solution. This
result implies that the PIE process is not an adsorption of the
polymer which has formed in solution.

Reaction kinetics of cationic ring-opening polymerization of
tetrahydrofuran (THF) is one of the most well-known systéns.
We have shown previously that this polymerization induces
epitaxial growth of a poly(THF) monolayer on the basal plane
of graphite? Local structures within a single domain of the
PIE film have been studied in detail. Here, we controlled the
solution polymerization kinetics by the initial THF concentration
and observed the growth of the poly(THF) PIE film by atomic
force microscopy (AFM}1 In particular, we focus on the size
of each crystalline island as well as the surface coverage by all
islands.

Cationic ring-opening polymerization involving oxonium ions
is usually treated as an equilibrium polymerization without
termination and is known to possess ceiling temperafliféss
means that an equilibrium monomer concentrati@g,Q exists
for a given ceiling temperature. The monomer concentration
must be greater tha@.mc for polymerization to proceed, and
the value ofCemc is determined uniquely by reaction thermo-
dynamics. In the present reaction conditions of initiation by
the BRO(CHs)./epichlorohydrin system at 0C in CHyCI,,
no polymer was formed belo@en. = 3 mol/L in solution?
This value is close t€mctaken by other cationic initiators®10

Figure 1 displays an AFM image of the PIE film of poly-
(THF). At all THF concentrations, the film exhibits flat
rectangular islands having a uniform AFM height of ap-
proximately 0.5 nm. These islands intersect each other with
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Figure 1. An AFM image of the poly(THF) PIE film on graphite
formed at [THF]= 1.85 mol/L. The rectangular islands have a height
of 0.5 nm uniformly over the entire area.
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Figure 2. Surface coverage (the solid line, in units of monolayers)
and average island sizes (the dotted line) measured from AFM images
around the solutioi€enc 0f 3 mol/L. Each average (peak) island size

is given as the smallest mean value of Gaussian-shaped distributions
of the island width.

an angle of 128 This is consistent with the monolayer model
of chains lying flat with its fiber axis parallel to the surface
and orienting epitaxially on the graphite hexagonal laftithis
unique feature is one of the characteristics of poly(THF) PIE
films and is used advantageously to differentiate it from other
types of surface features.

The surface coverage is calculated by measuring the fractional
area occupied by all islands in a given frame. We have found
that the coverage increases almost monotonically with the initial
THF concentration except at very high concentrations. Figure
2 displays the coverage at low concentrations. The PIE film is
formed even belowCemc Of solution polymerization, and the
coverage reaches over 0.8 already at 0.62 mol/L.

Since the islands have different sizes and various orientations,
statistical analyses of island size distributions are required to
quantify the island size at a given monomer concentrafion.
At low THF concentrations, however, the distributions are
relatively simple and give well-defined average sizes. Below
Ceme the average width and length are approximately 30 nm
(Figure 2) and 100 nm (not shown), respectively. These values
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are equivalent to those of ideally extended straight chains of reaction responsible for PIE took place far more efficient than
poly(THF) having molecular weights of 3500 and 12 000. A one in solution. This implies that the PIE process is not an
previous study suggests that a chain extends continuously fromadsorption of polymer which has formed in solution. Instead,
one edge of the island to the opposite e#ihdhus, the length it supports a model of the segmental adsorption (with a
of a chain in the film may be considerably longer than these crystallographic ordering) taking place at the same time as
values. Regardless of the direction of the chain axes with polymerizatiorf

respect to the island edge, these equivalent molecular weights \yjithin the frame work of known polymerization kinetics,
indicate that the polymerization near the surface has proceededpere are several possibilities to explain the present result, such

significantly even belovCemo , as enhancement of THF concentration near the surface and
These results clearly show that the PIE film was formed when |g\ering of the free energy due to the substratagent

polymerization was not allowed to proceed in solution and the jnteractions. Here, we propose another model based on a

(12) Highly oriented pyrolytic graphite was immersed in a solution POSitiVe feeqbaCk betwe.en p0|ymerizaﬂ0n and epit?‘XiaLadsorp'
containing controlled amounts of THF in GEl,. Polymerization was tion. Consider a reactive chain segment extending into the

initiated by 0.093 mmol of BEO(CzHs), with a small amount of epichlo- ; ; ;
rohydrin at 0°C and was continued without strong stirring. It was allowed solution phase with the body of the polymer being adsorbed to

to react for 24 h before being quenched with methanol. The graphite was the graphite as a crystalline film. Since the crystalline body is
taken out of the mixture and rinsed repeatedly with THF, chloroform, chemically inactive, the extending segment can be considered
ethanol, and water over a few days at room temperature. The molecular 55 5 propagating chain with a reactive end. Then, incorporation

weight of the polymer isolated from solution was measured by GPC with . L .
pmfstyrene st%né/ards. y of a part of the segment into the body by epitaxial adsorption

(13) Because of the increasing difficulty in recognizing an individual implies shortening of the propagating chain. This effective

island from a group of closely lying islands as the surface coverage becomes izati itayi i i i
larger, only the narrower width of each island could be measured at higher depolymerization by epitaxial adsorption shifts the reaction

concentrations. The island size distributions are well approximated by a €quilibrium of the propagating segment toward polymerization.
single Gaussian at lower concentrations, but multi-Gaussian curves areAs the length of the segment increases by polymerization, more

needed to fit the distributions above 2 mol/L. The peak sizes plotted in parts of the segment become available for epitaxial adsorption
Figure 2 are the smallest mean values at the given concentrations. ’

(14) Observations of the same film in molecular resolutions by scanning S€lf-accelerating growth is entropically regulated and infinite
tunneling microscopy (STM) have shown only a few point defects within  growth of islands is avoided by the graphite defects and the

a single domain of the film. Since the chain end is structurally different j i i i inai
from the rest, any chain end should be detectable by STM if it exists. This island itself (with respect to neighboring islands). The feedback

suggests that a chain extends continuously from one end to another withinModel with these control parameters will be discussed in more
an island. On the other hand, the STM images of the region around the detail in the forthcoming paper.

island edge were too complex to analyze. The state of chains at the edge,

including possible folds and loops, remains unknown. JA970527K




