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ABSTRACT: Vacuum ultraviolet spectroscopy reveals an intramolecular rearrangement involving a change in
“physical dimers” of adjacent pendant benzene rings of atactic polystyrene (aPS) from “oblique” to “head-to-
tail” (ht) configuration in aPS films spin coated on fused quartz, as film thicknessR goes below 4Rg (Rg )
unperturbed polystyrene gyration radius≈ 20.4 nm). Simultaneously, transverse layering of molecular “gyration
spheres”, for film thicknessR e 4Rg, causes an increase in free energy (reduction in cohesion) that follows a
(Rg/R)b dependence withb ≈ 3, a clear deviation from planar confinement. The variation of in-plane and out-
of-plane cohesive energy over a film of a given thickness is explained by invoking a fixed-range, repulsive,
modified Pöschl-Teller intermolecular potential, with the strength of this potential decreasing with increase inR.
Possible reduction of “dimer” dipole moment due to ht configuration is consistent with reduction of cohesion
between aPS molecular gyration spheres.

Introduction

Despite of considerable interest over the years in applications
of polymers with controlled electrical and mechanical properties,
the nature of the electronic states in macromolecules such as
polymers1-9 and DNA10 remains a subject of controversy. The
central issue is whether these states, localized or extended in
character, are dependent on the molecular conformation of the
polymer.1-5 In this context, pendant-group polymers are very
interesting from a theoretical point of view, sinceπ-electrons
reside on these pendant groups and there is generally no
conjugation path along backbone of the chain. Polystyrene
constitutes a prototype for the class of pendant-group polymers.
These materials, which have a wide range of practical applica-
tions, consist of a saturated backbone (C-C-) on which
aromatic side groups (phenyl groups) are attached. Polymers
with a unique way of coupling of the monomer units are called
isotactic and are contrasted to those with an irregular steric
structure, which are addressed as atactic. If the coupling varies,
but in a regular way, polymer chains are called syndiotactic.
All three types are found for polystyrene, depending on the
process chosen for the synthesis.11 Atactic polystyrene (aPS) is
believed not to crystallize, because of its lack of stereoregularity,
and is considered as an amorphous polymer.

However, a study of the very intense pure electronic singlet
1A1g f 1E1u of polystyrene as a part of vacuum ultraviolet
spectroscopy5,12 (vuv) shows a large shift of the polystyrene
peak from 6.566 eV (189 nm) in solution to about 6.3 eV (197
nm) in solid phase, which is larger than that which would be
expected from solvent effects alone and hence an exciton-type
interaction between the benzene groups of the polymer chain
seems possible.5 Moreover, the blue shift of this transition within
the confinement of polystyrene solid film12 supports the exciton-

type interaction in the benzene groups, which also indicates
some correlated spatial arrangement between the pendant
benzene rings in polystyrene solid film. It was also observed
from dielectric relaxation spectroscopy that, besides the known
R-relaxation, two additional relaxation processesâ1 andâ2 were
present in various samples of unannealed aPS and syndiotactic
polystyrene (sPS) films spin cast from solvent solutions.13 These
new dynamic processes, not found in bulk aPS samples, show
Arrhenius behavior, common activation energy around 80 kJ
mol-1, and cross theR-relaxation region without merging. This
observation indicates coexistence of two phases, one amorphous
and the other nonamorphous, with specific structural and
dynamic properties. From studies on sPS films and bulk,â1

andâ2 processes are known to be dielectric manifestations of
local fluctuations within helical “rods” formed by syndiotactic
sequences. Though the relaxation strength for these processes
is slightly different for aPS and sPS, the fact that they are at all
present in aPS films and moreover have the same activation
energy points to a common inter- or intramolecular potential
involved in both fluctuations.13 More interestingly, existence
of such nonamorphous conformations inside these unannealed
aPS films was confirmed by FTIR measurements.13 In the FTIR
spectra of polystyrene, bands in the 500-600 cm-1 region
correspond to out-of-plane deformation of benzene ring and are
conformation sensitive to theT2G2 helix sequences.14,15The two
peaks at 548 and 572 cm-1, known to be characteristic of helix
conformation, appear for both aPS (spin cast from toluene
solutions) and sPS and are absent in a bulk sample of the pure
aPS.13

These studies thus indicate a conformational change, i.e., an
intramolecular rearrangement in spin-cast polystyrene films,
which (i) has nonamorphous or stereoregular features, (ii)
involves the pendant benzene rings (or phenyl groups), and (iii)
is absent in bulk samples. This confinement-induced intramo-
lecular rearrangement finds an echo in the intermolecular
ordering observed in films of fluids, including polymers. One-
dimensional geometrical confinement in films causes the fluid
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to form layers normal to the confinement direction.16-18 For
such “nanoconfined” simple fluids, the layer periodicity is equal
to the molecular size, while for polymers, it is equal to the
unperturbed gyration radius (Rg), i.e., the dimension of a polymer
molecule in the maximum entropy configuration.19 Nanocon-
fined fluids exhibit radically new mechanical, thermal, dielectric,
and rheological properties.20-22 In a recent study, a nanoconfined
simple liquid has been observed to be in a “laterally cooperative”
state that behaves liquidlike or solidlike depending on the
kinematics of the measurement process.23 In polymers, layers
form only when the film thickness is less than 4Rg and there is
a measurable reduction in cohesion between adjacent molecular
gyration spheres,12 as predicted by theoretical studies,24 along
the film thickness. Tapping-mode atomic force microscopy (TM-
AFM) studies reveal a confinement-induced reduction in cohe-
sion between adjacent molecular gyration spheres on film
surface (in-plane),25 which is very similar to the cohesion
reduction along the film thickness (out-of-plane).12 A confine-
ment-induced reduction in cohesion had also been suggested
from experiments on complex fluids.26 These new properties
suggest a connection between intra- and intermolecular reor-
ganization in complex fluids under confinement that is bound
to have strong implications in any technology employing thin
fluid films such as optoelectronic and magnetic coatings,
adhesives, biological membranes, and emerging nanotechnolo-
gies, in particular, photonics and nanofluidis.

In this communication, we present the results of our studies
on intramolecular and intermolecular rearrangements in nano-
confined polystyrene. Specifically, we show from vuv spec-
troscopy that, in spin-cast aPS films on fused quartz, reduction
in film thickness below 4Rg leads to a configurational change
in correlated pairs of pendant benzene rings (physical dimers)
from oblique (ob) to head-to-tail (ht), which indicates a reduction
of dimer dipole moment to near zero. Coming to intermolecular
rearrangements, we have already found from our previous
studies, using X-ray reflectivity (XRR) and TM-AFM tech-
niques, confinement-induced reduction in cohesion between
adjacent molecular gyration spheres along the film thickness
(out-of-plane)12 and on the film surface (in-plane).25 We will
show here that these out-of-plane and in-plane reductions of
cohesion energy are very similar in nature for a given nano-
confined film, i.e., film thicknessR e 4Rg. We have explained
this drop in cohesion by the emergence of a new, repulsive
intermolecular potential that fits well with a modified
Pöschl-Teller potential (MPT),27 the depth of which can be
increased by thinning the film but the range is invariant with
confinement. We have also observed that an increase in free
energy due to nanoconfinement does not tally with that observed
for planar confinement.28,29 We show that the intermolecular
repulsive potential, which explains lowering of cohesion,
increases as (Rg/R)3 whereas the benzene dimer dihedral angle
suddenly decreases as the aPS film thickness becomes less
than 4Rg.

The organization of the paper is as follows. In the present
section, we introduce our research perspective and motivation.
In the next section, we describe the preparation of aPS films of
different thicknesses (R-values) and the various experimental
procedures and data analysis schema used by us. The Results
and Discussions section has been divided into two subsections.
In the first subsection, we present our measurements using vuv
spectroscopy and show the change in configuration of benzene
dimers in an aPS film as film thickness (R) becomes less than
4Rg. In other words, we demonstrate a confinement-induced
intramolecular rearrangement in aPS film. In the second

subsection, we present our measurements using TM-AFM and
the surface free energy (cohesive energy) variations extracted
from the phase images as well as XRR measurements and
electron density profiles (EDPs), i.e., the variation of polymer
electron density along the film thickness obtained from these
measurements and, in turn, variations of out-of-plane cohesive
energy (free energy) provided by these EDPs. Here we also
show the dependence of increase in free energy due to
confinement on polystyrene film thickness and that this increase
does not show a planar confinement-like behavior. Then, from
variations in cohesive energy along the film surface and film
thickness, we invoke a new intermolecular potential that behaves
like a MPT potential and show that the strength of this potential
depends on film thickness, while the range is fixed. The last
section presents conclusions and outlook.

Experimental Section

Atactic PS (Mw ≈ 560900,Rg ) 0.272Mw
1/2 ≈ 20.4 nm,Mw/Mn

) 1.01, whereMw and Mn are the weight average and number
average molecular weights)30 was spin coated on fused quartz plates
from toluene solutions using a photoresist spin coater (Headway
Inc.) to form films with R varying from 40 (≈2Rg) to 147 nm
(≈7Rg) and with air/film and film/substrate interfacial roughness
of ∼0.6 nm, as has been described previously.12 Before the start of
experiments with spin-cast aPS films, Fourier transform
infrared (FTIR) spectroscopic analysis using a Spectrum GX Perkin-
Elmer spectrometer was carried out on the films. As shown in
Figure 1, all characteristic peaks of polystyrene in this range were
present.31 However, no peak was present in either the 2870-2890
cm-1 or the 2950-2970 cm-1 range, which contain, respectively,
the (strong) symmetric and asymmetric stretch bands of the
methyl group31 of toluene contaminant. Absence of any absorption
peak in this range thus rules out the presence of toluene in our
aPS films. Contaminants were removed from the substrate by
boiling it in 5:1:1 H2O/H2O2/NH4OH solution for 10 min
followed by rinsing in acetone and ethyl alcohol. All data were
collected at room temperature and, except for vuv spectra, at
ambient pressure.

Grazing incidence X-ray reflectivity data of aPS films withRg

e R e 8Rg were collected using an 18 kW rotating anode X-ray
generator (Enraf Nonius FR591). The Cu KR1 line atλ ) 0.1540562
nm was selected with a Si(111) monochromator, and measurements
were carried out in a triple-axis diffractometer (Optix Microcon-
trole). Specular reflectivity scans, i.e., scans in the plane containing
the incident beam and normal to the sample surface, with incident
angleRin ) scattering angleRsc, were performed withRin varying

Figure 1. FTIR spectra (transmittance vs wavenumber) of 2Rg (≈40
nm) and 8Rg (≈160 nm) thick aPS films. The strong absorption peaks
are assigned as follows: methylene symmetric stretch) 2851 cm-1,
methylene asymmetric stretch) 2924 cm-1, and aromatic hydrocarbon
stretch) 3027 cm-1.
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from 0° to 3° in 5 mdeg steps. Ifq ) ks - k i is the momentum
transfer vector, withks(i) being the scattered (incident) X-ray wave
vector, then this geometry makes the components in the sample
plane,qx ) qy ) 0, and the value ofqz ()(4π/λ) sin Rin), the
component normal to the sample surface, vary from 0 to 4.3 nm-1.
The resolution inqz is =2.9× 10-3 nm-1, and the spatial resolution
along the film depth is given by 2π/qz

max, where qz
max is the

maximum value ofqz to which Kiessig fringes are observed. In
our experiments this gives a typical value of=1.5 nm for z
resolution.

We have analyzed our reflectivity data using the scheme of
distorted wave Born approximation (DWBA),32 which treats the
film as a perturbing potential causing the scattering. This method
is very sensitive to small density variations and has been used to
detect density variations due to layering in liquids or polymers.16,17

Variations ofF are expected to be small in aPS films, and following
our previous studies, we have used the DWBA method to extract
EDPs for these films and to look for layer formation. In this scheme,
we consider the film to be composed of a number of slices of equal
thickness with electron densityF(z) ) F0 + ∆F(z), where∆F varies
with slices but is constant in a slice. The specular reflectivity is
then given by:17

wherer0 is the specular reflectance coefficient of the average film
of electron densityF0, at andar are the coefficients for transmitted
and reflected amplitudes of the average film, and∆F(qz) is the
Fourier transform of∆F(z). By selection of a sufficient number of
slices (of width always greater than 1.5 nm, the maximum
achievable resolution) and an appropriateF0 for the film, we fit eq
1 after required convolution of the calculated reflectivity for the
detector slit (with a Gaussian width of 400µm) to the data for aPS
films, keeping∆F’s and air/PS and PS/Qtz Gaussian interface
widths (σPS and σPS-Qtz) as the fit parameters. The EDP is
constructed from the values ofF(z) obtained from the best fit. The
veracity of this procedure has been crosschecked by generating the
reflectivity profiles from the extracted EDPs using the (more
general) Parratt scheme.

AFM images were acquired with Nanoscope IV (Veeco Instru-
ments) using etched Si tip and phosphorus doped Si cantilevers.
We have worked in the tapping mode withA0, the free amplitude
of the cantilever) 36 nm,A, the set point amplitude) 10.94 nm,
ω0, the resonance frequency) 2π × 283 kHz,Q, the quality factor
) 505, andk, the cantilever spring constant) 20 N/m. Both
topographic and phase images have been collected for aPS samples.
We have estimated the average energy,ED, dissipated per cycle by

the tip over the film surfaces, from the phase images, using the
expression33

whereφ is the phase shift with respect to the drive signal andω is
the working frequency. Tip interaction (during approach and
retraction) with the surface via the van der Waals force is modeled
as a sphere approaching a plane with an effective contact area
4πrcRSi, whererc is the radius of tip curvature andRSi is the Si
atom diameter. Then the relative energy dissipation by the tip in
film planes with respect to minima is given by25

where we have considered the tip-sample adhesion, given by the
corresponding Hamaker constantASiPS, to be the varying interac-
tion.34 This is unaffected by cantilever tilt.35 Here z0 is the tip-
sample separation (≈0.2 nm in contact2), rc ≈ 10 nm andRSi )
0.22 nm. Variation in PS Hamaker constant in the film plane,∆APS,
can be determined usingASiPS ) ASi

1/2APS
1/2, eq 2 and 3, and the

value ofASi, the Si Hamaker constant.36 Hence,∆γPS (in mJ m-2)
≈ ∆APS (in J)/(2.1 × 10-21), the variation in surface energy, is
determined.30 In other words, determination of the in-plane variation
of Hamaker constant, (∆A(i)

PS), provided the in-plane variation in
cohesion,∆G(i)

PS-PS ()∆γPS).
We have carried out vuv spectroscopy of polystyrene films with

R ≈ 2Rg, 3Rg, 4Rg, and 7Rg. Transmission spectra in the 4-9 eV
range were collected in 10 meV steps at BEAR beamline of
ELETTRA synchrotron, with nearly linearly polarized light (the
estimated Stokes parameterS1 ≈ 0.5) and the electric field lying
in the film plane.37 Repeated scans of the samples in the vuv region
studied showed no change in the spectrum, indicating the stable
nature of the sample under irradiation in this energy range for the
given experimental conditions. The experimental chamber was
maintained at∼10-10 Torr and all measurements were done at
ambient temperature. Our focus was on the pure electronic singlet
transition1A1g f 1E1u involving the pendant benzene rings of aPS,
which is centered at 6 eV.

Results and Discussion

1. Intramolecular Rearrangement. Vacuum ultraviolet
spectroscopy of aPS films of thicknessRg 4Rg shows that there

Figure 2. Transmission spectra (absorbance vs photon energy in electronvolts) in vacuum ultraviolet (vuv) for aPS films with film thicknessesR
) 147.0 nm (a), 84.0 nm (b), 50.0 nm (c), and 40.0 nm (d): circles, data; red line, convolution of individual Gaussian fits (only those for dimer
peaks are shown in green). Assigned transitions are presented besides the spectral bands for representative spectra (a) and (c). Configurations of
benzene dimers in polystyrene extracted from the analysis of1A1g f 1E1u are shown in insets in upper and lower panels (R ) dimer dihedral angle).
See text for details. (e) Plot ofR vs R/Rg.

sinφ ) ( ω
ω0

A
A0

) +
QED

πkAA0
(2)

∆ED ) 2
3

rcRSi

z0
2

∆ASiPS (3)

R(qz) ) |ir0(qz) + (4πre/qz)[at
2(qz)∆F(qz) + ar

2(qz)∆F*(qz)]|2 (1)
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is pronounced splitting in pure electronic singlet transition1A1g

f 1E1u. This π-electronic transition is associated with the
pendant benzene ring in the aPS molecule.5-9,12,38The splitting
in this transition indicates some orientation of the nearest
neighbor benzene rings, with small disorder, in aPS film.39,40

Splitting into two components, as observed for aPS film of
thicknessRg 4Rg (Figure 2a,b), and disappearance of the high-
energy component with confinement,R < 4Rg (Figure 2c,d),
correspond to the formation of benzene (pendant phenyl group)
physical dimer39 and its configurational change39,40 with con-
finement.

Figures 2 shows this spectral band for 147.0 nm (a), 84.0
nm (b), 50.0 nm (c) and 40.0 nm (d) thick aPS films. The split
in the band can be explained as arising from the resonant transfer
interaction between correlated clusters of pendant benzene rings,
given by

where∆ν is the measured split,39,40 which causes the mixing
of the singly excited states of individual pendant benzene rings
through their transition dipole moments. In our measurements,
∆ν/2 ≈ 428 meV. The doublet splitting indicates that dimers
of benzene rings are involved in these clusters. The intensity
ratio of the high-energy (-) and low-energy (+) components
of the doublets

gives R, the angle between the transition dipoles, i.e., the
dihedral angle between rings of the dimer.39

From the change in intensities of these components, it is clear
that the dihedral angle goes from≈75° to ≈0° as film thickness
goes from 147.0 to 40.0 nm, corresponding to an oblique or ob
configuration (shown schematically in between panels a and b
of Figure 2) and a head-to-tail or ht configuration (shown
between panels c and d of Figure 2),40 respectively. Benzene
dimer has a permanent dipole moment only when the rings are
nonparallel,41 and hence the ht dimer will have a near-vanishing
dipole moment. This would make it undetectable through
standard spectroscopic techniques,41 and to our knowledge, this
is the first direct experimental evidence of this “near-parallel”
benzene (pendant phenyl ring) dimer. Reduction in dimer dipole
moment due to this configurational change would reduce
coupling between gyration spheres containing such dimers.

In Figure 2e, we have plottedR as a function ofR/Rg, the
polymer film thickness. It is clear that there are two configura-
tions of the dimers, corresponding to two values (≈75° and≈0°)
of the dimer dihedral angle forR g 4Rg and R < 4Rg,
respectively. Thus, thinning the film to 4Rg causes a sharp
transition in dihedral angle, after which the angle remains
unchanged on further confinement of the film. We would now
like to investigate any intermolecular rearrangement in the PS
films that arises due to confinement.

2. Confinement-Induced Intermolecular Potential and
Deviation from Planar Confinement. Figure 3a,b shows the
phase images obtained from tapping-mode AFM of two typical
aPS films with R ≈ 40.0 and 84.0 nm, respectively. The
topographical images of all these films show roughly spherical
features with an average diameter≈Rg

12 corresponding to
gyration spheres in the film, where 2Rg is the diameter of
unperturbed gyration sphere observed in dilute solutions. The
frusta (≈0.6 nm high) of these spheres are consistent with the
top roughness obtained from X-ray studies. But the phase images
show larger variations in phase shifts between adjacent spheres

on the film surface asR reduces from 84.0 to 40.0 nm, implying
a larger variation in energy dissipated by the AFM tip in going
over from sphere to sphere.33 This again implies a spatial
variation in surface free energy over the film with a given
thickness, whose magnitude increases with decrease inR. This
spatial variation is not observed forR > 4Rg, and it cannot be

|Jâ| ) ∆ν/2 (4)

I+/I- ) (1 + cosR)/(1 - cosR) ) cot2(R/2) (5)

Figure 3. Phase images of tapping-mode AFM scans (500 nm× 500
nm) of PS films withR ) 40.0 nm (≈2Rg) (a) and 84.0 nm (≈4Rg)
(b). (c) ∆G(i)

PS-PS, variation of cohesion, vs in-plane coordinatex for
different R values shown: circles, data; line, best fit with modified
Poschl-Teller function. Curves have been side shifted for clarity.
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explained by simple planar confinement of the polymer. Using
the techniques described in the experimental section, we have
extracted the reduction of in-plane cohesive energy (∆G(i)

PS-PS).
Figure 3c depicts∆G(i)

PS-PS variation (solid circles) over
adjacent gyration spheres as a function of the in-plane coordinate
x for different film thicknesses.

Extraction of EDPs along thickness of the film from X-ray
reflectivity was obtained using standard methods of analysis,
discussed already in the experimental section. Figure 4a shows
the reflectivity profiles (open circles) of aPS films of different
R values, and the extracted EDPs from the best fit (lines) are
shown in Figure 4b in the same sequence and having the same
color code. ForR e 4Rg (∼84.0 nm), we observe formation of
layers in aPS parallel to the substrate surface, with the error in

F being an order of magnitude less than this variation.17 The
reduction in cohesive energy caused by the variation of density
due to layering is given by12,30,42

where ∆G(o)
PS-PS is the reduction in (out-of-plane) cohesive

energy caused by the variation of density due to layering,∆A(o)
PS

is the (out-of-plane) change in polystyrene Hamaker constant,
σPS is the polarizability of aPS, andF(z) (Fmax) denotes the
electron density at depthz (corresponding maximum).

Figure 4. (a) X-ray reflectivity data (circles, Fresnel reflectivity normalized and up shifted) and fits (lines) of PS films on quartz with different
thicknessesR (shown beside each curve). (b) Electron density profiles along film depth from reflectivity fits (color coded and presented in same
sequence as (a)). (c)∆A(o)

PS, increase in free energy due to layering, vs (Rg/R) (Rg ) unperturbed gyration radius of PS,∼20.4 nm): circles, data;
line, best fit withK(Rg/R)b. (d) ∆G(o)

PS-PS, variation of cohesion, vs depthz for R values shown: circles, data; line, best fit with modified Po¨schl-
Teller function. Curves have been side shifted for clarity.

∆G(o)
PS-PS) -∆A(0)

PS/(2.1× 10-21) (6)

) -σPS[(F(z))2 - (Fmax)
2]/(2.1 × 10-21)
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Figure 4c shows the variation of∆A(o)
PSwith Rg/R, obtained

from eq 6. The continuous line is the best fit to the data (open
circles) with the function:

The value ofb obtained from this fit is 3.0( 0.3. This deviates
clearly fromb ) 2 for an ideal polymer or fromb ) 1.7 for a
self-avoiding polymer28 under planar confinement29 and corre-
sponds to spherical confinement28 of the polymer. Thus, above
a certain degree of confinement, the very nature of confinement
is changed by the formation of layers. This is consistent with
the three-dimensional variation of cohesion in the nanoconfined
polymer, as observed from AFM and X-ray probes discussed
above.

Figure 4d shows the observed variation (in solid circles) of
∆G(o)

PS-PSwith depthz across the gap between adjacent layers
for all the differentR-values probed, as shown for∆G(i)

PS-PS

in Figure 3c. In both cases, the abscissa has been shifted
arbitrarily for clarity. It is of interest to note that in all cases
the values of∆GPS-PS have a form that fits very well with the
modified Pöschl-Teller (MPT) potential given by:27

Here V0 is the peak strength of the repulsive intermolecular
potential, which has a quadratic dependence onR′ ) Λ-1, Λ
being the range of the potential (atê ) 2Λ, ∆GPS-PS ) V )
0.07V0), andg2 has the dimension of energy. The best fit curves
of data with the MPT potential are shown in continuous lines
in Figures 4d and 3c, and values ofV0 and Λ obtained from
these fits are given in Table 1. From this table, it is clear that
confinement has introduced an additional intermolecular po-
tential whose magnitude, given byV0, increases as film thickness
is decreased but whose range remains more or less invariant. It
should also be noted that for a film with thickness>4Rg the
in-plane potential is measurable but very small, which is
consistent with the out-of-plane measurements. The situation
is depicted in the cartoon in Figure 5.

We have seen from vuv spectroscopy that confinement of
polystyrene beyond a thickness of 4Rg causes benzene dimers

in the film to “lock” into a configuration with a near-zero
dihedral angle. In particular, the reduction of the full width at
half-maximum (fwhm) of the pure electronic band as the
thickness is reduced from 4Rg onward indicates the emergence
of a “superradiant” state of the dimers where the molecular
transition dipoles are excited in-phase.39 At the same time, we
observe the emergence of a short-range repulsive intermolecular
potential that has a strength increasing with confinement but
whose range does not vary. We suggest that this new intermo-
lecular force makes the polymer more “granular”,20 while the
locked molecular configuration makes these “grains” more rigid,
i.e., the lowering of intermolecular attraction is accompanied
by an enhanced intramolecular (noncovalent) bonding.

Conclusion and Outlook

The measurements in this paper quantify the inter- and
intramolecular interactions in nanoconfined polystyrene. Similar
findings are expected in many substrate-supported polymer
films, though the magnitude would be sample specific. We have
found that, under one-dimensional nanoconfinement achieved
simply through spin coating, atactic polystyrene becomes more
ordered than the (inherently disordered) bulk polystyrene but
is less cohesive. We show here that in aPS this phase is achieved
through the alignment of adjacent benzene rings, explaining the
similarity of confined aPS to the helically ordered phases of
syndiotactic PS, as observed in infrared spectra.13 This molecular
rearrangement causes a new repulsive intermolecular potential
to emerge.

Confinement-induced alignment of benzene rings is expected
to cause polarization effects, and this expectation has indeed
been borne out into a separate study of aPS films in the vacuum
ultraviolet and will be reported soon. We have also found that
the intermolecular repulsive potential in this nanoconfined
material acts as a barrier that localizes excitons to the gyration
spheres.12 These potentials act as traps leading to tunable growth
of monodisperse nanoparticles during diffusion of materials on
polystyrene film surface.25

The contradictory properties of nanoconfined polystyrene may
explain its other observed properties, such as the reduction of
glass transition temperature (Tg) with confinement and its
dependence onRg and return to bulkTg value on adding small-
molecule diluents.43 Also, the repulsive nature of the confine-
ment-induced intermolecular potential can explain the phenom-
enon of reversible negative thermal expansion, observed in the
polymer thin film.44 The exact molecular mechanism involved
in the reduction of cohesion on confinement may vary with the
polymer involved and would be a subject of future research.
Even for a particular polymer, the balance between entropic
forces and interactions, which may get drastically modified due
to confinement and lead to the decision of the dependence of
cohesion on film thickness, itself depends on the molecular
weight, and a systematic study of aPS of different molecular
weights is of immense value.
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Figure 5. Schematic representation of the confined system showing
the modified Po¨schl-Teller-like intermolecular potential, as obtained
from XRR and AFM.
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(26) Jérôme, B.; Commandeur, J.Nature1997, 386, 589.
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