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Stabilization of polystyrene thin films by introduction

of a functional end group

Shinichiro Shimomura!, Manabu Inutsuka!, Koichiro Tajimaz, Masaaki Nabika2, Satoru Moritomi?,

Hisao Matsuno! and Keiji Tanaka3

The thin film stabilities of w-N-(3-(dimethylamino)propyl)propylamide-terminated polystyrene (PS-N) and its blends with
conventional polystyrene (PS-H) supported on silicon wafers with a native oxide layer were examined. Whereas a 20-nm-thick
film of PS-H with a number-average molecular weight of ~ 50k decomposed at 423 K, a comparable PS-N film and blended
films containing a PS-N fraction of >40 wt% were stable. Although the local conformation of chains at the substrate interface
was not the same for PS with and without the functional end group, the glass transition temperature at the interface was
identical for both PS-H and PS-N. The residual adsorbed layer on the substrate after washing the films with a good solvent was
thicker for PS-N than for PS-H. This implies that end functionalization, rather than segmental dynamics, affects chain movement

on a large scale.

Polymer Journal (2016) 48, 949-953; doi:10.1038/pj.2016.58; published online 8 June 2016

INTRODUCTION

Polymer composites containing inorganic nanofillers have been widely
used in a variety of engineering fields.!”!> The performance and
functionality of the composites are closely related to the quality of
the interface between the polymer and the inorganic material.
If the interaction between them is attractive, and the interface is well
defined, then the fillers are dispersed homogeneously, and the
reinforcement is effective.

We have previously studied the local conformation of a polystyrene
(PS) film at the interface with an inorganic solid'* by sum-frequency
generation (SFG) vibrational spectroscopy'®™'® and noted that it is
strongly dependent on the method of film preparation.'* It should be
emphasized that the chain orientation at the interface was not well
relaxed even at temperatures above the bulk glass transition tempera-
ture (Ty). This finding was in good accordance with the idea of an
interfacial dead layer in terms of mobility!®2! as well as our parallel
proposal that the T, increases in close proximity to the substrate
interface.’>?* These findings should prove important in the design of
polymer composite interfaces.

To improve the interface affinity, reactive compounds such as
silane coupling agents and ammonium salts have been used as
surface treatments for silica fillers and clays, respectively.?42° The
introduction of functional groups onto polymer chains is also
effective.2’28 However, at the present time it is unclear what effect
such an interfacial modification has on the polymer structure and
dynamics at the interface. This is perhaps one reason why perfect
control of the interfacial interaction between the polymer and the
inorganic material has not yet been achieved.

In this study, a thin film of terminally functionalized PS at an
inorganic interface, where information concerning the interface is
enhanced because of the large ratio of the interfacial area to the total
29-38 s characterized. This enables us to visualize polymer
behavior at interfaces with inorganic solids and thus develop better
strategies for the interfacial design of polymer composites.

volume,

EXPERIMENTAL PROCEDURE

Materials

Two types of PS, conventional and terminally functionalized, were used. The
conventional PS (PS-H) was synthesized via anionic polymerization using
secondary butyl (sec-Bu) lithium and methanol as the initiator and terminator,
respectively. w-N-(3-(dimethylamino)propyl)propylamide-terminated polystyrene
(PS-N) was also synthesized anionically. Figure 1 shows the chemical structures
of PS-H and PS-N. The number-average molecular weight (M,) of PS-H was
56.5k, and the molecular weight distribution (M,,/M,), where M,, is the weight-
average molecular weight, was 1.07. The M,, and M,,/M,, of PS-N were 41k and
1.4, respectively. Deuterated PS-N (d-PS-N) with an M,, of 32k and an M,,/M,,
of 1.6 was also synthesized (see Supplementary Figure Sla in the Supplementary
Information), in which the functional end group of the polymer was not
deuterated. The bulk Tgs of PS-H, PS-N and d-PS-N, determined by differential
scanning calorimetry (Exstar6000 DSC6220, Hitachi High-Tech Science Corp.,
Tokyo, Japan), were 377, 376, and 376 K, respectively.

Characterization of thin films

Thin films of PS on clean silicon wafers with a native oxide layer were prepared
by spin-coating from toluene solutions. The thickness of the PS films was
20 nm. The thermal stability, or dewetting behavior, of the thin PS films was
examined by optical microscopy (VHX-700F, Keyence Co., Ltd, Osaka, Japan)
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at elevated temperatures.*=>3 The local conformation of the PS at the interface
was examined by SFG. For this measurement, two spin-coated films with a
thickness of 400 nm on a half-cylinder quartz prism and a flat quartz substrate
were attached in a face-to-face geometry under vacuum at 393 K for 24 h.
Thus, the polymer films had only a quartz interface. Details on the SFG
measurements have been described in a previous report.!® The T, near the
substrate interface was determined by space-resolved fluorescence lifetime
measurements.”>*> Polymer films containing a fluorescent probe, 6-(N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoic acid (NBD), were prepared on
LiNbO; prisms on which a SiOy layer had been deposited. The NBD in the
films was excited by a picosecond laser pulse with a wavelength of 430 nm, and
the consequent fluorescence was detected by a streakscope. When the incident
angle of the pulse was larger than the critical angle, the excitation pulse was
totally reflected at the interface between the PS and the substrate. Information
about the region near the substrate interface was derived on the basis of this
evanescent wave excitation. Reflectivity measurements using X-rays with a
wavelength of 0.154 nm as a light source (Smartlab, Rigaku Co., Ltd, Tokyo,
Japan) were applied to the PS-H and PS-N films on silicon wafers; these were
annealed under vacuum at 393 K for 24 h and then rinsed three times in
toluene for 10 min, so that the thickness of the adsorbed polymer layer on the
substrate®® could be evaluated. The data were analyzed using Parratt32 software
based on Parratt’s algorithm, a freeware program developed by C Braun and
available from the Hahn-Meitner Institute (Berlin, Germany).

RESULTS AND DISCUSSION

Thin film stability

Figure 2 shows optical micrographs of (Figure 2a) PS-H, (Figure 2b—e)
blends of PS-H and PS-N (80/20, 60/40, 40/60 and 20/80 w/w) and
(Figure 2f) PS-N films after annealing at 423 K for 1 h. The thickness
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Figure 1 Chemical structures of (a) conventional polystyrene (PS-H) and
(b) w-N-(3-(dimethylamino)propyl)propylamide-terminated polystyrene (PS-N).
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Figure 2 Optical micrographs of (a) conventional polystyrene (PS-H),

(b)

of all the films was set to be ~20 nm. The PS-H film decomposed
upon annealing, as shown in panel (a). However, the PS-N film
remained stable under these conditions, as shown in Figure 2f.
Dewetting was not observed for the PS-N film, even at 473 K. If we
postulate that the end group of the polymer chain was chemically
bound to the substrate surface via hydrogen bonding between its
amide/dimethyl amino groups and the silanol/siloxane groups on the
surface of the Si wafer containing a native oxide layer, then the
improved thermal stability for the thin PS-N film can be understood.
In subsequent experiments, PS-N was blended with PS-H at various
compositions to determine the extent to which chain end modification
is effective in conferring stability to PS films. Whereas the PS-H film
containing 20 wt% PS-N partially dewetted at 423 K (Figure 2b), the
PS-H film containing more than 40 wt% PS-N remained intact
(Figure 2c—e).

Interfacial chain conformation
SEG measurements were used to examine the aggregation state of the
chains at the substrate interface. Figure 3 shows the spectra for the
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Figure 3 Sum-frequency generation (SFG) spectra for conventional

polystyrene (PS-H) and w-N-(3-(dimethylamino)propyl)propylamide-
terminated polystyrene (PS-N) films at the quartz interface with the ssp
polarization combination.
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80/20, (c) 60/40, (d) 40/60 and (e) 20/80 PS-H/PS-N blends and

(f) w-N-(3-(dimethylamino)propyl)propylamide-terminated polystyrene (PS-N) thin films annealed at 423 K for 1 h. All ratios are w/w.
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PS-H and PS-N films supported on quartz with the ssp (SF output:
s, visible input: s, and infrared input: p) polarization combination that
provides information along the direction normal to the interface. In
the case of PS-H, a weak peak was observed at ~2910 cm~!. We had
previously synthesized two different perdeuterated PSs (dg-PS) using
either sec-butyl lithium or n-butyl lithium as initiators and methanol
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Figure 4 Temperature dependence of 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
ylamino)hexanoic acid (NBD) lifetime at the substrate interface in
conventional  polystyrene  (PS-H) and  w-N-(3-(dimethylamino)propyl)
propylamide-terminated polystyrene (PS-N) films. Lifetime is normalized by
the value obtained at room temperature.
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Figure 5 The w-N-(3-(dimethylamino)propyl)propylamide-terminated polystyrene
(PS-N) fraction (¢ps.n) dependence of thickness for the adsorbed layer on
the substrate. Typical X-ray reflectivity (XR) curves for films with ¢ps.n of O,
60 and 100 wt% are shown in the inset. Symbols and solid red lines in the
inset denote experimental and calculated reflectivity, respectively.
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as the terminator.!840 By comparison with the SFG spectra for these
dg-PSs, the peak at 2910 cm ~ ! was assigned as the antisymmetric C-H
stretching vibration of the methylene groups (CH, ) in the initiator
fragments. In the case of PS-N, a signal was also observed at
2910cm ™! Using d-PS-N for comparison, the peak was again
assigned as CH,,, as shown in Supplementary Figure S1b. These
findings clearly indicate that the functional end group of PS-N was
aligned at the interface. Because the signal intensity of CH,, was
stronger for PS-N than for PS-H, it can be inferred that the population
of end groups at the solid interface was higher for PS-N and/or that
the extent of interfacial ordering of CH, .5 was larger for PS-N.

An intense peak assignable to the v, mode of the phenyl groups was
observed at ~3070 cm ™~ 14142 The detection of SFG signals for the
phenyl groups implies that the main chain was aligned along the
in-plane direction because of the centrifugal force applied during
the film preparation process.!® The introduction of the terminal group
to PS altered the spectrum shape in the phenyl region from 3000 to
3100 cm ™ L. The peak because of the v, mode became sharper, and an
additional peak appeared at 3020 cm ~!. These results indicate that the
interfacial orientation of the phenyl rings of PS-N is different from
that of PS-H. An increase in the amplitude ratio of vy, to v, for PS-N
implies that the phenyl rings are more tilted away from the normal
direction.!8404243 One possible explanation for this phenomenon is
that greater distortion of the polymer chains during the spin-coating
process occurs because the end groups are anchored to the substrate.
Because the anchoring limits slippage of the chains on the substrate,
the chains experience additional force.

Interfacial chain mobility

Based on the SFG study, there is little doubt that the functional
terminal groups are bound to the substrate surface. The next question
to address is whether the T, at the substrate interface is elevated for
PS-N. Figure 4 shows the temperature dependence of the fluorescence
lifetime for the NBD dispersed in the PS-H and PS-N films. The
analytical depth, calculated on the basis of the refractive index
difference between PS and the substrate and using an incident angle
6 of 74° for the excitation pulse, was 22.4 nm.22 Although this number
was larger than the depth range in which the mobility gradient exists,
the experimental result mostly reflects the chain mobility near the
solid interface.?? This is because of the intensity of the electric field of
the evanescent light exponentially decaying along the depth direction
and thus being strongest at the outermost interface. In general,
the lifetime decreased with increasing temperature because of the
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Figure 6 Schematic views of possible chain conformations in the interfacial region of thin films. Upper and lower rows show conformations before and after
washing, respectively. PS-H, conventional polystyrene; PS-N, w-N-(3-(dimethylamino)propyl)propylamide-terminated polystyrene.
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manifestation of nonradiative pathways to the ground state.
At temperatures above the Tg, segmental motion was released, and
the slope of the temperature-lifetime curve changed because the
dynamic environment surrounding the NBD changed at this
temperature.”? This indicated that the T, value at the interface could
be determined from the inflection point of the temperature-lifetime
curve. The interfacial Ty (T,) for PS-N was 393 K, noticeably higher
than the corresponding value for the bulk Tg. This indicated that the
PS chains near the interface were less mobile than those in the bulk.
However, within experimental accuracy, this value was the same as
that for PS-H at 392 K. In addition, the T} for the 20-nm-thick film on
silicon was determined by examining its thickness as a function of
temperature via ellipsometry.** The values obtained for PS-H and PS-
N were again identical (Supplementary Figure S2). Thus, it can be
concluded that the segmental mobility in the interfacial region, at least
within this depth range, was not restricted by the introduction of the
functional end group.

Adsorption layer

Finally, the effect of the functional end group on the thickness of an
adsorbed layer on a Si wafer was examined. The layer was difficult to
remove even after washing the film with a good solvent.20:30:45:46
Figure 5 shows the thickness of the residual adsorbed layer on the
substrate after rinsing with toluene, as determined by X-ray reflectivity
as a function of the PS-N weight fraction in the film (¢pg ). Typical
X-ray reflectivity curves are shown in the inset. The reflectivity curve
was well fitted with a simple one-layer electron density profile. The
thickness of the adsorbed layer for PS-H was estimated to be
1.2+0.1 nm, and this is in good agreement with the value reported
elsewhere.”® The layer became thicker with increasing ¢ps.n and
reached 2.8 +£0.3 nm for PS-N. These results clearly indicate that the
incorporation of functional groups into the chains makes them more
stable and difficult to remove from the substrate because of bond
formation between the chains and the substrate.

Figure 6 shows schematic representations of possible chain con-
formations on solid substrates, proposed on the basis of our results
and previous reports.”®2147-33 As shown in Figure 6, polymer chains
existing near the solid substrate can be roughly divided into two types:
strongly and loosely adsorbed chains. To maximize polymer-substrate
contacts, the former assume a conformation that is more flattened in
comparison with the bulk random coil. Because such a chain possesses
many segments (historically referred to as ‘trains’) that come into
contact with the substrate, the functional end group may not have a
significant impact on the structure and properties of the flattened
chain. Conversely, the loosely adsorbed chains have fewer contact sites
with the substrate. Given that the functionalized end also forms a
contact point, it can be readily understood why the number density of
loosely adsorbed chains increases with increasing ¢psy in the film:
although the initial number density of loosely adsorbed chains at the
surface is independent of ¢hps_y;, chains without the functional end can
be partially washed out. The chains are finally collapsed in the film
after the evaporation of toluene, leading to a residual layer thickness
that is proportional to ¢ps.n, as shown in Figure 5.

CONCLUSIONS

The effect of a functional end group, w-N-(3-(dimethylamino)propyl)
propylamide, on the stability of ultrathin PS films formed on a solid
substrate was examined. When ¢pg.n was >40 wt%, a 20-nm-thick
film was stable even after annealing at a temperature above the bulk
T,. SFG spectroscopy indicated that the functionalized end of PS-N
was aligned at the interface. Although the incorporation of functional

Polymer Journal

groups into the chains does not change the segmental dynamics at
depths of ~20 nm, it makes them more stable and more difficult to
remove from the substrate because of bond formation between the
chains and the substrate. These findings will prove valuable in the
design and construction of highly functionalized polymer interfaces
with inorganic fillers.
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