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ABSTRACT: The polymer (BA-C8) was prepared by condensation polymerization of bisphenol A and
1,8-dibromooctane. The bromine atoms that were attached to the ends of the polymer chains could be
used to determine the distribution of the end groups on the surface of BA-C8 polymer films. The surface
morphology was studied using atomic force microscopy (AFM) tapping mode phase imaging. Direct
observation of the growth process of a spherulite indicates that the diameter of the spherulite increases
with time. The spatial distribution of the end group, Br, was determined by time-of-flight secondary ion
mass spectrometry (ToF—SIMS) chemical imaging. For the amorphous films, a homogeneous distribution
of the end groups at the surface was found, while for the semicrystalline films the end groups rearranged
and preferentially segregated at the surface of the boundaries and the eyes of the spherulites.

Introduction

Time-of-flight secondary ion mass spectrometry (ToF—
SIMS) is now widely used to characterize the surface
chemical structure of different materials'2 because the
secondary molecular ions that are emitted from the
surface are very characteristic of the functional groups
and the chemical structures present at the uppermost
surface.®~6 It has been applied to the investigation of
the surface molecular weights and end groups,5-11
surface crystallization,? specific interactions,’®* and
quantitative analysis*~6 of polymers. Recently, with
the use of a liquid metal ion gun, ToF—SIMS chemical
imaging!217:18 of polymer surfaces with submicron lat-
eral resolution has been achieved. This chemical imag-
ing capability is especially useful for studying the
surface chemical distributions, such as the distribution
of end groups.

Many polymers are semicrystalline with polymer
chains folding to form the lamellae of spherulites. It is
commonly accepted that chain end groups cannot fold
into the lamellae of spherulites during crystallization
because the chemical structures of the chain end and
main chain are different. Therefore, the chain end
groups of a polymer play an important role in controlling
the morphology and properties of the surface. The
preferential segregation of the chain end groups to an
amorphous polymer surface may be explained by the
larger free volume fraction at the surface compared with
that of the bulk and the higher thermal polymer chain
mobility at the surface.’®-21 However, the influence of
end groups on the surface morphology and the end
group distribution during crystallization have not been
studied.

Atomic force microscopy (AFM) has been proven to
be useful in studying the dynamic crystallization pro-
cesses of polymers due to the development of tapping

* To whom correspondence should be addressed.

10.1021/ma991142k CCC: $19.00

mode and phase imaging.?223 AFM can produce high-
resolution images of surface topography and nanostruc-
tures. For example, the growth rates of a spherulite and
the individual lamella at the growth fronts of a poly-
(hydroxybutyrate-co-valerate) copolymer have been de-
termined by AFM.22 More recently, a direct observation
of the dynamic processes of the primary and secondary
nucleations of the BA-C8 polymer films has clearly
indicated the thermal motion and migration of the chain
segments during crystallization. 23

In this study, the distribution and reorientation of the
chain end groups, Br, at the surface of BA-C8 polymer
thin films were studied using AFM and ToF—SIMS.

Experimental Section

Polymer Materials. The BA polymer was synthesized by
condensation polymerization as previously reported.?* A very
small excess amount of 1,8-dibromooctane was used in order
to keep the Br atom as the end group. The structure, the glass
transition temperatures, the weight-average molecular weights,
and the polydispersity indexes of the polymer that were
measured from gel permeation chromatography have also been
reported.?* Thin films were prepared by spin coating a 30 mg
mL~* polymer—chloroform solution at 3000 rpm onto silicon
wafer surfaces (~10 mm x 10 mm). The samples were dried
in a vacuum at 25 + 1 °C for 15 min. The thickness of the
amorphous BA-C8 films was estimated to be about 300 nm by
a profilometer.

AFM. AFM phase images were obtained by using a Nano-
Scope Il MultiMode AFM of Digital Instruments at room
temperature. Both height and phase images were recorded
simultaneously using the retrace signal. Si tips with a
resonance frequency of approximately 300 kHz and a spring
constant of 40 mN cm~! were used, and the scan rate was in
the range 0.5—1.2 Hz.

ToF—-SIMS. The ToF-SIMS measurements were per-
formed on a Physical Electronics PHI 7200 ToF—SIMS spec-
trometer. The chemical images of the BA-C8 polymer films
were acquired in the negative mode using a °Ga™ liquid metal
ion source operating at 25 keV. The mapped area was 100 um
x 100 um with a maximum of 50 frame scans.'’ The total ion
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Figure 1. Surface topography of the BA-C8 thin films: (a) in
the amorphous state and (b) in the semicrystalline state.

dose was lower than 4 x 10'? ions/cm?. The vacuum was about
1.5 x 107° Torr. The semicrystalline BA-C8 polymer thin films
were prepared by annealing the amorphous BA polymer films
at 25 °C for different times. Amorphous BA-C8 polymer thin
films were used after spin casting and dried in a vacuum for
about 15 min.

Results and Discussion

Surface Morphology Changes. The BA-C8 polymer
thin films freshly prepared by spin-casting the polymer
solution onto Si wafers are amorphous. When the
amorphous films are allowed to crystallize at a temper-
ature above the polymer’s glass transition temperature,
the polymer chains relax and change their conformation,
folding into the lattice of lamellae and forming spheru-
lites. The difference between the surface morphology of
the amorphous and semicrystalline BA-C8 films is
significant and can be observed using AFM. Parts a and
b of Figure 1 show the surface morphology of the BA-
C8 polymer films in the amorphous and semicrystalline
states, respectively. In the amorphous state the surface
of the BA-C8 polymer thin film is very smooth, with a
surface roughness below 25 nm in an area of 20 um x
20 um. After the BA-C8 polymer had crystallized at 25
°C for 1 week, the surface of the thin film became rough.
Spherulites with two characteristic eyes, “e” and the
boundaries among the spherulites, “b” can be clearly
seen, as shown in Figure 1b. Lamellar sheaves of the
spherulites can also be observed.

In situ observations on the dynamic morphology
changes of the BA-C8 films can provide detailed infor-
mation on the polymer crystallization process. Figure
2 shows a series of AFM phase images taken during the
growth of a stack of lamellae forming a spherulite of
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Figure 2. A series of AFM phase images of a spherulite
growing on the surface of a BA-C8 polymer thin film.

the BA-C8 polymer. Figure 2a shows a stack of lamellae
at the early stage of the growth. As the dominant initial
lamellae grow, they induce secondary nuclei and splay
apart from each other. As the growth continues the
initial lamellae gradually develop into a lamellae sheaf
and then a spherulite skeleton, as shown in parts a—e
of Figure 2. After about 10 h, a spherulite is developed,
as shown in Figure 2f. The envelope of the developing
spherulite is not smooth, unlike those of other semi-
crystalline polymers observed using optical microscopy.
The growth front of the developing spherulite looks like
a hedgehog.

Surface Chemical Structures. The structure and
the characteristic negative ions of the BA-C8 polymer
are shown in Scheme 1.

Scheme 1. Some Characteristic Negative lons of the
BA-C8 Polymer
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In the negative ToF—SIMS spectra of the BA-C8
polymer, the characteristic fragments of the end groups
are —°Br~ at m/z = 79 amu and —81Br~ at m/z = 81
amu. The characteristic fragments of the rigid segment
are —O~ at m/z = 16 amu, —OH™ at m/z = 17 amu,
—CyH™ at m/z = 25 amu, and —C4H™ at m/z = 49 amu,
and the characteristic fragment for the flexible segment
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Figure 3. ToF—SIMS spectra of the BA-C8 polymer: (a)
negative spectrum of a BA-C8 amorphous film; (b) positive
spectrum of a BA-C8 amorphous film; (c) negative spectrum
of a BA-C8 semicrystalline film; (d) positive spectrum of a BA-
C8 semicrystalline film.

is —CH,~ at m/z = 14 amu, as shown in Scheme 1 and
Figure 3. There are no distinguishable differences in the
high-mass-resolution spectra between the amorphous
and semicrystalline polymer films except for the inten-
sities of the end groups: —°Br~ and —8Br~. To semi-
quantitatively analyze the difference in chemical com-
position between the semicrystalline and amorphous
films of the BA-C8 polymer, the normalized intensity
ratios, I, of the semicrystalline and amorphous BA-C8
samples are compared. I, is defined as

h

In: Il G a 1)

where, I and I are, respectively, the intensity of the
peak at m/z = i amu and the total intensity of the mass
range m/z = 2—500 amu for the semicrystalline BA-C8
films. I? and I are the same as I and I{ but for the
amorphous BA-C8 films. The values of I, are very close
to 1 for the positive secondary ions, as shown in Figure
4a. For the negative ions, the values of I, at m/z = 79
and 80 amu (—"°Br~ and —8!Br-) increase by a factor
greater than 15. However, the values of I, for the other
negative ions show almost no change, as shown in
Figure 4b. These results show the end groups can
segregate to the surface during crystallization.

The Distribution of End Groups. The distribution
of the end groups at the surface can be determined even
though the concentration of bromine is very low and
cannot be detected by X-ray photoelectron spectroscopy
(XPS) (cf., Figure 5) because the Br negative ion can be
detected in very low concentrations in ToF—SIMS
analysis.?®> The surface topography of the amorphous
and semicrystalline BA-C8 thin films are determined
using AFM, as shown in Figure 6, parts a—c. The
chemical images of the BA-C8 films obtained by map-
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Figure 4. Comparison of surface compositions between the
crystalline and amorphous BA-C8 polymer films: (a) ratios of
the positive ToF—SIMS peaks; (b) ratios of the negative ToF—
SIMS peaks.
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Figure 5. XPS survey spectra of the BA-C8 thin film.

ping the characteristic fragments of the end groups, the
—79Br~ and —81Br~ peaks at m/z = 79 and 81 amu, are
shown in Figure 6, parts d—f. Initially, the polymer
chains in a freshly prepared BA-C8 film exist as random
coils. The sample surface is very smooth, as shown in
Figure 6a and the ToF—SIMS chemical image shows a
homogeneous distribution of Br, as shown in Figure 6d.
After about 10 h at 25 °C, a spherulite of ~10 um in
diameter is observed in the AFM image (cf., Figure 2f
and Figure 6b). The relative height change of the BA-
C8 film, which is due to the material constriction as a
result of crystallization, is about 100 nm. A comparison
between the AFM topographic image (cf., Figure 6b) and
the ToF—SIMS chemical image (cf., Figure 6e) reveals
the size of the spherulite to be similar to the sizes of
the ToF—SIMS images showing higher Br concentra-
tions. The surface of a BA-C8 polymer film which has
been isothermally crystallized at room temperature for



Macromolecules, Vol. 33, No. 15, 2000

< AFM 25 e
nm
— 2um |O ———20um

Ir‘lf.'!()
| nm

20 um

0

Figure 6. Surface morphology and end group distributions
of the BA-C8 polymer films: (a and d) freshly prepared films;
(b and e) films after isothermal crystallization at 25 °C for
approximately 10 h; (c and f) films after isothermal crystal-
lization at 25 °C for approximately 1 week.

1 week, shows a relative height change of the surface
of ~200 nm, as shown in Figure 6¢. The areas at the
edges of the spherulites and the eyes at the centers of
the spherulites are higher than other areas. The ToF—
SIMS chemical image, as shown in Figure 6f, indicates
the aggregation of the bromine end groups at the
boundaries and the eyes of the spherulites.

The aggregation and rearrangement of the bromine
end groups at the surface of the semicrystalline BA-C8
polymer film can be caused by thermodynamic as well
as kinetic factors. Crystallization induces the migration
and rearrangement of the chain segments and end
groups on the surface of the BA-C8 polymer film. It is
known that the free energy of a crystalline surface, y.,
and the free energy of an amorphous surface, y,, are
related by the following equation?®

Ve = (0dPa) Va )

where p; and p, are the densities of the crystalline and
the amorphous components, respectively. Usually, f =
3.0—4.5 and p. > pa, hence the free energy of a crystal-
line surface can be much higher than that of an
amorphous surface. Crystallization increases the free
energy of the surface and hence will promote the
migration of the end groups to the surface.

Images of the detailed lamellar structures obtained
using AFM tapping mode phase imaging are shown in
Figure 7. Figure 7a shows the topographic image of a
mature spherulite with two characteristic eyes (“e”),
boundaries (“b”) and lamellar stacks (“s”). Figure 7b is
the AFM phase image of the detailed structure of the
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Figure 7. Detailed structures of the BA-C8 polymer films:

(a) a mature spherulite; (b) lamellar stacks; (c) boundaries
among spherulites; (d) the eye at the center of a spherulite.

lamellar stacks. It can be seen that the amorphous areas
among the "edge-on” lamellae of the lamellar sheaf are
relatively small. These dark areas consist of amorphous
materials. However, there are more defects among the
boundaries of the spherulites as shown in Figure 7c. The
detailed lamellar structures of the eye of a spherulite,
as shown in Figure 7d, indicate that the lamellae within
the eyes are “flat-on” lamellae surrounded by “edge-on”
lamellae.

The distribution and rearrangement of the bromine
end groups at the boundaries and eyes of spherulites
may be driven by the exclusion of the end groups from
the lamellar structure. Consequently, the end groups
are expelled and oriented at the amorphous areas
among the lamellae of a spherulite, as illustrated in
Scheme 2. It is also reasonable to conclude that the

Scheme 2. lllustration of Bromine End-Group
Distributions

Surface

"Flat-on" lamellae

bromine end groups migrate to the defect areas at the
boundaries among spherulites and congregate on the
surfaces of the flat-on lamellae of the eyes of spherulites.
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Figure 8. Normalized intensities of the characteristic nega-
tive ions as a function of heating time.

The AFM and ToF—SIMS results suggest that the
segments and end groups of the BA-C8 polymer can
rearrange their conformation at temperatures above the
polymer’s glass transition temperature. They also sug-
gest that the surface morphology and chemical structure
are governed by the dynamic process of polymer chain
arrangement. This dynamic process can be very slow
for some polymer materials, as is the case for the BA-
C8 polymer.

End Group Rearrangement. The surface temper-
ature increase was estimated to be about 7 °C by a
thermocouple when a 150-W lamp heated the sample
surface for 30 min at an ambient environment. A
sequence of ToF—SIMS measurements was performed
on the same area of the same sample at different times
with the lamp aiming at the surface of the sample in
the analysis chamber. The normalized intensity, I,, of
the characteristic negative fragment i measured at time,
t, can be expressed as

_ Li(0)/1,(t)
"Lt =0) I(t=0)

®3)

where Ij(t) and I¢(t) are the absolute intensity of the
characteristic negative fragment i and the total inten-
sity, respectively both measured at time t. I;(t = 0) and
I(t = 0) are the absolute intensity of the characteristic
negative fragment (i) and the total intensity measured,
respectively, at time t = 0. The ToF—SIMS spectra of
the BA-C8 polymer films at different measurement
times are similar to each other, except in the intensities
of the end group ions, —7°Br~ and —8!Br~. The influence
of the surface temperature on the migration of the
bromine end groups at the surface of a BA-C8 polymer
film is presented in Figure 8. A remarkable decrease in
the normalized intensity of the end group ions is
observed as the heating time increases. This is consis-
tent with the fact that a higher temperature increases
the mobility of the polymer chains. As the temperature
of the surface increases, the crystalline structure, as
shown in Scheme 2, can be disturbed. The randomiza-
tion of the top layer of the film can cause a significant
decrease in the Br concentration.
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Conclusion

In this work, the influence of bromine end groups on
the surface morphology of the amorphous and semicrys-
talline films of BA-C8 polymer was evaluated. The end
groups are shown to be homogeneously distributed on
the surface of an amorphous BA-C8 film. The surface
chemical imaging of a semicrystalline BA-C8 polymer
film reveals that the end groups are preferentially
segregated on the surfaces of the eyes and boundaries
of the spherulites because the bromine end groups are
expelled to the surface of the lamellae during crystal-
lization. The dynamic rearrangement of the bromine end
groups on the surfaces of the BA-C8 polymer films has
been studied using ToF—SIMS. The normalized intensi-
ties of the bromine end group ions are particularly
sensitive to changes in surface temperature.
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