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ABSTRACT: While the density is a central property of a polymer ﬁlm, it
can be diﬃcult to measure in ﬁlms with a thickness of ∼100 nm or less,
where the structure of the interfaces and the conﬁnement of the polymer
chains may perturb the packing and dynamics of the polymers relative to the
bulk. This Article demonstrates the use of magneto-Archimedes levitation
(MagLev) to estimate the density of thin ﬁlms of hydrophobic polymers
ranging from ∼10 to 1000 nm in thickness by employing a substrate with a
water-soluble sacriﬁcial release layer to delaminate the ﬁlms. We validate the
performance of MagLev for this application in the ∼1 μm thickness range by
comparing measurements of the densities of several diﬀerent ﬁlms of amorphous hydrophobic polymers with their bulk values
of density. We apply the technique to ﬁlms < 100 nm and observe that, in several polymers, there are substantial changes in the
levitation height, corresponding to both increases and decreases in the apparent density of the ﬁlm. These apparent changes in
density are veriﬁed with a buoyancy control experiment in the absence of paramagnetic ions and magnetic ﬁelds. We measure
the dependence of density upon thickness for two model polymeric ﬁlms: poly(styrene) (PS) and poly(methyl methacrylate)
(PMMA). We observe that, as the ﬁlms are made thinner, PS increases in density while PMMA decreases in density and that
both exhibit a sigmoidal dependence of density with thickness. Such changes in density with thickness of PS have been
previously observed with reﬂectometric measurements (e.g., ellipsometry, X-ray reﬂectivity). The interpretation of these
measurements, however, has been the subject of an ongoing debate. MagLev is also compatible with nontransparent, rough,
heterogeneous polymeric ﬁlms, which are extremely diﬃcult to measure by alternative means. This technique could be useful
to investigate the properties of thin ﬁlms for coatings, electronic devices, and membrane-based separations and other uses of
polymer ﬁlms.
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INTRODUCTION

model-dependent, or require sophisticated equipment and
analyses.
Here, we demonstrated that magneto-Archimedes levitation
(MagLev)9,10 can be used to estimate the average density of
thin ﬁlms (∼10−1000 nm) of hydrophobic polymers simply
and accurately (Figure 1). We assessed the performance of
MagLev by comparing values of densities measured by MagLev
to those measured by others using other approaches, including
ellipsometry and X-ray reﬂectivity, and quartz crystal microbalance dissolution experiments.2−7 MagLev is conceptually
and operationally simple, broadly compatible with diﬀerent

The density (g/cm ) of a polymer ﬁlm provides a connection
between the molecular structure and the macroscopic physical
properties (e.g., elastic modulus, glass transition temperature
(Tg), refractive index, and permeability to gases).1 The
measurement of density in thin (<1000 nm) polymeric ﬁlms
is diﬃcult to achieve and is thus only reported in the literature
for relatively few model systems.2−7 Moreover, changes in the
density of thin polymeric ﬁlms (especially in ﬁlms having a
thickness on the order of or less than 100 nm) relative to bulk
polymers are important in elucidating the role of interfaces and
conﬁnement, on the packing and dynamics of the polymer
chains, and the overall behavior of the resulting ﬁlms
including optical, electronic, thermal, and mechanical properties of importance for various applications. 8 Existing
techniques for measuring the density of ultrathin ﬁlms (<100
nm), such as ellipsometry3,5,6 X-ray reﬂectivity,3 and quartz
crystal microbalance dissolution experiments,7 are indirect,
3
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Figure 1. MagLev measurement of thin ﬁlms of polymers. Schematic diagrams of hydrophobic polymer ﬁlms supported by a substrate
containing a water-soluble sacriﬁcial release layer showing (a) a ﬁlm thicker than the critical thickness, dc (∼100 nm) and (b) a ﬁlm thinner
than dc for the case where the ﬁlm density decreases relative to the bulk value, ρf < ρ∞ (PMMA) and for the case where the ﬁlm density
increases relative to the bulk vale, ρf < ρ∞ (PS). The relative thicknesses of the substrate and the sacriﬁcial layer are not drawn to scale, the
jagged edges represent thicknesses that are not drawn to scale. (c) A schematic diagram of the axial MagLev device used to levitate thin ﬁlms
and measure their densities. (d) Photographs of two PS ﬁlms of diﬀerent thickness and density levitating within the MagLev device. One
with a thickness >100 nm and a density less than the paramagnetic liquid (left, ρf < ρpl), levitating to a height, h1 (mm); and another with a
thickness ∼10 nm and a density greater than the paramagnetic liquid (right, ρf < ρpl), levitating to a height, h2 (mm). In the free body
diagrams, Fg is the buoyancy-corrected gravitational force, Fg ≡ (ρf − ρpl)gV, where g is the acceleration due to gravity and V is the volume of
the ﬁlm; and Fmag is the magnetic force. (d) Representations of the photographs after applying an image processing algorithm to estimate the
density of the ﬁlm.

Keddie et al., from measurements of the glass transition
temperature (Tg) in poly(styrene) (PS) ﬁlms on Si−H
substrates, using temperature-dependent ellipsometry.11
These initial observations inspired a community of researchers,
over the past three decades, to investigate the inﬂuence
interfacial conﬁnement on the properties of thin polymeric
ﬁlmswith a primary focus on the glass transition.12,19,21−27
Changes in the Glass Transition. In most cases, the
conﬁnement of a polymer to ﬁlms tens of nanometers thick
produces a depression in the glass transition temperature, Tg,
either in a ﬁlm supported by a substrate11,23 or in a freestanding ﬁlm.22,28 If an attractive polymer−substrate interaction exists, however, an increase in the Tg can also be
observed.29 These changes in Tg have also been shown to
depend upon the manner in which they are probed, and
whether it is a quasi-thermodynamic (e.g., ellipsometry) or
kinetic (e.g., inelastic neutron scattering) approach.16,30 The
prevailing theory considers a heterogeneous, stratiﬁed ﬁlm in
which the polymer chains in the vicinity of the substrate or the
free surface exhibit distinct dynamics, relative to the bulk
central region of the ﬁlm (Figure 1a,b).31 While the
thermophysical behavior at the buried interface is dependent
upon the polymer−substrate interaction, at the free surface
there is an enhanced segmental mobility and a weaker
temperature-dependence of relaxation times at or below the
Tg, relative to the bulk.13

types of polymers, and particularly appropriate for measuring
the density of ﬁlms that are optically opaque, have rough
surfaces, or have heterogeneous/composite structures; such
characteristics can make density measurements using reﬂectometry diﬃcult or impossible. The direct measurements of
density reported in this work contribute to the body of
evidence surrounding the long-standing problem of how
interfacial conﬁnement of polymers aﬀects the thermophysical
behavior of thin ﬁlms of them.11−13 MagLev will be useful for
polymer chemists and materials scientists aiming to study and
optimize the properties of polymer ﬁlms for applications
including electronic devices, protective coatings, and separations.14 The details of MagLev are summarized elsewhere,9,10
including a detailed description of protocols.15
Interfacial Conﬁnement in Polymer Thin Films. When
polymers are conﬁned to ﬁlms with a thickness, d, approaching
or less than ∼100 nm, interfacial eﬀects begin to play an
important role in determining the physical properties of the
polymer ﬁlm.8,16 Instead of adopting a three-dimensional
random coil conformation (as is typical in the bulk), the
polymer chains adopt a conformational structure resembling a
two-dimensional random coil.8,17−19 This reduction in
dimensionality couples with interfacial eﬀects due to
intermolecular forces to change the ways in which the polymer
chains pack and entangle, producing changes in the physical
properties of the ﬁlm.20 The eﬀects of interfacial conﬁnement
on the properties of polymer ﬁlms were initially observed by
15677
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Measuring Density with MagLev. Our group has been
developing MagLev as an analytical tool to measure the density
of a wide variety of materials, ranging from nonbiological
materials such as metals, plastics, and composite materials to
biological cells and small organisms.9,15,45 One class of
materials to which MagLev has not yet been applied is ﬁlms
with a thickness of less than 1 μm.

Changes in the Mass Density. Among the thermophysical properties aﬀected by interfacial conﬁnement of thin ﬁlms
is the density (g/cm3). Understanding how the density in thin
ﬁlms of polymers is inﬂuenced by interfacial conﬁnement is
important in elucidating the mechanism underlying the
changes in other material properties, such as the glass
transition temperature.3,16 Previous reﬂectometric measurements of the changes in the density of ﬁlms of PS with
decreasing thickness have produced conﬂicting results. Initial
X-ray reﬂectivity experiments by Reiter showed a measurable
reduction in the density of PS ﬁlms with a thickness less than
the end-to-end distance of the polymers, but the magnitude of
the change was not reported, and Reiter noted that X-ray
reﬂectivity is not a very accurate way to determine density of
such thin ﬁlms.32 Subsequent work by Wallace et al. reported
no dependence of the density upon on thickness, as measured
by twin-neutron reﬂectivity.33 Gibaud et al. and Ata et al. both
reported a large increases in density (up to ∼25%), measured
by a combination of X-ray reﬂectivity and ellipsometry.2,3
Work by Roth and co-workers has brought into question some
of the assumptions underlying the inference of the density
from ellipsometry measurements, based on the supposition
that these large increases in density are physically unrealistic.5,6
Speciﬁcally, they argue that these unrealistically large values of
ﬁlm density relative to the bulk arise from diﬃculties in
measuring the refractive index of very thin ﬁlms, and the
breakdown in the validity of the assumptions underlying the
continuum-scale Lorentz−Lorenz formula (eq 1).5
αNA
n2 − 1
=
ρ
2
3ε0Mo
n +2

Article

RESULTS AND DISCUSSION
Sacriﬁcial Film. MagLev experiments require the polymeric ﬁlms to be suspended in a paramagnetic medium; the
ﬁlms should thus be conveniently released from a supporting
substrate following their preparation. For some polymers
including PS, they can be released easily from a solid substrate,
such as a hydrophilic Si/SiO2 surface.38 We found that this
behavior, however, does not apply broadly to other types of
polymers, such as poly(methyl methacrylate) (PMMA).
Therefore, we chose to use a water-soluble, sacriﬁcial layer
to release the hydrophobic polymeric ﬁlm. We note that Stone
and co-workers recently reported a capillary peeling process
that may be of use for experiments such as these that require
delamination of a hydrophobic polymer ﬁlm without a
sacriﬁcial-release layer.46
We have previously examined the performance of a wide
range of polymers suited to serve as a sacriﬁcial layer, and
found that poly(acrylic acid) (PAA) (ρ∞ = 1.15 g/cm3) ﬁlm
oﬀered the best performance in the context of surface
micromachining.47 Other sacriﬁcial layers such as dextrose or
poly(methacrylamide) also work well.47 We tested the
inﬂuence of the use of PAA on the density of PS measured
by MagLev, since PS can be easily delaminated from an Si/
SiO2 surface and does not require a PAA layer. We found that
measurements of the density of PS ﬁlms with and without the
use of PAA as a sacriﬁcial layer yielded indistinguishable results
for the same processing conditions and thickness of ﬁlms
(measured by stylus proﬁlometry; see Experimental Methods).
When we characterized the PS ﬁlms that had been delaminated
from PAA using attenuated total reﬂection infrared spectroscopy, we found no evidence of remaining PAA adsorbed to the
PS ﬁlm (Figure S7). Thus, we assumed, in this study, that the
use of a sacriﬁcial layer of PAA would not disturb (at the least
not signiﬁcantly) the behavior of the hydrophobic polymeric
ﬁlms supported on it, in comparison to Si/SiO2.
MagLev System. We used the “axial” MagLev device9,48
(Figure 1c, photograph in Figure S10) to carry out the
measurements in this study primarily because of its operational
simplicity: the hole in the top magnet of the axial MagLev
allows for manipulation of the sample from above during
levitation., and thus makes it easier to add thin polymer ﬁlms
to the device for density measurement. It oﬀers a 360° view of
the sample, and views from the top and bottom of the device.
Importantly, the ability to illuminate the levitating ﬁlm from a
source of light above allowed us to obtain higher quality
photographs, where the levitating ﬁlm is clearly visible (Figure
1d). MagLev devices of other conﬁgurations, such as the
standard conﬁguration,45 can also be used. Many of the
measurements reported here were reproduced by an
independent experimenter using the standard MagLev
conﬁguration. We used aqueous solutions of MnCl2 (2.3 or
3.5 M) as the paramagnetic media because they are
inexpensive, easily accessible, chemically compatible with
hydrophobic polymers, and highly transparent in the visible
range (and thus facilitate the viewing of thin polymer ﬁlms).48

(1)

which is used to calculate mass density, ρ, from the measured
refractive index, n, using a known (or assumed) molecular
polarizability, α.5 In eq 1, NA is Avogadro’s number, Mo is the
molecular weight of the repeating residue of the polymer, and
ε0 is the permittivity of free space.
Finally, to address such issues related to the inference of
density from measurements of refractive index, Giermanska et
al. have recently introduced a more direct method to measure
the density using quartz crystal microbalance dissolution
experiments experiments.7 These experiments provided additional evidence that thin ﬁlms of PS are denser than the bulk
material.
Changes in the Mechanical Properties. Simple
metrologies, which do not require sophisticated instrumentation or material-speciﬁc models, have facilitated the scientiﬁc
investigation and engineering of polymeric thin ﬁlms. For
example, mechanical metrologies for measuring the tensile
modulus, fracture strain, or fracture strength of thin ﬁlms
supported by elastomeric substrates,34−37 or ﬂoating on the
surface of water,38−41 have been particularly useful in the
characterization and optimization of ﬂexible and stretchable
organic electronic ﬁlms.42,43 Such methods have also been used
to demonstrate that conﬁned ﬁlms of PS exhibit a decrease in
tensile modulus with thickness, either supported by an
elastomeric substrate44 or ﬂoating on the surface of water.40
A correspondingly simple metrology for the measurement of
the density of polymer ﬁlms that would facilitate the routine
measurement of this important property could help elucidate
the mechanisms for variations in the Tg, tensile modulus, and
other important thermophysical properties.
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Figure 2. Validation of technique and survey of changes in density, which we ascribe to interfacial conﬁnement. (a) Molecular structures of
the polymers used to validate the technique. (b) Plot of ﬁlm density versus bulk density (both measured by MagLev) for four polymers with
diﬀerences of density between 1−1.4 g/cm3. Open black circles represent ﬁlms with a thickness much greater than 500 nm. Open red
squares represent ﬁlms with a thickness less than 100 nm. Error bars with thick solid lines represent 95% conﬁdence intervals of the mean
value of the density determined from the centerline of the levitation height from N = 7 MagLev experiments. Error bars with thin dashed
lines represent the density range spanned by an individual ﬁlm (based on the highest and lowest point from photographs). The bulk
densities measured by MagLev agreed with values reported in the literature and by the suppliers of the polymers. (c) Time series of
photographs of two polystyrene ﬁlms of diﬀerent thickness suspended in a neat glycerol solution (ρl = 1.27 g/cm3) with no magnetic ﬁeld,
showing that the ﬁlm of ∼1000 nm thickness ﬂoats to the top while the ﬁlm of ∼10 nm thickness sinks the bottom.

the technique: PS (ρ∞ = 1.04 g/cm3), PMMA (ρ∞ = 1.18 g/
cm3), poly(vinyl chloride) (PVC, ρ∞ = 1.37 g/cm3),
poly(ether imide) (PEI, ρ∞ = 1.27 g/cm3), and poly(isobutyl
methyl methacrylate) (PIBMA, ρ∞ = 1.05 g/cm3), see Figure
2.
Procedure. Polymer ﬁlms were spin-cast from either
toluene or N-methyl-2-pyrolidine solutions (see Table 1)
onto ultraﬂat silicon substrates containing a native oxide layer
(roughness < 0.5 nm as reported by the manufacturer and
conﬁrmed by us using atomic force microscopy,51 Figure S6)
and a sacriﬁcial PAA layer (see Experimental Methods for
details). The thicknesses of the resulting ﬁlms were controlled
by varying the concentration of the polymer in the solution

Choice of Polymers. In this study, we chose PS and
PMMA as model polymers to examine and measure, by
MagLev, the dependence of mass density of ﬁlms of these
polymers upon their thickness. These two polymers are well
characterized in the context of interfacial conﬁnement eﬀects,
and they show qualitatively opposite behavior: PS increases in
density as the thickness decreases, while PMMA decreases in
density as the thickness decrease.3,4,7,32,49,50 Several existing
reports of the dependence of density on thickness are in
conﬂict, however, and an alternative method of measurement is
required conﬁrm this eﬀect.3,4,7,32,49,50 We have also used
several common polymers that spanned a broad range of bulk
densities, ρ∞ (1.0−1.4 g/cm3), to validate the performance of
15679
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were measured using stylus proﬁlometry (see Experimental
Methods and the Supporting Information for more details).
Atomic force microscopy (Figure S7) revealed that the ﬁlms
exhibited a root-mean-squared surface roughness of <1 nm
over an area of 25 μm2 before they were delaminated from the
silicon substrate.
Thin Films of Polymers Have Densities That Deviate
from Their Bulk Values. We validated our method by spincoating ﬁlms thicker than 500 nm, from concentrated
solutions, 100 mg/mL (except for PVC, which exhibited gellike behavior at this concentration, and was thus spun-cast
from solutions containing 50 mg/mL of polymer) and
measured the densities of these thick ﬁlms and the bulk
pellets. Figure 2b shows the expected one-to-one correlation
between the densities of ﬁlms and bulk pellets. Next, we spincast ﬁlms of thickness of less than 100 nm from dilute solutions
(10 mg/mL) to survey the variations in density caused by
interfacial conﬁnement of polymer ﬁlms (Figure 2b).
Interestingly, we observed that, for PS and PEI, the apparent
density (as measured by MagLev) increased, while for PMMA,
PIBMA, and PVC the apparent density decreased. Photographs of suspended ﬁlms of PS, PVC, and PEI are included in
Figures S3−S5. Tabulated data for all the ﬁlms tested can be
found in Tables S1−S3.
The magnitude of the observed changes in the magnetic
levitation height density with ﬁlm thickness are surprising.
There are two possible mechanisms by which these changes
could occur: (i) they could result from a change in the mass
density of the ﬁlm, or (ii) they could be the result of some
change in the physics of MagLev for thin hydrophobic ﬁlms
levitating within an aqueous paramagnetic medium. The fact
that we observed both apparent increases and decreases in
density implies that the change is inﬂuenced by the chemical
nature of the ﬁlm and not solely the thickness. To clarify the
mechanism by which the changes in levitation heights
occurred, we performed a ﬂoat-sink control experiment (Figure
2c): two ﬁlms of PS were prepared with thicknesses of ∼10
and ∼1000 nm. These ﬁlms were delaminated from the PAA
substrate in deionized water and then carefully transferred to
cuvettes containing glycerol (ρl = 1.27 g/cm3),52 taking care
that there were no bubbles attached to the ﬁlms (by
mechanically agitating the suspended ﬁlm with a pipet tip
until all the visible bubbles detached and ﬂoated to the top).
After suspending these ﬁlms at similar heights, they settled
under the sole inﬂuence of gravity over the course of several
hours. As shown in the photographs of Figure 2c, we observed
that the ∼1000 nm ﬁlm of PS ﬂoated toward the surface, while
the ∼10 nm ﬁlm of PS sank to the bottom, indicating that their
densities were less than and greater than the density of
glycerol, 1.27 g/cm3.52 This simple experiment suggested that
the change in the levitation height with ﬁlm thickness was the
result of a change in the ﬁlm density and not due to some
change in the physics of MagLev for thin ﬁlms (e.g., a change in
magnetic susceptibility due to absorption of the paramagnetic
ions into the thin ﬁlm).
Thickness-Dependence of Density of Polymer Films.
To investigate the dependence of the density of ﬁlms of PS and
PMMA on their thickness, we fabricated ﬁlms of decreasing
thickness by spin-coating a set of serially diluted polymertoluene solutions with concentrations ranging from 1−100
mg/mL. Toluene was chosen because it is a typical solvent that
dissolves both PS and PMMA, and it has been used in previous
studies.3,4 Figure 3a,b shows photographs of the levitating

Table 1. Summary of Polymers Employed in This Study
polymer

acronym

poly(styrene),
polydisperse
poly(styrene),
monodisperse
poly(methyl
methacrylate)
poly(vinyl chloride)
poly(ether imide)

PEI

poly(isobutyl methyl
methacrylate)

PIBMA

solventa

MN
(kg/mol)

PDIb

PS

toluene

170

2.05

PS

toluene

111

1.03

PMMA

toluene

75

2.8

PVC

N-methyl-2pyrolidine
N-methyl-2pyrolidine
toluene

>100

>1

unknown

>1

30

>1

Article

Indicates the solvent from which the polymer ﬁlm was spin-coated.
Polydispersity index (dimensionless), deﬁned as MW/ MN (i.e., the
ratio of the number-averaged molecular weight to the weight-averaged
molecular weight) and represents the distribution of molecular weight
in a polymer sample.
a

b

and maintaining consistent spin-coating parameters (3000
rpm, 2 min), except for a speciﬁc control experiment with PS,
in which the spin-coating speed was varied to see if processing
history aﬀected the resulting density (it did not). Each sample
was subsequently annealed in a vacuum oven well above the
glass transition temperature at 160 °C for 12 h (with the
exception of the PVC ﬁlms, which were annealed at 60 °C, due
to thermal degradation occurring above this temperature) to
remove residual solvent and allow the ﬁlm to relax any
nonequilibrium structures formed during the spin-coating
process, following standard protocols from the polymer
conﬁnement literature to ensure reproducibility of results.3,4,22
After cutting the 2” diameter wafers supporting the annealed
polymer ﬁlms into ∼0.25 cm2 squares, the sample (Figure 1b)
was placed in a cuvette with paramagnetic media in the
MagLev device, the sacriﬁcial layer dissolved, and the ﬁlm
settled to a stable levitation height (Figure 1c,d), which could
be related to the mass density through the use of a calibration
curve (Figures S1,S2). The silicon chip from which the sample
delaminated remained at the bottom of the cuvette.
In this work we tested several diﬀerent procedures of
sectioning and releasing the ﬁlm and found the measured
density to be insensitive to the speciﬁcs of the experimental
protocol (see Experimental Methods for a detailed discussion).
The levitation height of the ﬁlm could be determined by eye or
through digital image analysis of the photographs using a ruler
in the images for reference (Figure 1e). We observed that the
suspended ﬁlms would often crumple, and we took the
levitation height to be the center point of the crumpled ﬁlm, as
estimated by eye (which also matched well with the results of
digital image analysis). We found that the center point of the
ﬁlm was consistent from sample to sample, even though the
range of density spanned by the crumpled ﬁlm was typically
±10% of the mean density (see dashed error bars in Figure 2).
We believe the crumpling to be the result of a balance between
the buoyant, magnetic forces, and residual internal stresses in
the ﬁlm. The fact that the densities inferred from measurements of ∼1 μm ﬁlms match well with bulk values suggests that
the calibration of the technique with rigid objects and liquid
drops is valid for ﬂexible objects and is independent of
geometry. The values of density reported in the following
sections were taken as the average value of the center point
from at least seven diﬀerent samples. Thicknesses of the ﬁlms
15680
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Figure 3. Dependence of the density of PS and PMMA ﬁlms upon thickness. (a) Molecular structure and photographs of thin ﬁlms of (a) PS
and (b) PMMA of diﬀerent thickness, magnetically levitating in the paramagnetic solution. These photographs were corrected for brightness
and contrast to make the suspended ﬁlm clearly visible. (c) Plot showing the mass density (obtained from magnetic levitation experiments)
as a function of the thickness of the PS (both a polydisperse and monodisperse sample) and PMMA ﬁlm (determined from stylus
proﬁlometry). Error bars for thickness and density represent 95% conﬁdence intervals of the mean value from stylus proﬁlometry (N = 7)
and MagLev measurements (N = 7), respectively. The curves in (c) represent the best ﬁt of eq 2 to the experimental data, obtained by a
nonlinear regression of the measured density of the ﬁlm to the measured thickness. “PS Control” shows data from a control experiment for
the processing parameters, in which the concentration was held ﬁxed at 17.5 mg/mL and the spin-coating speed (500, 5500 rpm) was
changed to control the thickness.

ﬁlms. Figure 3c shows a plot of density versus thickness
obtained from the MagLev experiments. In agreement with
some of the existing measurements in the literature,2−4,7,49 we
observed qualitatively opposite trends for PS and PMMA: the
density of PS increased relative to the bulk value by a factor of
1.6, while the density of PMMA decreased by a factor 0.6, for
ﬁlms approximately ∼4 nm thick. (See Figure S8 for a
graphical comparison to previous results; we observed
qualitative matching with values inferred from measurements
of the refractive index2−4,49 and quantitative matching with
values obtained from quartz crystal microbalance dissolution
experiments.7) We view the quantitative matching between
densities measured by MagLev and quartz crystal microbalance
dissolution experiments as a strong validation of both
approaches. For PS, we observed a larger increase in density
with thickness than that previously observed with ellipsometry,
with our ﬁlms reaching a maximum density of 1.6 g/cm3 at a
thickness of 4 nm. This surprising ﬁnding is supported by
previous molecular dynamics simulations by Hudzinskyy et al.,
who found that the density could reach a value of almost 2 g/
cm3 directly at the interface with the substrate (see Figure S9
for density proﬁles reproduced from these simulations).53
These simulations revealed a liquid crystalline ordering of the
polymer in this densiﬁed region, which we believe to be the
mechanism for the eﬀect observed in our experiments.53
Similar phenomena were also observed in simulations of PS on
graphitic surfaces by Lee et al.,54 where contributions from the
backbone and phenyl rings were also dissected. We note that
there are oscillations in the density proﬁle (Figure S9), so the
predicted average density of the ﬁlm is 1.2 g/cm3 for a ﬁlm
with a thickness of 10 nm.53 MagLev measures the mass
density of the solvent accessible volume of the ﬁlm, however,
which may explain why we observe higher values of density (in

addition to limitations of molecular dynamics simulations and
possible systematic error associated with MagLev).
In both cases, we observed a sigmoidal transition in density
as the ﬁlm approached a critical thickness, suggesting a
physically important length scale, probably related to the size
of the polymer chains as well as the strength of interaction with
the substrate. To estimate quantitatively the length scale for
the transition in density, we ﬁt the following empirically
determined function, eq 2, to the experimental data.
ρf = ρs +

ρ∞ − ρs
dc
d

+1

(2)

Here, ρf (g/cm3) is the ﬁlm density, ρs (g/cm3) is the “skin
density”, and ρ∞ (g/cm3) is the bulk density, and dc (nm) is
the critical thickness at which the transition in density occurs.
The “skin density” is an empirical parameter, deﬁned
mathematically as the asymptotic density in the limit of
thickness approaching zero.
A best ﬁt of eq 2 to the experimental data, obtained by
optimizing the values of ρs and dc, yielded a value 52 nm for dPS
c
and 80 nm for dPMMA
. Given that the radii of gyration, Rg, of
c
these two polymers, assuming an ideal chain model,55 are
similar (Rg ≈ 11 nm for PS and Rg ≈ 9 nm for PMMA), we
expect this diﬀerence to be related to the molecular structure
and the nature of the polymer−substrate interaction rather
than the size of the polymer chains. More detailed experiments
with monodisperse polymers of varied chain lengths would be
required to show the dependency of the length scale for the
transition in the density upon the radius of gyration. The best
ﬁt values for ρs were 1.6 g/cm3 for PS and 0.7 g/cm3 for
PMMA.
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Figure 4. Demonstrations of the utility of MagLev for diﬀerent types of polymer ﬁlms. Bar charts showing measured densities for (a) two
photopolymers (SU-8 photoresist, and Norland Optical Adhesive, NOA-61), (b) spray-coated ﬁlms of neat polymers, (c) and spray paint.
(d) Atomic force micrograph of the rough surface of a spray-cast ﬁlm of ﬂuorescent paint.

changed the angular velocity to control the thickness of the
ﬁlm. The data from these experiments are shown with blue
diamonds in Figure 3c. We found that these ﬁlms followed the
same trends as the ﬁlms of similar thickness spun from
solutions with diﬀerent concentrations. Based on these
observations, we concluded that the thermal annealing served
to erase the processing history, and that the density variations
arose from interfacial eﬀects.2,3,11
To further explore these phenomena, we also measured the
density of thin ﬁlms of PS which were not thermally annealed
above the glass transition temperature (i.e., “as-cast ﬁlms”). As
shown in the data points labeled as “unannealed” in Figure 3c,
we observed that without thermal annealing, the ﬁlms still
exhibited an increase in density relative to the bulk value, but
of smaller magnitude. These results indicated that the thermal

There are several potential physical mechanisms by which
changes in the density of a polymer ﬁlm could occur: (i) they
could arise due to diﬀerences in the polymer structure in the
solutions from which they are cast (i.e., overlapping and
entangled in concentrated solutions or isolated and unentangled in dilute solutions),2 (ii) they could arise from
diﬀerences in the processing of the ﬁlms after casting (i.e.,
annealing time and temperature), or (iii) they could arise due
to interfacial eﬀects.
In all cases, the ﬁlms were annealed above the glass
transition temperature for 12 h, so we expected the third
mechanism to prevail. To test this hypothesis, we performed a
control experiment with PS. Instead of varying the
concentration of polymer with a constant angular velocity of
the spin-coater to modify the thickness, we used a ﬁxed
concentration of dissolved polymer (17.5 mg/mL) and
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requiring any material-speciﬁc modeling.9,45 Moreover, we
establish that PAA is a suitable sacriﬁcial release layer for
carrying out this procedure.
We validated the technique by measuring the density of ﬁlms
of polymers (>100 nm thick) with a broad range of densities
(1.0−1.4 g/cm3) and observed values that matched with the
bulk density (Figure 2). We showed that conﬁnement of these
polymers to ﬁlms less than ∼100 nm thick produced large
changes in the density measure by MagLev. Detailed
measurements of these density changes as a function of
thickness in PS and PMMA revealed a sigmoidal dependency
that matched some of the previously reported trends for PS
and PMMA.2−4,7,49 In particular, our measurements matched
most closely with measurements of density obtained by quartz
crystal microbalance dissolution experiments.7 Importantly,
our technique is complementary to existing methods based on
measurement of the refractive index.2,3 MagLev adds an
alternative means for measuring the density of polymer ﬁlms
and allows for more information about the material to be
inferred. For example, one can use the Lorentz−Lorenz
equation to infer the molecular polarizability using independent measurements of the refractive index and the mass
density.24
The experimental simplicity of MagLev makes it a good
candidate for routine metrology in polymer science and
engineering. Moreover, this technique can be directly applied
to measure the density of polar polymer ﬁlms, using a
hydrophobic sacriﬁcial layer and paramagnetic solution, as well
as nonpolymeric ﬁlms (e.g., metal, oxide, or perovskite ﬁlms).
This approach will be useful for polymer chemists and
materials scientists aiming to characterize and optimize
properties of thin ﬁlms formed using a variety of processes57
and would help address questions in polymer science, such as
the eﬀect of interfacial conﬁnement on the nanoscale packing
of polymer chains and the macroscopic properties of thin ﬁlms.

annealing step was required to allow the polymer chains to
assemble into the dense state.
As an additional control experiment, we also measured the
density of a monodisperse sample of PS (with a molecular
weight of 110 kDa) at several diﬀerent thicknesses, shown by
the green triangular data points in Figure 3c. We observed
similar trends to the polydisperse sample, indicating that the
observed dependence of density upon thickness was not
inﬂuenced by the distribution of molecular weight of the
polymer chains.
Demonstrations of Utility. To demonstrate that MagLev
is applicable to a broad range of polymer ﬁlms, we applied it to
measure the density of several diﬀerent classes of ﬁlms.
Photopolymers are one particularly important class of
polymers that are typically used as photoresists in micro/
nanofabrication, such as the popular epoxy-based photoresist,
SU-8. The standard protocol for preparing SU-8 structures is
to spin-coat a ﬁlm, anneal the ﬁlm to remove residual solvent
(i.e., “soft bake”), cure the ﬁlm with exposure to UV light
through a photomask, and ﬁnally apply a second annealing step
(i.e., a “postexposure bake”) to complete the cross-linking
process. We applied MagLev to measure the density of an ∼1
μm ﬁlm of SU-8 2000 before and after the ﬁnal annealing step
and observed a 30% increase in density following annealing.
We also measured the density of a thin ﬁlm of a transparent
optical adhesive, NOA-61, and found a close match with the
reported bulk value.56
One characteristic of a ﬁlm that confounds measurements of
density based on reﬂectometry is the roughness of the surface.
Although spin-coated ﬁlms are generally smooth, not all
casting processes produce smooth surfaces. Another common
method of casting a polymer ﬁlm is by spray-coating: a process
by which the polymer solution is transferred to the surface as
an aerosol (e.g., spray paint). We prepared neat polymer ﬁlms
of PS and PMMA by spray-coating from toluene. We found
that both of these polymers exhibited a density lower than the
bulk value when processed into a ﬁlm by spray-coating. The
fact that spray-cast ﬁlms of PS could exhibit an increase in the
levitation height (corresponding to a decrease in density)
provides additional evidence to reinforce our conclusion that a
chemically speciﬁc interaction between the polymer ﬁlm and
the ionic solution is not the cause of the observed changes in
the levitation height.
Figure 4c compares the densities of spray-cast ﬁlms of a
typical acrylic-based paint (Krylon fusion) as well as a
ﬂuorescent formulation (ACE Glo Spray). The ﬂuorescent
formulation has a greater mass density, which may be due to
the presence of an additive required to make the paint
ﬂuoresce. Figure 4d shows an atomic force micrograph of the
rough surface of the ﬂuorescent spray paint.

EXPERIMENTAL METHODS
Materials. Ultraﬂat (roughness < 0.5 nm) p-type silicon wafers (2
in. diameter) were purchased from Alpha Nanotech Inc.
(ANUF0500S2). Polydisperse polystyrene (PS, Mn = 170 000 Da,
PDI = 2.04, 441147-1KG, Batch # 04612CJ) was purchased from
Sigma-Aldrich. Poly(methyl methacrylate) (PMMA, Mn = 75 000 Da,
PDI = 2.8, CAT # 04553, LOT # 552464) was purchased from
Polysciences Inc. Monodisperse PS (Mn = 110 000 Da, PDI = 1.03,
Lot # ps100313wa) was purchased from Polymer Standards ServiceUSA, Inc. Polyvinyl chloride (PVC, Mn = high, PDI = unknown,
81392-10G), poly(ether imide) (PEI, Mn = unknown, PDI = unknown,
700193-250G, LOT # MKBC0294 V), and poly(isobutyl methacrylate) (PIBMA, Mw = 70 000 Da, 181544-250G, Batch #
04926MH) were purchased from Sigma-Aldrich Inc. Polyacrylic
acid (PAA, Mn ∼ 5000) was purchased from Polysciences Inc. in a
50% by mass aqueous solution and then diluted to 15% by mass
aqueous solution by adding deionized water. SU-8 2000.5 photoresist
was purchased from Kayaku Advanced Materials, Inc. (formerly
MicroChem Corp.). NOA-61 optical adhesive was purchased from
Norland Products.
Preparation of Films. For PS, PMMA, and PIBMA, a stock
solution was prepared in toluene at a concentration of 100 mg/mL
(that is, 10 mg of solid polymer per mL of solvent) by stirring
overnight at a temperature of 50 °C and then passing the solution
through a PTFE syringe ﬁlter (pore size: 1 μm). Solutions with 75, 50,
25, 17.5, 10, 5, and 1 mg/mL concentrations were prepared via serial
dilution using a 5 mL Hamilton glass syringe.
For PEI or PVC, a stock solution was prepared in N-methyl-2pyrolidine at a concentration of 100 mg/mL by stirring overnight at a
temperature of 50 °C and then passing the solution through a PTFE

CONCLUSIONS
This paper demonstrates that MagLev is a suitable method to
measure the mass density of thin ﬁlms (10−1000 nm) of
hydrophobic polymers. MagLev is inexpensive (the apparatus
costs <$300 to construct), compact, and portable, and it does
not require electricity to operate.9,45 MagLev is compatible
with polymer ﬁlms as thin as ∼3 nm (as measured by stylus
proﬁlometry) and with ﬁlms that have rough surfaces and/or
absorb visible light strongly, characteristics that pose problems
for X-ray reﬂectivity and ellipsometry. MagLev measures the
density of the polymer ﬁlms irrespective of their masses,
volumes, or shapes. It directly measures density without
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syringe ﬁlter (pore size: 1 μm). Then solutions with 50 and 10 mg/
mL concentrations for PVC and 100 and 10 mg/mL concentrations
for PEI were prepared via serial dilution using a 5 mL Hamilton glass
syringe.
Prior to spin-coating, silicon wafers were sequentially sonicated in
deionized water containing Alconox detergent (∼1 mg/mL), neat,
deionized water (Milli-Q, <18MΩ), acetone, and isopropyl alcohol
(for 5 min each) and then dried under nitrogen gas and cleaned with
an air plasma in a Harrick plasma chamber at high power (18 W) for 5
min. Spin-coating (PWM32, Headway Research Inc., Garland, Texas)
was performed both in a clean room to avoid contamination with dust
particles and in a normal laboratory environment. Similar results were
obtained from both sets of experiments. Films were cast by ﬁrst
coating the substrate with a liquid layer (2−3 mL) and then spinning
them at a speed of 3000 rpm for 2 min, with a ramp of 100 rpm/s.
This procedure was used for both the PAA sacriﬁcial layer and the
hydrophobic polymer layer above it. After spin-coating, ﬁlms were
annealed in a vacuum (approximate pressure of 10−4 Torr) oven at
160 °C for 12 h. The only exception to this thermal annealing
protocol was PVC, which was annealed at 60 °C to prevent thermal
degradation, as indicated by discoloration in ﬁlms annealed at higher
temperature.
Measurements of Thickness. Thickness of ﬁlms was determined
by stylus proﬁlometry with a 12 μm diamond tip (DektakXT, Bruker,
Billerica, Massachusetts) at a normal force of 1 mg. A step edge was
created in the center of the silicon wafer by gently scraping it with a
razor blade. The reported thicknesses of the ﬁlms are the average of
seven independent measurements. The measurements were performed on one polymeric ﬁlm (while it was attached to wafer) for
each type of polymer.
Density-Based Measurements using MagLev. MagLev were
performed in aqueous solutions of manganese(II) chloride tetrahydrate of diﬀerent concentrations for PS (2.3 M), PMMA (3.5 M),
PVC (3.5 M), PEI (3.5 M), and PIBMA (3.5 M).
Speciﬁcations of Axial MagLev Device. The “axial MagLev”
device uses two like-poles facing ring magnets (NdFeB permanent
magnets, N45 grade, OD × ID × H: 76.2 mm × 25.4 mm × 25.4
mm) positioned coaxially with a separation of 15.0 mm. The magnets
were bought from kjmagnetics.com. The magnets are ﬁxed in 3D
printed (Stratasys Fortus 250mc, Eden Prairie, MN) holders made of
acrylonitrile-butadiene-styrene-plastic (ABS) that were designed with
the software Solidworks. Four threaded stainless-steel rods with hex
nuts are used to hold the holders in position. The ends of the
stainless-steel rods are topped with cap nuts. A standard plastic
cuvette (45 mm in height) is used to levitate the diamagnetic samples
in a paramagnetic medium (aqueous solutions of MnCl2 in all
experiments reported here). The strength of the magnetic ﬁeld (0.33
T) was measured with a DC gauss-meter (model GM1-ST; AlphaLab,
Inc., Salt Lake City, UT) at the center of the top face of the bottom
magnet. See Figure S10 for a photograph of the MagLev device.
Procedure for Measurements with MagLev. After cutting the
2” diameter wafer into ∼0.25 cm2 squares using a diamond scribe, the
sample was placed in a cuvette ﬁlled with an aqueous solution of
MnCl2. The cuvette was then placed in the MagLev device. After the
sacriﬁcial layer dissolved, the ﬁlm ﬂoated up and equilibrated at a
stable levitation height. The time for the delamination process
depended upon the material, thickness, and annealing protocol and
ranged from 1 min to several hours. We found no diﬀerence in the
measured density of the ﬁlm if it was delaminated inside or outside
the MagLev device. We could not reliably measure ﬁlms < 3 nm thick
because they were extremely delicate (i.e., they broke into small pieces
during the delamination process) and were diﬃcult to observe
levitating in the paramagnetic medium. We found that ﬁlms
delaminated more rapidly (seconds to hours, depending on thickness
and annealing conditions) in deionized water than aqueous solutions
of MnCl2 (minutes to hours, depending on thickness and annealing
conditions). Films that delaminated in deionized water, and that then
were transferred to the cuvette containing aqueous MnCl2 solution,
resulted in the same density as ﬁlms that delaminated in aqueous
solutions of MnCl2.

Article

FTIR-ATR Analysis of Polystyrene Films and Controls. The
spin-coated polystyrene ﬁlms (∼1 μm thick) and the controls (i.e.,
polystyrene pellets and ﬁlms of PAA) were analyzed in their dry state
at ambient conditions with Fourier transform infrared spectroscopy
(FTIR-ATR Bruker Platinum, Bruker, Billerica, MA) with an
attenuated total reﬂection (ATR) diamond window. We measured
spectra between 4000 and 400 cm−1 at a resolution of 4 cm−1 with 64
sample and background scans (Figure S7).
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