
Restricted Orientation Anisotropy Method for FVE Radii
Characterization: Confirmed and Refined via the Study of Six
Vibrational Probes
Junkun Pan, Aaron P. Charnay, Sebastian M. Fica-Contreras, and Michael D. Fayer*

Cite This: https://doi.org/10.1021/acs.macromol.3c02093 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The Restricted Orientation Anisotropy Method (ROAM) is a new
technique for determining polymer free volume element (FVE) radii using ultrafast
infrared (IR) polarization-selective pump−probe (PSPP) spectroscopy. ROAM
utilizes small IR vibrational probe molecules as molecular rulers to measure the
FVE radii and the radius probability distribution (RPD). Here, we present a
rigorous test of the method by performing ROAM experiments on polystyrene
using six different probe molecules that have different lengths and shapes. In
addition, we enhance the method for determining the length of the molecular
ruler, resulting in greater accuracy. ROAM measures the orientational relaxation of
the probes. Because the probes are too large to rotate in the FVEs completely,
PSPP experiments provide their restricted angular ranges. The FVE radius is determined from the angular range and probe length.
The IR measurements are made on the CN stretches of phenyl selenocyanate, phenyl thiocyanate, and four para-substituted
benzonitriles (p-XBZN, where X = F, Cl, Br, I). The FVE radius measured using the six probes is the same with a small experimental
error. The average of the radii measured at the spectral peaks of the six probes is 2.81 ± 0.02 Å. The RPD is determined and used to
obtain the average radius, 2.94 Å, within a few hundredths of an Angstrom to values found with positron annihilation lifetime
spectroscopy. The fact that six probes with different lengths and shapes give the same radius proves ROAM’s efficacy and confirms
the model of the FVEs as cylinders on the probe’s length scale.

1. INTRODUCTION
Polymer research has been incredibly active since Leo
Baekeland produced the first fully synthetic plastic, Bakelite,1

in 1907. Polymers are important because of their synthetic
tunability, low cost, and diverse applications.2 Despite the
general interest in the area and the vast amount of research
conducted, a detailed understanding of structure−property
relationships remains an active area of investigation because of
the need for effective property predictions.3 A great deal of
successful research has focused on improving bulk properties
for practical applications without studies of molecular-level
properties and relationships.4,5

A fundamental property of amorphous polymers is free
volume, defined as the difference between the total and hard
sphere volumes.6 Small-molecule liquids and glasses have free
volume because their shapes are not space-filling. Polymers
have this type of free volume, but they also have free volume
elements (FVEs), which are relatively large voids with radii of a
few angstroms,7 that arise from the imperfect packing of
polymer chains and only represent a small percentage of the
total free volume. FVEs have been correlated to many
important polymer properties. FVEs have been considered to
participate in gas diffusion through the polymer membranes,
which occurs via gas molecules moving through a polymer
matrix from one FVE to another.8−13 FVE characteristics have

also been shown to be important for application in dielectric
materials.14−16 Recently, dielectric breakdown strengths have
been correlated to the shapes of FVE radii probability
distributions,16 in accord with the breakdown theory of
Artbauer.17 Other macroscopic properties that FVEs have
been proposed to influence are the glass-transition temperature
(Tg),

18 physical aging,19,20 and lithium transport in polymer
electrolytes.21,22 In addition, measurements of the average FVE
size and the FVE size distribution for a particular polymer
matrix can provide insights into chain packing.

Due to the complicated amorphous nature of glassy
polymers and the small physical size of the FVEs, the
quantitative characterizations of the FVE sizes and radius
probability distributions have proven difficult.23 Only a small
number of experimental techniques have been used to make
measurements of polymer FVEs, such as 129Xe NMR,24−26

inverse gas chromatography (IGC),27 and positronium
annihilation lifetime spectroscopy (PALS).23,28−30 PALS has
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been applied to study many different polymeric systems and
has substantial efficacy for determining FVE sizes and, in some
instances, size distributions.31−33 PALS utilizes the orthoposi-
tronium (o-Ps) lifetime, which becomes shorter when the
positronium wave function overlaps with the electron cloud of
FVE walls.31 Smaller FVEs give rise to more overlaps, resulting
in shorter lifetimes. For the conversion of o-Ps lifetimes to
radii, the semiempirical Tao−Eldrup equation,34,35 which
assumes a spherical FVE shape and a particle in a spherical
box o-Ps wave function, is widely used. Although it has been
argued that other shapes, such as cylindrical25,36,37 and
ellipsoidal,38 may be better representations of FVEs, these
models have not been generally adopted. The Tao−Eldrup
equation was calibrated by applying PALS to a variety of
materials, e.g., liquids39,40 and zeolites,41 in which various
experimental methods were used to determine the radius of
special cavities modeled as spheres. Although the calibration is
not performed using polymers, the calibration curve of radius
vs o-Ps lifetime is used to determine polymer FVE radii. The
same FVE surface electron density is assumed for all polymers,
independent of their chemical structure. The PALS results
cannot be intrinsically tested in polymers, as the properties of
o-Ps cannot be varied.

Recently, a new method, the restricted orientational
anisotropy method (ROAM), was developed for the character-
ization of free volume elements using ultrafast infrared (IR)
spectroscopy.42,43 ROAM can determine the average FVE
radius, the most probable radius, and the radius probability
distributions (RPDs) as well as the average internal electric
fields associated with a particular FVE radius.43 ROAM
employs IR vibrational probes as molecular rulers to report
on the FVE sizes. IR polarization-selective pump−probe
(PSPP) experiments are used to measure the range of angles
(cone angles) that the vibrational probes sample via their
orientational motions inside the FVEs. In a liquid, the probe
would undergo complete orientational relaxation, i.e., sample
all angles. However, because the FVE radii are small, the
angular range sampled is restricted by the probe contacting the
FVEs’ walls. The angular range, called the cone angle, is
extracted from the PSPP experiment. Obtaining the cone
angles from the experimental measurements does not require
assumptions. It is based on an established theory that was first
developed in the 1970s and ’80s44−46 and used for a wide
variety of experiments, such as fluorescence depolarization47

and NMR.48,49 The cone angle measured with PSPP
experiments directly reflects the FVE size. For a given probe
molecule, a larger FVE size will give a larger measured cone
angle. Then, using the probe molecule’s “molecular ruler”
length, cone angles are converted into corresponding FVE
radii.

Here, we put the ROAM technique to rigorous testing by
studying six different probe molecules in polystyrene (PS). The
probes have different molecular ruler lengths and molecular
shapes. Nonetheless, all six probes yielded the same FVE radius
within a small experimental error. The experiments are a
rigorous test of ROAM, confirming its consistency in
measuring FVE radii.

The vibrational probe used for previous ROAM experi-
ments16,42,43 was phenyl selenocyanate (PhSeCN). The PSPP
experiments were performed on CN stretching mode. PhSeCN
is a very useful probe because of its exceptionally long
vibrational excited state lifetime (400 ps)43,50 and its large
Stark coupling constant (discussed in detail below). Both

properties are useful for the acquisition of high-quality data.
While PhSeCN’s long lifetime and large Stark coupling
constant make it valuable for ROAM experiments, its bent
geometry requires careful consideration to determine the
molecular ruler length correctly. Below, we show how to
account for the molecular geometry by using the measured
restricted orientational relaxation cone angles and the
molecular ruler length to determine the FVEs’ radii accurately.
In addition, the PhSeCN probe has an internal rotational
degree of freedom about the bond between the Se and the
carbon on the phenyl ring to which it is bonded. The initial
presentation of ROAM did not consider the influence of
internal rotation. The influence of internal rotation was
investigated, and it was shown that internal rotation does not
interfere with the FVE radii measurement.

In the following tests, ROAM is shown to be correct and
accurate by comparing experiments and analysis of the six
different vibrational probes, PhSeCN, PhSCN, and four
halogenated benzonitriles (p-XBZN, X = F, Cl, Br, I) all in
PS. The different para-substituents on the benzonitrile probes
allow us to study the effect of probe length systematically. The
four p-XBZN probes do not have internal rotations or “bent”
geometries, while PhSeCN and PhSCN do. The six probes
measure different experimental cone angles, but when the
appropriate molecular ruler length is determined and used, all
probe molecules, with or without internal rotation, give the
same FVE radius within a small error. Furthermore, the effects
of the internal rotation barrier are examined by comparing
PhSeCN and PhSCN. PhSCN has a smaller barrier for internal
rotation than PhSeCN. The different barriers produced
different time-dependent anisotropy decays but did not change
the measured radii.

In light of the new experimental and theoretical results, we
carefully account for different molecular geometries, improve
the methodology for determining the molecular ruler lengths,
and show how to accurately use the measured restricted
orientational relaxation cone angles to determine the FVE
radii. While the six probes give the same FVE radius, measured
at the peak of each of their CN absorption spectra, to obtain
the PS FVE radius probability distribution, it is necessary to
have a large Stark coupling constant and a sufficiently long
vibrational lifetime. PhSeCN has these characteristics and is
used to obtain the RPD. Finally, the slow components of the
PSPP decays are analyzed and discussed in terms of FVE
surface topography fluctuations.

2. EXPERIMENTAL METHODS
2.1. Sample Preparation. The concentration of the probes in the

polymer films is 300 mM. Previous probe concentration dependence
studies showed that when the total concentrations of probes and
solvents are below 500 mM (5%), decreasing the concentration does
not affect the anisotropy.43 However, during drying in a vacuum oven
(see below), a significant amount of the probe diffuses out of the film.
The final probe concentration was determined by NMR spectroscopy.
The solvent concentrations for all samples were below 1%, and the
remaining probe contents were below 2%. Therefore, the probe
concentration did not affect the results of our measurements.

The sample preparation of the polystyrene films with embedded
vibrational probes follows the procedures described in the previous
publication.43 Briefly, an appropriate amount of polystyrene was
measured and dissolved in chloroform. For each sample, one of the
vibrational probes (PhSeCN, PhSCN, p-FBZN, p-ClBZN, p-BrBZN,
and p-IBZN) was also dissolved in the solution with a concentration
so that the final polymer film has 300 mM probes. These solutions
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were poured into aluminum rings attached to a leveled flat glass plate.
The top of the aluminum ring is partially covered to allow the solvent
to evaporate slowly. Once the film solidifies, it is peeled from the glass
substrate and transferred to a vacuum oven to remove the residual
solvents. The samples are gradually heated to 90 °C and kept at that
temperature for 5 days. The residual solvent content of each film is
characterized by NMR spectroscopy. This procedure produces films
with excellent optical quality with thicknesses of 250 ± 30 μm. Once
the samples are removed from the vacuum oven, they are immediately
transferred to a glovebox. A small piece of the film is cut from the
sample and placed in an aluminum sample cell with CaF2 widows for
IR measurements.

It is worth noting that during the solvent removal process (drying)
in a vacuum oven at temperatures below the glass-transition
temperature, a significant amount of the probes, ∼50%, diffuses out
of the ∼250 μm film. Because the amount of probe that is lost is
substantial, it cannot be lost from just a thin layer near the surface.
Therefore, when the ROAM measurements are made, the probe
molecules move long distances from the locations they occupy at the
end of the solvent-casting process.

2.2. NMR Characterization. 1H NMR was used to quantify the
films’ residual solvent (chloroform) contents. Ten milligrams of a
sample was cut from each film and dissolved in 750 μL of deuterated
dichloromethane (DCM). The spectra were collected in a 400 MHz
Varian NMR spectrometer by using VNMRJ 4.2 software. The
complete details of the characterization and NMR spectra of the
samples are presented in the Supporting Information (SI).

2.3. FTIR Measurements. FTIR spectra were measured using a
Thermo Fisher iS50 infrared spectrometer with a resolution of 0.24
cm−1. The absorption spectrum of the nitrile stretch of each
vibrational probe in polystyrene was obtained by subtracting the
background spectrum of pure polystyrene.

2.4. DFT Calculation. Geometry optimization of phenyl
selenocyanate (PhSeCN), phenyl thiocyanate (PhSCN), and four
halogenated benzonitriles (4-fluorobenzonitrile, 4-chlorobenzonitrile,
4-bromobenzonitrile, and 4-iodobenzonitrile) was performed using
the Gaussian 16 quantum chemistry package51 at the B3LYP/6-311+
+G(d,p) level of theory to determine the bond lengths and distances
between different atoms. Additionally, PES calculations were
performed for PhSeCN and PhSCN at the same level of theory for
the dihedral C(Ph)-C(Ph)-Se/S−C(CN) from −90 to 90° with a
step size of 5° to determine internal rotation barriers.

2.5. Polarization-Selective Pump Probe (PSPP) Experiment.
A comprehensive description of the exact laser system used for the
experiments has been provided previously.42,43 Briefly, a regenerative
amplifier seeded by a Ti:sapphire oscillator generated 800 nm
femtosecond pulses (2 mJ, 3 kHz). The output from the regenerative
amplifier is converted from 800 nm to 4.4−4.7 μm (30 μJ, 3 kHz) by
a home-built optical parametric amplifier (OPA). The IR frequency
was tuned to the absorption of the specific nitrile stretch frequency of
the vibrational probe under investigation. The final mid-IR pulses
have a bandwidth of ∼90 cm−1 and are near transform-limited.

The mid-IR pulse is split into a 90% intensity pump and a 5%
intensity probe. The pump pulse passes through a germanium
acousto-optic modulator (AOM) pulse shaping system, which
provides arbitrary control of the pulses’ phase and shape.52 A
mechanical delay stage controls the probe pulse’s arrival relative to the
pump pulse with a maximum time delay of ∼2 ns. The polarization of
the pump pulse is set to +45° relative to probe polarization with a
half-wave plate and a polarizer before the sample. A polarizer on a
computer-controlled rotation stage is used after the sample stage to
resolve the probe pulse at either +45° (parallel) or −45°
(perpendicular). An additional horizontal polarizer is placed after
the resolving polarizer to ensure the spectra with parallel and
perpendicular polarizations have identical amplitudes. The probe
pulses are frequency-resolved by a spectrograph and detected by a 32-
pixel mercury cadmium telluride (MCT) array detector.

In a PSPP experiment, the pump pulse excites the CN stretch of
the vibrational probes. The probes are excited preferentially along the
direction of the pump pulse’s electric field. The probability of a CN

being excited is at its maximum when parallel to the pump’s E-field,
while the probability is zero when perpendicular. After a time delay, t,
the probe pulse passes through the pumped spot in the sample.
Because of the 0-to-1 transition excitation by the pump pulse, the
probe pulse experiences increased transmission (positive signal) due
to ground state bleaching and stimulated emission from the first
excited state, 1. With a population in 1, a new absorption (negative
signal) is created, the 1−2 transition, which is shifted to a lower
frequency by the vibrational anharmonicity. A four-shot phase cycling
of the pump pulse is used to extract the signal while removing pump
scatters.53

Measurements of the probe transmitted intensity are made for the
probe pulse parallel, I||, and perpendicular, I⊥, to the pump pulse. The
probe parallel to the pump will experience more excited CNs;
therefore, there will be more transmission intensity than that of the
probe perpendicular to it. At very short t, the difference between I||
and I⊥ is maximum. As the probe molecules reorient, the initially
excited CNs change direction and the difference between I|| and I⊥
decreases. If the probe molecules could randomize their orientations,
then the difference between I|| and I⊥ would decay to zero. This is not
the case for probes embedded in polymer samples, as discussed briefly
above, because the probes are too large to undergo complete
reorientation. They hit the walls of the FVEs and can only sample a
limited range of angles determined by the length of the probe
molecular ruler and the radius of the FVE. The extent of the decay
allows the cone angle to be determined. The cone angle can be
determined by measuring I|| and I⊥.

The time dependence of I|| and I⊥ signals is given by54,55
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( )(1 0.4 ( ))

2

2

= +

= (1)

where P(t) is the population relaxation (vibrational lifetime of the CN
mode) and C2(t) is the second Legendre polynomial orientational
time correlation function for the transition dipole, which contains the
information on the orientational dynamics of the probe molecule. The
population relaxation, P(t), and the anisotropy, r(t), can be obtained
by combining the parallel and perpendicular signals
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Experimental determination of r(t) gives C2(t).

3. RESTRICTED ORIENTATION ANISOTROPY
METHOD (ROAM)

A detailed description and explanation of ROAM have been
published previously.42,43 The tests and improvements in the
technique presented here do not change the ROAM method.
Here, we include an overview of the fundamental method-
ology, i.e., extraction of cone angles from the PSPP experiment
and the maximum entropy method to extract RPDs. The
improvements in the technique will be discussed in the
following sections.

ROAM utilizes the PSPP experiment discussed above to
measure r(t), the time-dependent anisotropy decay, of the
probe molecules embedded in the FVEs over a range of
frequencies within the inhomogeneously broadened CN
stretch absorption spectrum. The anisotropy would decay to
zero in a low-viscosity liquid because the probe can sample all
angles. In a glassy polymer, however, the anisotropy decays to a
constant offset because the probes can sample only a limited
range of angles defined by the sizes of FVEs. At different
frequencies of the absorption spectrum, the anisotropy decays
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vary because subensembles of probes confined in FVEs of
different sizes experience distinct frequencies. As the frequency
changes from high frequency (blue) to low frequency (red),
the sizes of the FVEs become smaller. Therefore, by measuring
the r(t) decays across the vibrational spectrum, information is
obtained on the distribution of FVE sizes.

The experimentally measured anisotropy decays can be
analyzed by the wobbling-in-a-cone (WIAC) theory.44−46,56

WIAC has been used extensively in IR PSPP experiments to
analyze orientational motions in a wide variety of systems.57−60

In the context of polymers, the WIAC model is used to extract
the cone half angles sampled by the probe molecules confined
in FVEs. C2(t) for WIAC is given by the following expression61

C t S S S t

S S t

( ) ( (1 )exp( / ))

( (1 )exp( / ))
2 0

2
1

2
1

2
1

2
2

2
2

2

= +
+ (3)

where S0, S1, and S2 are order parameters describing the ranges
of reorientations, which can be expressed in terms of the cone
angles

S
1
2

cos( )(1 cos( ))i i i= +
(4)

S0S1 is converted to θfast, which describes the fast diffusive
motion that occurs on a time scale <10 ps in the experiments
presented below. θfast is the maximum angle that the probe
molecules sampled in the immediately accessible space within
FVEs, which, at the different frequencies, corresponds to the
different sizes of the free volume elements. S2 is associated with
θslow, which describes angular sampling on a much longer time
scale. The nature of θslow will be discussed in Section 4E. The
conversion from the order parameters to θfast and θslow is given
in eq 5
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(5)

Determining the cone angles sampled by a vibrational probe in
an FVE contains no assumptions. C2(t), the transition dipole
second Legendre polynomial orientational time correlation
function, is rigorous. It gives the angles sampled. The
equations given in eqs 3 and 4 were developed in the context
of the WIAC theory.61 However, the WIAC theory is only
necessary to understand how the time constant is related to the
cone angle.56

Once the cone angles are obtained, the conversion from
cone angles to FVE radii requires models for the FVE shape
and how the probe molecules’ maximum angular sampling is
determined by contact with the FVE surface. For ROAM, the
FVEs are modeled as cylinders with walls that limit the probe
molecules’ orientational motions. The radii of the cylindrical
FVEs can be obtained with the molecular ruler length of the
probe molecule. Based on the results of this paper, we will
validate the assumption of cylindrical FVEs over a length scale
somewhat longer than the longest probe molecule and provide
an improved method for determining the length of the probe
molecules. The cone angles are converted to radii by using the
different lengths of the six probe molecules.

Using the frequency-dependent radii and the absorption
spectrum, the radius probability distribution (RPD) can be

obtained using the method presented previously.43 The RPD is
obtained using the principle of maximum entropy by
combining the FVE radii measurement at each frequency
with the population distribution of frequencies from the linear
absorption spectrum. The expectation value of frequency-
dependent FVE radii can be expressed using the following
equation

R R R R R( )
1

( )
( ) ( ) d

0
= |

(6)

where ρ(ω) is the area normalized linear absorption spectrum
of the vibrational probe in the polymer sample. ρ(ω|R) is the
conditional probability density function of probe molecules
having frequency ω given it is in an FVE of radius R. ρ(ω) is
the desired radius probability distribution function for the
FVE. ρ(ω|R) is taken to be Gaussian with exponentially
increasing width with respect to decreasing radius, which is
consistent with simulation results for polystyrene oligomers.43

The parameters for ρ(ω|R) are iterated to simultaneously
reproduce both ρ(ω) and ⟨R(ω)⟩, which greatly constrains the
fit, yielding a robust determination of the RPD.

4. RESULTS
Since significant temperature fluctuation would affect the FVE
size and size distribution, all PSPP experiments are conducted
in a temperature-controlled laser room at 21.8 °C.

4.1. PhSeCN/PhSCN in Polystyrene. Previously, ROAM
was used to study FVEs in polystyrene, with PhSeCN as the
vibrational probe. In this section, we present PhSCN and
PhSeCN data and compare the results. The linear absorption
spectra of PhSeCN and PhSCN in polystyrene are given in
Figure 1. Both spectra are fitted with Gaussian functions on the

high-frequency side, and the fits are extended to the low-
frequency side to obtain the center frequency, the full width at
half-maximum (fwhm), and to show the tails of the absorptions
to low frequency. The center frequency of PhSeCN is 2155.4
± 0.1 cm−1 with a fwhm of 8.4 ± 0.1 cm−1. Similarly, the
center frequency of PhSCN is 2158.5 ± 0.1 cm−1 with a fwhm
of 8.0 ± 0.1 cm−1. Compared to PhSeCN, the linear

Figure 1. FTIR spectra of the CN stretch of PhSeCN (red) and
PhSCN (black). The lines are Gaussian fits to the high-frequency
sides of the spectra, which were then extended to the low frequencies
to highlight the non-Gaussian distribution.
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absorption spectrum of PhSCN has a slightly blue-shifted
center frequency with almost the same shape. The similarities
in the spectra are consistent with the two molecules having
very similar chemical structures. At high frequencies, both
spectra are well-described by Gaussian functions.

The spectra deviate from the Gaussian fit on the low-
frequency side. The Stark effect on the frequency of the CN
stretch dominates the inhomogeneous widths and the line
shapes.62 The deviation from Gaussian line shapes is a
manifestation of the non-Gaussian distribution of electric
fields in the FVEs, which gives rise to non-Gaussian frequency
dependence.

In the previous papers using ROAM to measure polymer
FVE radii and RPDs, it was shown that PhSeCN exhibited
frequency-dependent anisotropy decays in a variety of
polymers.16,42,43 This feature is central to determining the
RPD. Figure 2A shows the anisotropy decays (r(t), eq 2) of
PhSCN in PS. The decays display a frequency dependence that
is very similar to that of the decay of PhSeCN in PS. The
anisotropy curves are fitted with biexponential functions and a
constant offset. At the center frequency, the first decay time
constant (t1) for PhSCN is 2.5 ± 0.5 ps, and the second time
constant (t2) is 30 ± 10 ps. Both time constants are

significantly faster than the PhSeCN time constants, which
are 6.6 ± 0.5 ps (t1) and 150 ± 10 ps (t2). The set of PhSeCN
decays is shown in the SI. The anisotropy decays of both
probes at their respective center frequencies are shown in
Figure 2B. The PhSCN decays faster to a smaller constant
offset, showing that PhSCN molecules undergo orientational
relaxation through a greater range of angles. With sulfur (S) in
between the phenyl ring and the nitrile instead of selenium
(Se), the overall size of the PhSCN molecule is smaller than
that of PhSeCN. As will be discussed in detail below in the
context of the calculations of the appropriate lengths for probe
molecules, a smaller probe samples a larger cone angle in FVEs
of the same size.

4.2. p-Substituted Benzonitriles (p-XBZN) in Poly-
styrene. In addition to PhSeCN and PhSCN, benzonitrile
derivatives with halogens (F, Cl, Br, and I) at the para-position
were also studied. Their geometries are simpler to model than
PhSeCN and PhSCN, and they do not have an internal
rotation. By variation of the size of the atom at the para-
position, the effect of length can be systematically studied
while maintaining the same molecular shape. The linear
absorption spectra of p-FBZN, p-ClBZN, p-BrBZN, and p-
IBZN are displayed in Figure 3. The center frequencies and

fwhm’s are extracted by fitting the high-frequency sides of the
spectra with a Gaussian function. The center frequencies of the
p-XBZN probes decrease slightly with increasing mass of the
para-substituents (∼2 cm−1, see Table S1). In addition, the
center frequencies of the p-XBZN probes are blue-shifted by
almost 80 cm−1 compared to those of PhSeCN and PhSCN.

A complication involved with collecting anisotropy decay of
the para-substituted benzonitrile is that the pump−probe
signal has a negative feature that is red-shifted relative to the
peaks of the 0-to-1 transitions (Figure S5). The coupling
between the CN stretch mode and phenyl ring modes causes
this phenomenon. Following excitation by the pump pulse, the
excited state population relaxes with the vibrational lifetime,
and a low-frequency mode of the molecule is populated. The

Figure 2. Anisotropy decay data for PhSCN and PhSeCN in
polystyrene. (A) Frequency-dependent anisotropy decay data for
PhSCN. (B) The anisotropy decays for PhSCN and PhSeCN at their
respective center frequencies. The PhSCN anisotropy decays faster to
a lower value of the long-time offset than PhSeCN. The solid lines are
the fits to the experimental data using biexponential decays plus
constant offsets.

Figure 3. FTIR spectra of the CN stretch of p-FBZN (black), p-
ClBZN (red), p-BrBZN (blue), and p-IBZN (green). The lines are
Gaussian fits to the high-frequency sides of the spectra, which were
then extended to the low frequencies to highlight the non-Gaussian
distribution. The center frequency of the probe decreases with
increasing mass of the para-substituents.
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population of the low-frequency mode results in a combination
band shift that grows with increasing delay time, t.63 The
growth of the combination band overlaps with the 0-to-1
transition signal, preventing accurate analysis of the pump−
probe data. Because the 1-to-2 transition only arises from
molecules in the excited states, probing this transition avoids
the combination band problem while providing the same
information as the 0-to-1 transition.62 Therefore, the PSPP
data for all four p-XBZN are collected using the 1-to-2 signals.
The p-XBZN probes have much shorter excited state lifetimes
than PhSeCN due to the increased coupling strength between
nitriles and the ring modes caused by the absence of a heavy
atom. p-FBZN, p-ClBZN, p-BrBZN, and p-IBZN have
vibrational lifetimes of 11.7 ± 0.1, 21.5 ± 0.1, 11.4 ± 0.1,
and 6.2 ± 0.1 ps, respectively (see Figure S6). Among these
four probes, p-ClBZN has the longest vibrational lifetime. Note
that even the p-ClBZN lifetime, 21.5 ps, is ∼20 times shorter
than the lifetime of PhSeCN. The p-ClBZN anisotropy data at
three frequencies are shown in Figure 4A as an example. The
anisotropy data for the other p-XBZN probes behave similarly.
As with PhSeCN and PhSCN, the p-ClBZN anisotropy decay
is biexponential to an offset. At the center frequency, the first

time constant is 1.0 ± 0.5 ps and the second time constant is
30 ± 5 ps. The anisotropy decay of, e.g., p-ClBZN in a low-
viscosity liquid, DMF, is a perfect single exponential (see
Figure S7). The different behaviors of p-ClBZN anisotropies in
PS and DMF demonstrate that the biexponential decay in the
polymer matrix arises from caging by the FVEs. In addition,
the anisotropy shows a clear frequency dependence that is
consistent with all previous observations. Compared to the
anisotropy decays of PhSeCN and PhSCN, the red and blue
wing decays of the p-XBZN anisotropies are not as different. A
recent study shows that PhSeCN has a much larger Stark
coupling constant than BZN and a much smaller non-Stark
intermolecular coupling to its surroundings.62 In the context of
polymers, it has been previously established that probe
molecules experience variable electric field strengths in FVEs
of different sizes. For benzonitriles, the effect is that a given
change in frequency corresponds to a smaller change in FVE
size, i.e., a small change in the anisotropy decay. Because of the
smaller Stark couplings, the combination band issue, and the
short vibrational lifetimes, the determination of RPD using p-
XBZN probes is not possible. Since RPD is required to
determine the average radius, for comparing all six probes, each
probe’s FVE radius at the center frequency (the peak of the
FTIR spectrum) will be used. Using the most probable
frequency is a consistent method of comparison.

To highlight the effect of probe length on the anisotropy
decay, the anisotropies at their respective center frequencies of
all four XBZN probes are plotted in Figure 4B. As the para-
substituent becomes smaller, the anisotropy decays to a greater
extent to a smaller offset value. p-FBZN decays the most (black
curve). At the end of the plot, 35 ps, the value of the fit curve is
0.338. In contrast, p-IBZN decays the least (green curve) to
0.371. (Note that the lifetime of the CN stretch of p-IBZN is
so short that the data are useful for only 13 ps.) The data show
that a longer probe samples a smaller cone angle. PhSeCN and
PhSCN display the same behavior.

5. DISCUSSION
5.1. p-XBZN Length and Contact Model. To obtain the

FVE radii lengths based on the cone angles sampled by a probe
molecule, we need to consider all orientational motions that
lead to depolarization of the nitrile stretch. For p-XBZN
probes, two scenarios need to be considered (Figure 5). Figure
5A represents the maximum angle sampled by the out-of-plane
rotation of the probe. Figure 5B shows the in-plane rotation.
The rotation around the CN axis is not considered because it
does not cause depolarization. One important feature of the
PSPP experiment is that the measured cone angle, θfast, is the
maximum angle sampled by the probe molecule. Given the
width of the phenyl ring, the out-of-plane motions give the
largest angle (Figure 5A), i.e., the largest change in the
direction of the CN bond vector (transition dipole). Therefore,
we use A, the out-of-plane motion, to determine the lengths of
p-XBZN and the atoms contacting the inner walls of the FVE.
The contact atoms are halogen at the para-position and
nitrogen (N) in the nitrile group. This physical picture is
further supported by the fact that varying the size of the
halogen changes the cone angle, demonstrating that one of the
contacting moieties must be the halogen. To convert the cone
angles into FVE radii, R, the following formula is used:

Figure 4. Anisotropy decay data for p-XBZN (X = F, Cl, Br, I) in
polystyrene. (A) Frequency-dependent anisotropy of p-ClBZN. (B)
The anisotropy decays for all four p-XBZN probes at their respective
center frequencies. The probes decay to a larger offset (larger value at
long time) with an increasing size of the para-substituent. The solid
lines are fits to the experimental data using biexponential decay plus a
constant offset.
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R l r r
1
2

( sin( ) )1 2= + +
(7)

where l is the length of the probe from the center of N to the
center of the halogen and Δr1 and Δr2 are the van der Waals
(vdW) radii of the two atoms contacting the FVE walls, which
are N and the halogen in this case. The determination of the
vdW radii is discussed in Section 5.3 below.

5.2. PhSeCN/PhSCN Revised Model. Similar to consid-
ering the p-XBZN probes, two scenarios for PhSeCN/PhSCN
are shown in Figure 6. The rotations in the plane of the phenyl
ring are not considered since the CN is nearly perpendicular to
this plane; therefore, depolarization from in-plane rotation is
negligible. For the first case, the two contacting moieties are
the Se/S atom and the hydrogen atom at the para-position (p-
H; Figure 6A). In the second case, the two contacting moieties
are N and para-H/carbon (Figure 6B). Since the Se to p-H
distance is shorter than the N to H distance, scenario (A)
results in a larger maximum cone angle and is used for
PhSeCN/PhSCN. In general, a shorter distance will yield a
larger cone angle. The motion of the line along the shortest
distance that changes the transition dipole direction
determines the FVE radii. The conversion from cone angles
to radii uses the same equation as the p-XBZN model (eq 7),
except l is the distance from the center of S/Se to the center of
p-H, and the vdW radii used are the radii of Se/S and H.

The complete parameters used for all six probes are listed in
Table 1. The earlier model for PhSeCN assumed the probe
molecule rotates around its center of mass and used the longest
length from the center of mass as the rotating arm.42 However,
this model for PhSeCN does not accurately describe the
moieties that contact the FVE surfaces. Given the same cone
angle, the old model yielded somewhat larger FVE radii but did
not change the shapes of the RPDs.16

5.3. Consistent FVE Radii Measurements from Six
Probes. The cone angle, θfast, sampled by each type of probe

molecule is plotted against the length of the probe (distance
between the centers of the two contacting moieties) in Figure
7. It can be observed that all six vibrational probes follow the
same trend with a linear relationship. Going from PhSCN to p-
IBZN, the molecule becomes considerably longer and the
measured θfast is smaller. This is consistent with the picture that
in a cylindrical element with a fixed radius, a longer stick can
rotate through a smaller angle before the cylinder wall restricts
it.

So far, we have discussed the modeling schemes for the p-
XBZN and PhSeCN/PhSCN probes. The only parameters left
to convert the cone angles to FVE radii are the van der Waals
(vdW) radii of the moieties that contact the walls of the FVE
(see Figures 5 and 6).42 Previously, the vdW radii used were
based on the length recommended by Bondi from 1964,64

which were determined from X-ray data and assumed to be
isotropic. The updated considerations for the choices of vdW
radii are presented here.

It has been known from thorough charge distribution
analysis and statistical analysis that the vdW radii of atoms in
bonded molecules are anisotropic and the transverse radii (Rt)

Figure 5. Two possible contact models of p-XBZN probes inside a
cylinder. (A) The nitrogen and the halogen contact the FVE. This
scenario is adopted to model p-XBZN probes because it produces the
largest angle. (B) Two hydrogens contact the FVE.

Figure 6. Two possible contact models of PhSeCN/PhSCN inside a
cylinder. (A) The Se/S and para-hydrogen contact the FVE. This
scenario is adopted for modeling PhSeCN/PhSCN since it produces
the largest angle. (B) The nitrogen and the para-hydrogen contact the
FVE.

Table 1. Model Parameters for Converting Fast Cone
Angles to FVE Radiia

vibrational probes l (Å) Δr1 (Å) Δr2 (Å)

PhSCN 5.67 2.03 (S) 1.0 (H)
PhSeCN 5.81 2.12 (Se) 1.0 (H)
p-FBZN 6.69 1.75 (F) 1.95 (N)
p-ClBZN 7.11 1.94 (Cl) 1.95 (N)
p-BrBZN 7.27 2.05 (Br) 1.95 (N)
p-IBZN 7.50 2.54 (I) 1.95 (N)

al is the length of the molecules between the center of the two
moieties that contact the FVE walls; Δr1 and Δr2 are the vdW radii of
the atoms that collide with the FVE walls.
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are always larger than longitudinal radii (Rl).
65,66 The

difference between Rt and Rl can be as large as 0.7 Å;67

therefore, it is critical to include the effect of the anisotropy
when considering the vdW radii of the atoms contacting the
FVE surface. For p-XBZN probes, the N and the halogen at
each end of the molecules contact the FVE walls in the
transverse direction to their respective chemical bonds. In
PhSeCN/PhSCN molecules, the transverse vdW radii should
be used for hydrogen in the para-position for the same reason.
However, because the Se and S atoms are bonded to two
carbons with close to 90° angle between them, the average of
Rt and Rl is appropriate. For isolated vibrational probe
molecules occupying polymer FVEs, the environment around
the probes is closer to the gas phase than densely packed
molecular crystals because polymer FVEs are considered
unoccupied space formed by imperfect packing.68 For this
reason, the vdW radii used for the updated model are from gas-
phase measurements when available. For Cl, Br, and N atoms,
the transverse vdW radii values determined by Batsanov in
1998 are used, which are measured on X2 molecules using a
series of noble gases.69 Given that F, S, and Se data are not
available from the same source, the semiempirical estimates
from equilibrium vdW radii are used, which are the closest
values to the noble gas measurements.70 The same semi-
empirical estimate is used for iodine because accurate
experimental measurements of iodine are unavailable. The
vdW radius of hydrogen varies dramatically from source to
source.64,71 In addition, hydrogen is a unique case, where the
vdW radius would decrease when it is bonded to carbon.67 The
most appropriate data to use is the measurement of the H−H
contact distance between two aromatic rings.64 The vdW
radius values used are given in Table 1.

Using the updated vdW radii, the θfast measured with the six
probes can be converted to the FVE radii using eq 7. The
results shown in Figure 8 are the polystyrene FVE radii. The
average of the six points is 2.81 ± 0.02 Å.

This value is the radius at the peak of the absorption
spectrum. The large error bar for the p-IBZN probe is caused

by its short lifetime, which limits the range of data that can be
collected.

The most important aspect of Figure 8 is that six different
probes give the same FVE radius within experimental error.
The probes have different lengths and different geometries.
Four might be termed straight, while two are bent. Two have
internal rotation (discussed below), while the other four do
not. These results are a rigorous test and confirm the ROAM
method. Although some aspects of the methodology have been
improved, the basic principles underlying ROAM have not
changed since the initial presentations.42 It is important to
state that determining the cone angles from the anisotropy
measurements does not depend on assumptions. Modeling
comes in when the cone angles are converted to radii. Here, we
present more accurate methods of assigning the molecular
ruler length for probes with different geometries.

The results presented in Figure 8 strongly support a
fundamental assumption of the method: the ensemble average
FVE shape is cylindrical on a length scale that is at least
somewhat longer than the longest probe molecule studied. The
FVEs cannot be spheres for the following reasons. If the length
of the probe was smaller than the sphere radius, it would be
able to sample all angles. If the length of the probe was larger
than the sphere radius, it would essentially be unable to sample
any angles. As stated above, the ensemble average at a given
wavelength is associated with a particular cylindrical radius.
However, the surface will not be smooth. As discussed below,
there is evidence for surface roughness.

5.4. Internal Rotations. In PhSeCN, the nitrile group can
rotate around the C(Ph)-Se bond if the rotation barrier is small
enough. The internal rotation of CN can create anisotropy
decay that is not due to the wobbling motion that samples the
FVE size, as discussed above. Such internal rotation might
complicate the ROAM measurements. One important question
needs to be answered. Does internal rotation depolarization
interfere with the method described above? In this section, it is
demonstrated that, although internal rotation does happen for
PhSeCN-like molecules, the amplitude of the internal rotation
is not large enough to contribute to θfast that is used to
determine the FVE size. To this end, PhSeCN and PhSCN are
compared. As shown in Figure 8, these two probes yield the

Figure 7. Cone angles θfast vs the probe molecular ruler length. A
longer probe produces a smaller θfast cone angle. The length of the
probe is the distance between the centers of two atoms that contact
the FVE walls.

Figure 8. FVE radii from the cone angles for each probe at its FTIR
absorption peak frequency. All six probes produce the same FVE
radius within error with an average of 2.81 ± 0.02 Å. The red line is a
guide for the eye.
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same size FVE and are the same as the other four probes that
do not have an internal rotation.

PES calculations for PhSeCN and PhSCN were performed
with DFT to determine the barriers for internal rotation
(Figure S8). The maximum energies of the PES are the
internal rotation barriers, which are 0.34 kcal/mol for PhSeCN
and 0.07 kcal/mol for PhSCN. The two rotation barriers are
very different but both are below RT at 298 K (0.59 kcal/mol).
Therefore, the energy barriers are not large enough to prohibit
internal rotation. In contrast, the geometries of the p-XBZN
probes do not permit internal rotation. In Section 5.2, we have
shown that the first exponential decay of p-ClBZN comes from
the confinement effect of the FVEs because, in the absence of
confinement, the decay is a single exponential (see Figure S7).
Therefore, the first exponentials of PhSeCN and PhSCN have
contributions from both the confinement effect by the FVEs
and internal rotation. If the internal rotation determines the
fast cone angle, one would see significant differences among
radii measured by PhSeCN, PhSCN, and radii measured by the
p-XBZN probes as they have drastically different internal
rotation characteristics. Therefore, the data demonstrate that
θfast is determined by the WIAC sampling instead of internal
rotation. Internal rotation does occur for PhSeCN and PhSCN
molecules, but the range of angle sampled by the internal
rotation is smaller than the cone angle from the wobbling
motion.

Internal rotation does play a role in the rate of angular
sampling. When comparing the PhSeCN and PhSCN time
constants that give rise to θfast and the slower long-time decay
constants, we see that both time constants for PhSCN are
significantly faster than those for PhSeCN. This phenomenon
can be attributed to PhSCN having a smaller internal rotation
barrier, making it much more mobile inside a highly confined
FVE, and enabling it to sample the same-sized FVE faster, as
seen qualitatively from Figure 6. In part B, the probe is against
the FVE surface but in a configuration that does not sample the
largest angle. To get to the configuration in A without internal
rotation requires thermal angular fluctuations that move the
probe from being pinned against the wall, as in B. Rotation of
the −SCN moiety releases the probe from its B configuration
without the entire molecule rotating. This will speed up the
search of all angular configurations, allowing for the A
configuration to be found more rapidly. PhSCN has a lower
barrier than PhSeCN. Therefore, the internal rotation will
sample a range of angles faster, resulting in a faster decay of the
fast anisotropy to the order parameter that yields θfast. The
important point is that it is not the rate of angular sampling but
the maximum cone angle sampled that is used to determine the
FVE radius.

5.5. Slow Cone, θslow. The anisotropy data for all six
vibrational probes exhibit biexponential anisotropy decays,
independent of whether the probe has internal rotation. The
fast decay (<10 ps) is attributed to the angular sampling of the
immediately accessible space (FVE). Different probes generate
different θfast values (see Figure 7) on the short time scale
because of the different molecular ruler lengths. Similarly, the
slow decays of PhSCN, PhSeCN, and p-ClBZN also sample
different additional angular ranges, θslow, which are 9.1 ± 1.1,
8.0 ± 0.6, and 4.0 ± 0.7°, respectively. (Of the halogenated
probes, only p-ClBZN has a long enough lifetime to get
reasonable longer time data.) However, the percent changes in
the angular ranges sampled are the same within error, which

are 34 ± 4, 32 ± 2, and 28 ± 5% for PhSCN, PhSeCN, and p-
ClBZN, respectively.

In the initial development of ROAM, which used only
PhSeCN as the vibration probe, the slow anisotropy decay was
ascribed to changes in accessible angular space caused by shape
and center position fluctuations that did not change the
ensemble-averaged size of the FVE. The slow decay time
constant, ∼150 ps, was attributed to the time required for the
FVE shape fluctuations to occur by, e.g., side group and short-
chain segment movements.42,43 However, the slow decay time
constant for PhSCN reported in this work is ∼30 ps, much
smaller than that for PhSeCN (∼150 ps). Therefore, the time
constant cannot be associated with the shape and center
dynamics time, which would be independent of the probe. The
comparison between PhSCN and PhSeCN shows that the slow
decay time constant is not a measurement of polymer
dynamics per se but instead involves the angular sampling
rate of the specific probe. Nevertheless, the anisotropy data
(Figure 2) unambiguously shows the existence of additional
angular sampling at a rate ≥10 times slower than the fast
angular sampling that determines the FVE radii.

Based on the existing evidence, we propose a new model for
slow anisotropy decay. As in the original model, the walls of
the FVEs should not be viewed as static. Quasielastic neutron
scattering has demonstrated that the phenyl rings of atactic
polystyrene below Tg can undergo orientational motions
coupled to the main chain movements on multipicosecond
time scales.72 Similar dynamics are also observed for
poly(methyl methacrylate)73 and other polymers. These
motions will cause fluctuations of the FVE surface topography
around the average configuration. At short times, the probes
sample the ensemble average configuration that is immediately
accessible, which reports θfast, yielding the FVE radius. On the
longer time scale, the fluctuations of the FVE surfaces open an
additional angular space, but this space is transitory. For
example, a thermal fluctuation causes a side group to move out
of its lowest energy configuration into a new configuration that
opens up angular space not sampled on the short time scale of
θfast. After a short time, the new configuration returns to its
original configuration. In the initial sampling that gives θfast, the
probe is unlikely to find these transitory spaces. However, as
the sampling continues, and with enough time, the topography
fluctuations are encountered, which causes the probe to sample
a larger angular space. There are also topographical
fluctuations that transiently reduce the angular space. But
these blocked spaces have already been sampled, so they do
not cancel out newly opened spaces. For the short-time
anisotropy decays that determined θfast, PhSCN had fast
orientational relaxation because of the facile internal rotation
of the SCN moiety. The faster sampling by PhSCN will occur
on a long time scale, so it finds the topographical fluctuations
more rapidly.

Consider walking quickly around a room, rolling a
measuring wheel along the walls, as a rough analogy. There
are closet doors, but the doors are closed, except for occasional
brief openings. In the first circumnavigation of the room, the
measuring wheel will measure its perimeter, as it is unlikely to
encounter an open door. However, if many trips around the
room are made, then some open doors will be encountered.
The measuring wheel will trace out the walls inside the closets,
adding to the measured perimeter.

Different probe lengths give rise to different fast decay times
and θfast values but yield the same radius. Different probe
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lengths give rise to different slow decay times, but the same
percent change in the angular range sampled within
experimental error. The measurements are independent of
which probe is used. However, as discussed in the next section,
some probes are more useful than others.

5.6. Selecting a Probe for ROAM. In this work, we
employed six different vibrational probes of varying sizes and
geometries for ROAM measurements. The six probes yielded
the same FVE radius within experimental error. The
investigation of the six probes resulted in a more accurate
model of probe geometry and molecular ruler length, although
the basic ROAM method is unchanged. The original
experiments used PhSeCN as the probe,16,42,43 which is still
the best choice for practical applications in various polymers
because of two important features: lifetime and solvent
coupling. In the PSPP experiment, the vibrational excited
state lifetime needs to be longer than the orientational
relaxation of the probe to achieve good data quality across
the entire time window. This is especially a problem for p-
FBZN, p-BrBZN, and p-IBZN, which have insufficiently long
lifetimes to measure the slow cone accurately. p-ClBZN has a
longer lifetime, but it is not long enough to accurately
determine the second slow decay component. In contrast,
PhSeCN has a lifetime significantly longer than that of the
other probes (∼400 ps), which ensures high-quality data
collection beyond 600 ps. PhSCN also has a sufficiently long
lifetime but shorter than PhSeCN. The long lifetime of these
probes arises because the heavy atom effectively decouples the
CN stretch from the high density of internal vibrational modes
of the phenyl ring.50,74

The free volume element RPD is determined from a
combination of the probe frequency distribution, i.e., the FTIR
spectrum, and the PSPP measurement at each frequency.
Therefore, to generate an accurate RPD, the different FVE
sizes must be correlated to the probe frequency and broadly
distributed across the CN absorption spectrum. This strong
size-frequency correlation occurs when there is a large CN
vibrational Stark coupling constant and a relatively weak
frequency coupling to other intermolecular interactions.
Experimental studies have measured the PhSeCN Stark
coupling constant and the non-Stark coupling of the medium
to the frequency.42,62 Prior studies have shown that the electric
field experienced by a probe in an FVE is directly related to the
FVE size. The electric field becomes larger as the size
decreases, and the vibrational Stark effect shifts the vibrational
frequency to a lower frequency. Benzonitrile probes have much
smaller Stark coupling constants and a larger non-Stark
coupling of the frequency to the environment compared to
PhSeCN.62 The result is that the benzonitrile probes measure
very similar FVE radii across the entire CN FTIR spectrum.
Therefore, PhSeCN is an excellent vibrational probe for
ROAM studies because of its long vibrational lifetime and
strong Stark coupling. In addition, it is commercially available
at a reasonable cost. Although other modes, such as
carbonyls,75 have strong Stark coupling, it is difficult to find
small molecules with a mode with both strong Stark coupling
and a long lifetime.

5.7. Polystyrene Radius Probability Distribution. With
the updated model for PhSeCN, the FVE RPD in polystyrene
has been recomputed using the new molecular ruler para-
metrization. The RPD is shown in Figure 9. The highly non-
Gaussian distribution has the peak of the distribution at 2.7 Å
and an average radius of 2.94 Å. For comparison, two separate

PALS measurements of amorphous polystyrene resulted in
similar annihilation lifetimes of 2.0423 and 2.06 ns,36 which can
be converted34,35 to average FVE radii of 2.88 and 2.90 Å,
respectively. The average FVE radius of polystyrene from the
ROAM measurements is remarkably close to the PALS result.
Additionally, atomistic MD simulations of neat polystyrene
have been conducted previously.76 The simulation study
produced a quantitative agreement with the PALS measure-
ments and the ROAM measurements reported here on
polystyrene FVEs. Furthermore, it showed that the shapes of
the FVEs were far from spherical, which is a basic component
of PALS analysis.

As discussed above in connection with Figure 8, the value
determined by the six probes, 2.81 ± 0.02, was obtained using
measurements of the peaks of their FTIR spectra. This value is
different from the average value because the RPD is non-
Gaussian. The average radius of the RPD reported here is
smaller than the previously published one43 because of the
improved molecular ruler. The shapes of the RPDs are very
similar to a long tail extending to large radii. Although the
model for converting the fast cone angles to FVE radii has
been updated here, the comparisons made in a previous
publication16 depended only on RPD shapes for several
polymers. The change in the molecular ruler length does not
affect comparisons among θfast, which are the direct
experimental observables independent of the choice of the
ruler length.

6. CONCLUDING REMARKS
In this paper, we have presented a rigorous test of ROAM by
comparing the results of six different probe molecules in the
same polymer, polystyrene. We prove the basic concept that
underlies ROAM by using six different probe molecules with
different lengths, geometries, and extents of internal rotation.
The six probes sample different angular ranges on different
time scales but result in the same FVE radius, within a small
experimental error, when the differences in the molecular ruler
length are accounted for (Figure 8). These results confirm the
accuracy and efficacy of ROAM.

An interesting question is whether the solvent-casting
process causes the polymer chains to organize around the

Figure 9. Radius probability distribution of polystyrene was measured
with PhSeCN. The average radius is 2.94 Å, with the peak of the
distribution at 2.69 Å.
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probes, resulting in the probes generating the sizes of the FVEs
that they measure. Three pieces of information presented
above show that this is not the case. Because these three items
are spread throughout this work, it is worth recapitulating
them here. First, the six probes are of different sizes and
shapes. If the measured FVE size is determined by the specific
dimensions of the vibrational probe used for the measurement,
then the six distinct probes investigated in this study would
result in different FVE sizes. As shown in Figure 8, analysis of
the data for the six probes, based on their sizes and shapes,
gives the same FVE size within a very small error. Second, in
the discussion of the sample preparation, it was noted that
during the drying process in a vacuum oven used to remove
the solvent at temperatures kept below Tg, ∼50% of the probe
molecules diffused out of the sample. As the samples were
thick, ∼250 μm, the probes moved long distances from the
locations they had at the end of the solvent casting process.
Therefore, the probes did not occupy the FVEs created during
sample preparation. Third, as discussed in connection with
Figure 9, the average FVE size measured by ROAM is within a
few hundredths of an Angstrom of the size determined by two
independent PALS measurements. The PALS measurements
are made on samples that do not have ROAM probe
molecules, eliminating the possibility that the probes produced
the size of the FVEs that were measured.

If bigger and bigger probes are put into the polymer until the
sizes of the probes are too large to fit into the pre-existing
FVEs, then one would observe less and less anisotropy decay
until the anisotropy becomes almost flat. Only a small degree
of anisotropy decay would occur because the vibrational
probes are severely restricted in the polymer matrix, rather
than in FVEs, and cannot undergo significant orientational
relaxation.

We advanced the methodology given in the initial
presentation of ROAM by treating several issues that had
not been examined previously. An important new aspect of this
work is the significant improvement in determining the
molecular ruler length of probes having different geometries,
including the vdW radii of the contacting moieties. These
advances did not change the ROAM technique but made it
significantly more accurate. The accuracy of the new molecular
ruler length is confirmed by obtaining the same FVE radius
with six probes. Another important component of this work
was demonstrating that internal rotation around the moiety
containing the CN group, on which the IR measurements are
made, did not change the FVE size determination. Internal
rotation can speed up angular sampling, which changes the
time dependence of the observed anisotropy decays. However,
the time dependences of the decays are not used to obtain the
FVE radius. The range of angles sampled by the probe
molecules was analyzed to obtain the FVE radius. The radii
obtained by ROAM analysis were the same for probes with and
without internal rotation.

Another important outcome of this work is that we
demonstrated the ensemble-averaged FVE shape is a cylinder
on a length scale somewhat longer than that of the longest
vibrational probe. The appropriateness of the cylindrical model
is confirmed by the fact that probes with different lengths yield
the same FVE radius. This finding could inform the FVE shape
modeling employed in other techniques such as PALS.

Finally, two other aspects of ROAM are worth recapitulat-
ing. The method has no assumptions through the steps of
determining the cone angles. Determining the cone angles

from PSPP measurements of the anisotropy is widely used to
analyze fluorescence depolarization measurements and NMR
experiments. Furthermore, since ROAM does not require any
assumptions about the chemical environment surrounding the
probes, it is a valuable method for directly comparing different
polymer systems.
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