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ABSTRACT

The rotational anisotropy of a molecule in a constrained environment is modeled by wobbling-in-a-cone (WIAC) motion, which describes
the angular space sampled by the molecule. Recent polarization-selective IR pump-probe measurements have applied this model to phenylse-
lenocyanate in amorphous polymers, aiming to probe the surrounding free volume. A faster rotational timescale was hypothesized to reflect
the angular space within the static voids of the polymer matrix, while a slower timescale relates to constraint release by the polymer backbones.
To better quantify the contributions of internal bond rotation and polymer segmental motion, we conduct molecular dynamics simulations
on two phenylselenocyanate variants with different internal rotational barriers, as well as on p-chlorobenzonitrile, which lacks such internal
rotational freedom, within a polymer matrix. Our analyses reveal that the faster (~10 ps) component of the cyano group’s anisotropy decay
arises from concurrent angular sampling due to internal bond rotation and WIAC motion. Conversely, polymer segmental motion was found
to have a minimal influence on the slow (~200 ps) anisotropy component. Based on these findings, we refine the WIAC model to better link
rotational diffusion with the distinct free volume elements accessed by the probe molecule. This revised model allows the quantification of
free volume elements associated with both internal bond rotation and wobbling motion within the polymer cage.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0239896

I. INTRODUCTION mechanism for the probe, constrained by the persistence of the cage
around the molecule. The restricted rotational motion within such

a highly caged environment was first theoretically modeled by the

The reorientational relaxation of a molecule in a condensed
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phase is particularly sensitive to the magnitude and timescale of
the friction exerted by the surrounding solvent cage."”” In a low-
viscous medium, where the solvent cage is transient, the rotational
diffusion of the probe molecule obeys the Stokes-Einstein-Debye
(SED) type mechanism, exhibiting a single-exponential decay of
its reorientational time correlation function (TCF).”* However, in
high-viscous media, such as room-temperature ionic liquids, con-
centrated electrolyte solutions, and amorphous polymers, the slow
dynamics of the solvent molecules result in a long-lasting solvent
cage around the probe. This leads to a complex reorientational

wobbling-in-a-cone (WIAC) motion,” specifically developed for
fluorescence depolarization and nuclear magnetic resonance (NMR)
experiments. In this model, the diffusing probe can only sample a
limited range of angular space until it encounters the wall of the sur-
rounding solvent cage. Once the cage relaxes, the probe molecule
can explore a larger angular cone, determined by the available free
space around it.

In recent studies”” using polarization-selective IR pump-probe
(PS IR-PP) measurements on the cyano (-CN) chromophore
of phenylselenocyanate (PSC), a vibrational probe embedded in
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poly(methyl methacrylate) (PMMA), the orientational relaxation
process (anisotropy decay) of the probe molecule within the poly-
mer matrix was quantitatively measured by combining the parallel
(I}) and perpendicular signals (),

_h-n
r(t) = 2L 0.4Cy (1), (1)

where C,(t) is the rotational time correlation function. Their anal-
ysis, based on the WIAC model, resulted in a bi-exponential decay
with an offset in the reorientational time correlation function,

Co(t) = sé{s{ +(1- sf)e*f/“}{si +(1- si)e*f/ﬁ}. @)

The time constants 7; and 7, were attributed to the orientational
decay of the probe molecule inside the persistent cage (first diffu-
sive cone) and the process of releasing the cage constraint due to the
polymer’s segmental motions (second diffusive cone). Their fitting
analysis of the experimentally measured C,(t) yielded 7, and 7, time
constants of ~10 and ~200 ps, respectively. The amplitude factors
S%, $2, and S% are the order parameters associated with the motion
of the probe due to ultrafast inertial dynamics, dynamics within the
first diffusive cone, and dynamics within the second diffusive cone,
respectively.

The cone half-angles (6;) sampled by the probe molecule within
the free volume element (FVE) of the polymer matrix are related to
the extracted order parameters by the following equation:

Si = %cos(@i)(l +cos (6:)). (3)

Here, 6y, 6;, and 6, are the half-cone angles sampled by the
probe molecule, corresponding to the reorientational mechanism
described by the WIAC model. The effective half-cone angle 6y,
derived from the cumulative order parameter SoS, represents the
angular space sampled using the vibrational probe within the static
FVE of the polymer. The total angular space sampled after the con-
straint is released, which is described by 6; from the cumulative
order parameter SpS:S,, corresponds to coupling with the poly-
mer segmental motion. These half-cone angles can be related to the
cylindrical FVE around the probe using

ri = asin(6;) + Ar, (4)

where 7; is the radius of the base of the cylindrical FVE, Ar is the van
der Waals radius of the most distant atom from the center-of-mass
(COM) of the probe molecule (para-hydrogen in the case for PSC
with a value of 1.2 A), and a is the distance of that atom from the
center-of-mass (3.15 A for PSC). Assuming 0o+ to be the half-cone
angle sampled by PSC within the static FVE, (r) was calculated to
be ~3.0 A, in excellent agreement with values reported by positron
annihilation lifetime spectroscopy (PALS).""

PSC, characterized by a bend around the Cp,—Cpp-Se-CN
dihedral, can undergo internal bond rotation, contributing to the
rotational anisotropy decay of the —-CN bond vector independent of
the WIAC motion within the FVE. To account for this, a series of
-CN containing vibrational probes with varying degrees of inter-
nal bond rotation relative to the phenyl ring were subjected to

ARTICLE pubs.aip.org/aipl/jcp

PS IR-PP measurements in a polystyrene polymer matrix.!! The
resulting FVE estimations were consistent across different vibra-
tional probes, confirming the robustness of the method.

In a recent study,”” we aimed to explore the relationship
between the FVE and water permeability in a series of biocom-
patible polymers with structurally similar yet functionally distinct
side chains—PMMA, poly(2-phenoxyethyl acrylate) (PPEA), and
poly(2-methoxyethyl acrylate) (PMEA). Analogous PS IR-PP exper-
iments using the PSC probe revealed very similar (6o+1) values in
all three polymers:'? 22.1° in PMMA, 26.6° in PPEA, and 26.5° in
PMEA. This raised the question of whether 6y is solely associated
with the wobbling motion of PSC within the static FVE of the poly-
mers or whether it also results from similar internal rotation of the
-SeCN group around the Cpp—Cpp—Se-CN dihedral.

To investigate this further, we conducted experiments using
two additional PSC variants, 2-methylphenylselenocyanate (MPSC)
and 2,2-dimethylphenylselenocyanate (DMPSC), embedded in
PMMA. These probes differ in the torsional barrier around the
Cpn—Cph—Se-CN dihedral due to the increasing number of ortho-
substituted methyl groups. The short-time rotational anisotropy
dynamics of the nitrile group was found to be approximately 5-6
times slower in MPSC (28.7 + 1.4 ps) and DMPSC (31.9 + 1.8 ps)
compared to PSC (4.8 + 0.5 ps), indicating the significant role of
internal rotational fluctuations in anisotropy decay.

Another recent experimental study investigated the influence
of internal bond rotation on the anisotropy decay of CN-containing
vibrational probes, including p-chlorobenzonitrile, phenylthio-
cyanate, phenylselenocyanate, and 2-nitrophenylselenocyanate,
in an N,N-dimethylformamide (DMF) solvent using PS IR-PP
techniques.'” They found that, except for p-chlorobenzonitrile, the
other probes exhibited a bi-exponential anisotropy decay. The faster
time component was attributed to intramolecular bond rotation
around the dihedral connecting the phenyl group to the chro-
mophore, while the slower component was related to the complete
randomization of the transition dipole moment vector due to full
diffusive molecular reorientation in the low-viscous, minimally
caging DMF solvent. Para-chlorobenzonitrile, lacking such internal
bond rotation, displayed only a single-exponential anisotropy decay
attributed to its diffusive molecular reorientation. Applying the
WIAC model to the bi-exponential rotational anisotropy decay of
the three molecules yielded (0o+1) values of 29.5 + 9.9°,22.3 + 1.4°,
and 22.2 + 2.1° for phenylthiocyanate, phenylselenocyanate, and
2-nitrophenylselenocyanate, respectively. These values were
inversely related to the torsional barrier around the Cp,-Cpp-X-CN
(X = S or Se) dihedral. However, it is important to note that the
(B0+1) values for PSC in both DMF and PMMA are nearly identical.
This observation underscores the need to quantify the extent of
internal bond rotation on the anisotropy decay of PSC to accurately
determine the FVE around the probe.

Based on the preceding discussions, we recognize the necessity
of directly quantifying the amplitude of internal bond rotation and
the effect of solvent cage relaxation on the rotational anisotropy of
vibrational probes within a polymer matrix. In this study, we exam-
ine the impact of internal bond rotation on the rotational anisotropy
of PSC, DMPSC, and p-chlorobenzonitrile (CIBZN) probes embed-
ded in the PMMA polymer, using classical molecular dynamics
(MD) simulations. We provide direct estimates of the magnitude
of internal bond rotation and the coupling between the polymer

J. Chem. Phys. 161, 214112 (2024); doi: 10.1063/5.0239896
Published under an exclusive license by AIP Publishing

161, 214112-2

6€:81:90 G20z Atenige €0


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

segmental motion and the long-time component of anisotropy
decay. Finally, based on these results, we propose a theoretical
model for the reorientational relaxation mechanism of the PSC
probe within a highly rigid polymer framework, offering a roadmap
for using the PS IR-PP technique to accurately identify the FVEs
associated with different reorientation timescales.

The remainder of this paper is structured as follows: Sec. Il
describes the MD simulation model and methodology. Section III
presents the results and discussion, focusing on the influence of
the potential of mean force (PMF) of the Cpy—Cpp-Se-CN dihe-
dral on the simulated rotational anisotropy of the probes, the direct
contribution of internal bond rotation to anisotropy decay, and the
coupling between the simulated polymer segmental motion and the
rotational motion of the probe molecule. Section IV introduces the
theoretical framework of the rotational anisotropy mechanism of
the probe, along with a brief calculation of FVEs sampled using the
PSC probe. Finally, the key findings of this study are summarized in
Sec. V.

Il. METHODOLOGY AND SIMULATION DETAILS
A. Quantum chemical calculations

The potential energy surface (PES) scan for the PSC and
DMPSC probes around the Cp,—Cpp—Se-CN dihedrals in an implicit
PMMA polymer solvent (using the SMD solvation model'*) was
carried out at the B3LYP/6-311++G(D,P) level of theory, using
Gaussian 16."

B. Molecular dynamics simulations

To ensure a well-sampled phase space trajectory beyond the
limitations of a standard MD protocol, ten different initial config-
urations were generated. Each configuration consisted of 12 PMMA
chains dissolved with a single vibrational probe (PSC, DMPSC,
or CIBZN), generated using the CHARMM-GUI package.'”'” We
selected PMMA chains built up with 100 monomer units as our rep-
resentative polymer. The initial configurations of the polymer and
the initial positions of the vibrational probes varied. Fixed-charge
non-polarizable CHARMM force field parameters for the polymer
were directly obtained from the CHARMM-GUI package, while the
fftk package'® was used to derive CHARMM force field parameters
for the vibrational probes, particularly for site charges on heavy
atoms and torsional parameters for the Cpp,—Cpn—Se-CN dihedral.

Classical MD simulations were performed with the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package."” Energy-minimized initial configurations, obtained via
a conjugate gradient search algorithm, were subjected to a 10 ns
NPT run at 300 K and 1 atm pressure using a Nosé-Hoover ther-
mostat and barostat,’’ with 1 ps temperature and 2 ps pressure
damping parameters, respectively. Subsequently, an NVT run on
each density-equilibrated configuration was carried out at 300 K
for 20 ns. The equations of motion were integrated using the Ver-
let method with a 2-fs time step. Bonds involving hydrogen atoms
and angles flanked by two hydrogen atoms were constrained using
the Self Holonomic Algorithm for Keeping Equilibrium (SHAKE)
algorithm.”! Periodic boundary conditions were applied in all three
dimensions, and intra- and intermolecular interactions were calcu-
lated using the standard functional form of the CHARMM force

ARTICLE pubs.aip.org/aipl/jcp

TABLE I. van der Waals volumes and principal components of inertia for PSC,
DMPSC, and CIBZN.

Probe Vg (A%) Ii(kgm®) Iz(kgm®)  Ic (kgm?)
PSC 131.55  3.46x107% 1.19x10™ 124 x10™
DMPSC 16670  6.86x 107" 126x107* 154x107*

field. Coordinates were stored with a 4-fs resolution to compute time
correlation functions from the last 10 ns of NVT trajectories. To val-
idate the derived force field parameters for the vibrational probes,
the simulated density at 300 K and 1 atm for a system consisting of
256 PSC molecules was calculated to be 1.40 g/ml, in good agree-
ment with the experimental value of 1.48 g/ml. The molecular van
der Waals volumes and principal components of inertia for PSC and
DMPSC are shown in Table I. The data clearly show that the larger
inertia of DMPSC restricts its rotational motion, thereby reducing
the anisotropy of the —~SeCN unit to a greater extent than PSC.

To eliminate molecular size effects on the simulated rota-
tional anisotropy, additional simulations were conducted on a series
of configurations in PMMA with a PSC probe. In these simula-
tions, the torsional coefficients around the Cp,—Cp,—Se-CN dihe-
dral were adjusted to mimic the potential energy barrier for DMPSC
around the same dihedral, while keeping the atomic site charges and
Lennard-Jones parameters unchanged. This modified PSC model
will be referred to as “mimic DMPSC.” Furthermore, to decouple
the timescale of the internal rotation of the -SeCN unit around the
Cph—Se bond from the overall molecular rotation, a set of simula-
tions was performed with PSC and DMPSC, where the phenyl ring
atoms were kept frozen (by initializing the ring atom velocity com-
ponents to zero and setting the computed force components on each
of the ring atoms to zero at each time step), while allowing the
remaining bath atoms (the polymer and the —-SeCN unit) to move.
These model simulations will be referred to as “frozen ring” systems
in the following.

lll. RESULTS AND DISCUSSIONS
A. Potential energy surface of internal bond rotation

Since CIBZN lacks internal bond rotation that could affect the
rotational anisotropy of the CN bond vector, our analysis focuses
on the PSC and DMPSC molecules. The torsional barrier for the
internal rotation of the —-SeCN moiety around the Cpp-Cpy-Se-CN
dihedral, derived from B3LYP/6-311++G(D,P) calculations with an
implicit PMMA solvent, is shown in Fig. 1(a). The molecular struc-
tures of the vibrational probes and the Cpp—Cpn—Se-CN dihedrals
(highlighted in orange) subjected to the potential energy surface
(PES) scan are displayed next to their respective potential curves. For
PSC, the estimated barrier height for internal rotation is 2.78 kJ/mol,
which is slightly above the thermal energy at room temperature.
In contrast, methylation at the ortho positions of the phenyl rings
increases this barrier height to 19.66 kJ/mol for DMPSC. These
quantum chemical (QC) calculations indicate that increased steric
crowding at the ortho positions results in higher activation energy
for the -SeCN group to rotate around the Cpp—Cpp—Se-CN dihe-
dral. Since the torsional barrier for PSC is close to the thermal
energy at room temperature, calculations using an implicit solvent
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FIG. 1. Comparisons of (a) potential energy surfaces from B3LYP/6-311++G(D,P)
calculations with the SMD model for PMMA and (b) potentials of mean forces
(PMFs) calculated from the unbiased molecular dynamics trajectories for PSC and
DMPSC in an explicit PMMA matrix for the internal rotation of the —-SeCN moiety
around the Cp,—Cpr—Se—CN dihedral.

model imply that the timescale for this internal bond rotation is
likely fast compared to the wobbling motion of the probe, leading
to a negligible contribution to the overall anisotropy decay of the
—-CN chromophore.

MD simulations provide a more realistic estimation of the
potential energy barrier for internal bond rotation in an explicit
PMMA solvent by calculating the potential of mean force (PMF)
from the probability distribution [P(¢)] of the Cpy—Cpp-Se-CN
dihedral angle (¢), relative to the maximum of the distribution

[Pmax(¢)]

Pmax(¢)
P(¢) ’

PMF = kgT log (5)

where kg and T are the Boltzmann constant and temperature,
respectively. Here, P(¢) is computed from the full dynamics of the
probe molecule, sampling the maximum possible angular space due
to internal bond rotation. Figure 1(b) shows a comparison of the
potential barrier heights for the internal rotation of the -SeCN group
around the phenyl ring for the two probes simulated in PMMA.
Since these calculations were performed using unbiased MD trajec-
tories, the PMFs cover only the range of dihedral angles sampled due
to the internal rotation of the —-SeCN unit. For PSC, the PMF samples
the entire angular space around the dihedral, resulting in a barrier
height ~6.0 times larger in the condensed phase compared to the
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quantum chemical (QC) PES results. In contrast, DMPSC, with sym-
metric ortho substitutions, exhibits a large torsional barrier height
of 24.45 kJ/mol, which is about 1.24 times larger than the value
obtained from QC PES scans. This indicates that the PMF of internal
bond rotation in PSC is more sensitive to the free volume element
(FVE) interacting with the -SeCN unit due to explicit atomistic
interactions with the polymer matrix, whereas the PMF of DMPSC is
predominantly influenced by intramolecular steric interactions. The
comparison of PMFs between PSC and DMPSC suggests that the
rate of internal bond rotation decreases with increasing steric effect.
Further discussion of the simulated rotational anisotropy across
these probes will provide additional insights into this aspect.

B. Simulated rotational anisotropy

The rotational anisotropy of the CN bond vector is described
by the second Legendre polynomial C,(t) as

(3 cos 20 - 1)

Cz(l’) = )

, (6)

where 6 is the angle between the unit vector along the CN bond at
two different times. Figure 2(a) shows a comparison of the computed
C,(t) for the investigated probes: PSC, DMPSC, CIBZN, and “mimic
DMPSC.” For the PSC variants, the computed C;(t) values are fitted
with the double exponential function, including an instantaneous

1-""'"""(a')#léxiblé""""
i — PSC
09 — DMPSC ]
— mimic DMPSC A
= ¥ — CIBZN ]
0.
06'.A.‘l.‘..l..‘.l....lt.v..w:
) 200 400 600 800 1000
Time (ps)
' ' " (b)'Frozen” T
— PSC
0.95[- — DMPSC

I ' IR S T SR S T T S PR ]
0 10 20 30 40
Time (ps)

FIG. 2. Simulated rotational anisotropy of the CN bond vector of PSC, DMPSC,
and CIBZN with (a) flexible phenyl ring and (b) frozen phenyl ring consideration in
PMMA. The TCF data are shown as dots, while the solid lines represent the fit to
the data.
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TABLE II. Fit parameters of simulated C, (t) with flexible models of the probes.
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TABLE III. Fit parameters of simulated C,(t) with “frozen ring” models of the probes.

Probe ar 8(t)(ps) ax t11(ps) az T2(ps) aas Probe ai 0(t)(ps) ax 71 (ps) ¢ T(ps) a3
PSC 0.23 0.30 0.08 7.85 0.09 202.5 0.63 PSC 0.10 0.2 0.05 9.68 574 40.60 0.85
DMPSC 0.23 0.44 0.02 27.71 0.06 606.6 0.72 DMPSC 0.07 0.2 0.02 24.52 569 33.70 0.90

Mimic DMPSC 0.19 047  0.03 1501 0.14 380.2 0.62
CIBZN . 0.10 1.05 0.07 137.28 0.76

decay component, which is modeled as a Dirac d-function for this
ultrafast inertial decay component,

Ca(t) = a1 8(t) + aze ™ + ase™™ + . (7)

The §(t) component is obtained from a single exponential fit to
the initial 1 ps component of C,(t). While fitting the time cor-
relation functions (TCFs) with a double exponential function, the
&(t)-component is kept constrained. For CIBZN, C,(t) is best fit-
ted with a double exponential function and an offset. The fits extend
until C,(t) reaches a plateau value, which in all cases samples the
time domain significantly beyond the vibrational lifetimes of the
probes. The fitted parameters for the different probe molecules are
tabulated in Table II.

Figure 2(a) shows that the simulated C,(¢) decays more slowly
with increasing methyl crowding at the ortho positions, from
PSC to DMPSC. The 7; values in Table II, corresponding to the
faster dynamics of the PSC variants, are in good agreement with the
experimental values of 4.6 and 31.9 ps, respectively. For the “mimic
DMPSC” model, C,(t) decays more slowly than in PSC, yielding a
71 value twice that of PSC. Thus, an increase in the torsional bar-
rier, whether due to steric crowding at the ortho positions of the
phenyl ring or adjustments in the torsional parameters (“mimic
DMPSC”), impedes the rotation of the SeCN unit around the Cp,—Se
bond. The simulated longer time constant, 7, matches well with
the experimental values for PSC (229.3 ps) but is twice as large
as the experimental value for DMPSC (284.5 ps). This discrepancy
may stem from limitations in force field-based simulations. Notably,
the 7, value for the “mimic DMPSC” is nearly twice that of PSC,
suggesting a difference in the magnitude of mean-squared torques
experienced by the flexible PSC compared to its conformationally
more rigid analog, “mimic DMPSC.”

For CIBZN, the 7, value corresponds to the inertial dynamics of
the molecule, while 7, represents the timescale for the WIAC motion
inside the cage. C;(t) for CIBZN decays more slowly than for the
PSC variants, which is surprising given that CIBZN has the smallest
molecular size (Vg = 115.10 A®) among these probes. A similar
scenario was observed in PS IR-PP experiments, where r(t) decayed
less for CIBZN than for PSC in polystyrene.'! This observation can
be attributed to the presence of internal bond rotation in PSC vari-
ants, leading to a faster decay of C,(t) compared to CIBZN, where
the WIAC motion is the only mechanism of anisotropy decay.

To decouple the timescale of the internal bond rotation of the
—-SeCN unit around the Cp,—Cp,—Se-CN dihedral from the overall
molecular rotation, we analyzed the computed C, () of the CN bond
vector using “frozen ring” simulations, as shown in Fig. 2(b). The
computed C,(t) exhibits an oscillatory behavior starting from 20 ps,
indicating the limiting value of C,(t) due to the librational motion

of the —-SeCN unit. These TCFs were fitted using a damped oscillator
model,

Co(t) = a10(t) + aze /™ cos(z—;t - ¢>) + as, (8)

where T and ¢ are the period and the phase angle, respectively, as
listed in Table I11. The C,(t) in Fig. 2(b) decays at a slower rate as
steric crowding at the ortho positions of the phenyl ring increases,
similar to the behavior observed in the fully flexible model of the
probes. The tabulated 7, values of this “frozen ring” model closely
match those of the fully flexible model of a given probe, consis-
tent with the PMF of internal bond rotation discussed earlier. The
limiting anisotropy value as for PSC, corresponding to an angular
space sampling magnitude of ~18.0°, aligns closely with experimen-
tal results. This observation suggests that the internal rotation of the
-SeCN unit around the Cp,—Cpp—Se-CN dihedral plays a significant
role in the rapid decay of the rotational anisotropy of the -CN bond
vector in the vibrational probes.

C. Influence of polymer segmental motion

Previous studies” suggested that the longer time component
of C,(t) for the transition dipole moment vector of PSC in PMMA
is related to the constraint release mechanism due to the dynam-
ics of the polymer backbone side chains. This mechanism allows
increased angular space sampling by the WIAC motion of the probe.
In this study, we attempt to compare the timescale of the polymer
segmental motion with 7, from the simulated C,(t) for PSC.

We modeled the polymer segmental motion using the com-
puted mean square displacement [AR*(t)] of the center of mass
(COM) of individual monomer units (r;) in the COM frame of the
polymer chain.”*”’

" This is given by

AR (1) = ([ri(t) - r:(0)?), ©)

where r;(t) and r;(0) are the position vectors of the ith monomer
at time t and zero, respectively. Figure 3(a) presents the calculated
AR%(t) for the COM of the monomers in PMMA. The monomers
barely move beyond 1.0 A over a timescale of 50 ns. We fitted the
computed AR?(t) using a slightly modified Rouse model,*

2 Rz N-17_ —p’t/Tr
AR (t) = at + <ﬂ2 ) )P — (10)
P

where the short-time behavior of AR?*(t) is proportional to
# and the long-time behavior is described by the collective Rouse
relaxation of N — 1 eigenmodes associated with the COM positions
of the monomers [ri(t)] in the polymer chain, which consists of
N beads.” (RS) in the equation represents the mean square
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FIG. 3. (a) Calculated mean square dis-
placement of the COM of monomers
(black) along with the Rouse model fit
(red) of the PMMA chains, (b) dihedral

end-to-end separation of the polymer chains (1154.13 A?). We
obtained a reasonable fit of AR?*(t) by using the above equation,
yielding a = 0.3691 A%, B = 0.0368, and a characteristic Rouse time
7R ~ 5.0 ms. This large 7r suggests that the monomers of the PMMA
chains remain almost static during the reorientational relaxation
time (72) for all the probes studied here.

To explore the dynamics of various side chains of PMMA, we
investigated the relaxation kinetics around specific dihedrals along
the polymer chain by computing the following TCF:

C(1) = {cos 8¢(t)), (11

where 8¢(t) is the difference in dihedral angle around a given
dihedral over the time interval ¢.

This TCF directly estimates the timescale for the relative
motion of the first and fourth atoms about that dihedral. These
TCFs were fitted using a tri-exponential function with an offset to
extract both short- and long-time behaviors, as described by Eq. (7).
Figure 3(b) displays TCFs for selected dihedrals (see the labels inside
the plot) and their fits. The timescales from the fit parameters are
listed in Table I'V. None of the TCFs decay more than 4% over an
elapsed time of 10 ns. The longest timescales (73) associated with
these TCFs range from 17 to 35 ns, which are significantly larger
than the slow time component (~200 ps) of the simulated C,(t) for
PSC.

Figure 3(c) further shows that the PMMA segments within
6.0 A of the PSC COM are relatively static over time. Based on the
Rouse time and torsional relaxation calculations, we conclude that
the polymer segmental motions have a minimal impact on the longer
timescale of the WIAC motion for the PSC probe.

Internal rotation
(~10 ps)

WIAC motion
(~200 ps)

relaxation TCFs for selected dihedrals
in the PMMA chain (the dashed lines
represent raw data, while the solid lines
represent the fits), (c) snapshot of PMMA
segments within 6.0 A of the COM of
PSC are superimposed at time zero and
after 10 ns, and (d) schematic of the
proposed model for the WIAC motion of
PSC in PMMA.

TABLE IV. The fit parameters correspond to the selective dihedral relaxation for
PMMA.

Dihedral 71 (ns) 73 (ns) 73 (ns)
C4-C2-C4-C2 339 x 107* 0.167 29.73
Cmb-C4-C2-C4 336 x 107* 0.182 35.22
Cz-C4-C2-C4 3.40 x 107* 0.176 32.26
0z-Cz-C4-C2 3.74x 107* 0.246 17.60
0z-Cz-C4-Cmb 391 x 1074 0.271 20.89

IV. REVISITING THE WIAC MODEL

The preceding analyses lead us to conclude that the shorter time
component (71) of C;(t) for PSC in PMMA is significantly con-
tributed by the internal bond rotation of the -SeCN unit around
the Cpp—Cpp—Se-CN dihedral, whereas the longer timescale (72) is
minimally influenced by the constraint release mechanism involv-
ing the polymer segmental motions. Consequently, we propose to
refine the WIAC model for the rotational anisotropy of the ~-SeCN
unit in PSC within PMMA by associating different components of
its motion with potential mechanistic pathways, as outlined in Secs.
IV A-IVFE.

A. Quantitative analyses of anisotropy decays

Kinosita et al.”* and, later, Lipari and Szabo’ developed the
diffusion-in-a-cone (DIAC) model to describe the fluorescence
emission anisotropy of rod-shaped cylindrical fluorophores in a
membrane. This model assumes that the probe diffuses freely
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(“wobbles”) within a cone with a half-angle 9, meaning that the equi-
librium orientational distribution function with respect to the polar
angle 0 is constant for 0 < 8 < 9 and zero otherwise. Due to molec-
ular symmetry, the orientational distribution function is assumed to
be independent of the azimuthal angle. Similarly, as shown in Refs.
8 and 9, the orientational relaxation dynamics of the CN group in
PSC trapped inside the polymer matrix can be described as WIAC
motions with varying timescales, reflecting the spatial confinement
and limited flexibility of the polymer backbones and side chains,
which restrict the rotational motions of each probe molecule in a
given free volume.

B. Inertial dynamics at short times

The experimentally measured initial anisotropy deviates from
the ideal value of 0.4. This is explained by the fact that the iner-
tial dynamics of the CN group is very fast, making it impossible
to measure its contribution to short-time anisotropy decay with
IR laser pulses of ~100 fs duration. The inertial orientational relax-
ation of the IR probe can be modeled as a WIAC motion with a
Dirac delta function-like decay, where the half-cone angle specifying
the angular space of the inertial WIAC motion is denoted as @iners.
Since the diffusive (wobbling) motion within the range of the polar
angle, 0 < 6 < Oiers, is free, the normalized orientational distribution
function is

1 0<0<86;
27'[(1 — COoSs einert) ’ T e (12)

=0, otherwise.

Pinert (6) =

Then, the limiting anisotropy and the inertial contribution to r(t)
are given by

CZ,inert(t) = Szznert + (1 - S?nert)G(t)’ (13)

where the associated order parameter Siner is
1
Sinert = E cos Ginert(l + Cos einert)- (14)

The limiting anisotropy due to the inertial WIAC motion is
S ot Measuring this order parameter provides direct information
on the cone semi-angle 8;u¢r+, which defines the radius of the cone or
the associated FVE.

C. Internal rotation of CN group

The second component contributing to the anisotropy decay is
the internal rotational relaxation of the CN group in the IR probe
molecules. The CN group can undergo internal rotation around
the single bond between the phenyl ring and the Se atom, affect-
ing the decay of r(t). The contribution of this internal rotation to
the limiting anisotropy r(oo) can be calculated as follows: when
internal rotational degrees of freedom are the only contributors to
anisotropy decay, the orientational distribution function P;(8) can
be approximately written as

1
Py (0) = m5(9 = 60)s (15)

ARTICLE pubs.aip.org/aipl/jcp

where 27 sin 6 is the normalization constant. Using the properties
of correlation functions, one can write r(co) as

F(oo0) = %(Pz(cos 9))% (16)

The average of P,(cos 0) over P(6) can be calculated, and the lim-
iting anisotropy associated with this internal rotational relaxation is
given by

r(o0) = %(Pz(coseo))z. (17)

Considering the chemical structure obtained from a density func-
tional theory (DFT)-level calculation of PSC, the angle 6y, which is
the angle between the bond axis of Cpp—Se and the CN bond axis,
is ~72°. However, this angle (72°) for calculating r(oo) should be
adjusted since the phenyl group in PSC is not infinitely heavier than
the CN group. Thus, the effective angle 6y could be smaller than
72° and can be estimated experimentally by measuring the limiting
anisotropy r( o) associated with this internal rotation together with
Eq. (17).

The time-dependence of r(t) from the internal rotation of the
CN group cannot be described by a diffusion equation of rotating
objects in a two-dimensional space due to potential energy barriers
along the internal rotational coordinate. Therefore, it is difficult to
obtain an analytical expression for the time-dependent part of r(¢)
in terms of the associated rotational diffusion constant, the viscos-
ity of the local environment, and potential energy barrier heights.
A convenient approximate expression for r(t)/r(0) resulting from
this internal rotational motion is an exponential function, i.e.,

Cair(t) = (P2(cos 60))” + (1 = (Pa(cos 60))*) exp (=t/tir), (18)

where t; denotes the decay time constant associated with
the internal rotational relaxation. Defining the associated order
parameter as

Sir =P2(C0$90), (19)
one can rewrite Eq. (18), similar to Eq. (13), as

Cz,ir(t) = S,-z, + (1 - S,Z,) exp (—t/tir). (20)

D. Wobbling-in-a-cone motion of PSC
as a rod-shaped object

If PSC molecules are situated in void spaces (FVEs) where they
can freely wobble (diffuse) in a space approximated as a cone, and if
the internal rotation of the CN group is much faster than this wob-
bling motion of PSC as a whole, we can model a single PSC as a
rigid rod with cylindrical symmetry. In this limiting case, one can
assume that the effective vibrational transition dipole unit vector,
which is the average of the CN group’s ji over P;r(0), is coaxial with
the molecular axis parallel to the (Ph)C-Se bond vector. Therefore,
the WIAC motion of a rod-shaped molecule needs to be considered
for describing its contribution to r(t). Using the standard WIAC
model, we have

CZ,fve(t) = szw + (1 - S]%ve) exp (7t/tfve)r (21)
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where ¢, is the average relaxation time constant of the rod-shaped
IR probe molecules in FVEs and the corresponding order parameter
is related to the cone half-angle of the FVE as

Spe = %cos vae(l + cos Gfm). (22)

E. Total anisotropy decay

We defined three different order parameters associated with
various reorientation processes. By definition, each order parameter
reflects the extent of anisotropy decay associated with its respective
process. Assuming that the three relaxation processes occur inde-
pendently, the total correlation function C,(¢) is the product of the
three correlation functions, i.e.,

CZ(t) = C2,inert(t)CZ,ir(t)CZ,fve(t)
= {Stznert + (1 - Siznert)a(t)}{stzr + (1 - Slzr) exp (_t/tir)}
x {vae + (1 - szve) exp (—t/tfve)}. (23)

When the two decay time constants are substantially different, i.e.,
tir < tf,, One can rewrite Eq. (23) approximately as

Cz(t) = (1 - Stznert)é(t) + Siznert(l - Stzr) exp (_t/tf’)
+ Siznertszgr(l - S;ve) exp (7t/tfve) + Srgnertsizrs_?ve- (24)

Comparing Eq. (24) with our fit function in Eq. (7), we find that the
amplitudes of the four terms in Eq. (7) can be related to the order
parameters as

2 2 2 2 2 2
ar=1-Spem a2 = Sinert(l - Sir)) as = Sinertsir(l - vae))

(25)
as = Stznertsz;rsjzve'

F. Association of FVEs with different rotational
timescales of PSC in PMMA using experimental
half-cone angles

To relate the FVEs to different rotational timescales of PSC
in PMMA, we summarize key findings from this simulation study
and recent experimental work.'"'” Our computational findings indi-
cate that the faster rotational anisotropy of the PSC probe, observed
on a timescale of ~10 ps, is associated with instantaneous iner-
tial dynamics and internal bond rotation of the —~SeCN unit. This
process samples the angular space around it (6ir), as illustrated
in violet in Fig. 3(d). An earlier computational study on the iso-
merization dynamics of n-butane in the condensed phase also
found a direct relationship between conformational population and
cavity distribution around the flexible conformer.”” In addition,
recent time-resolved IR spectroscopy of 1,2-disubstituted ethyl rad-
ical derivatives showed that gauche-to-anti-isomerization reactions
involving carbon-carbon single bond rotation at room temperature
occur with a very slow timescale of about 35-45 ps.”® Furthermore,
using a series of -CN containing vibrational probes with varying
internal bond rotations, PS IR-PP experiments identified a similar

ARTICLE pubs.aip.org/aipl/jcp

FVE sampled by the 6y; angular space inside the FVE in polystyrene
polymer.'" Given the similar values for 6z and 6, we propose
that the fast rotational anisotropy decay is governed by a complex
relaxation mechanism involving coupled angular space sampling by
internal bond rotation and WIAC motion.

This finding highlights the complexity of rotational dynamics
in specific systems and suggests that when internal rotational fluctu-
ations are present and the barrier height exceeds the thermal energy
at room temperature, they can significantly influence the short-time
anisotropy dynamics of the probe molecules within the polymer
matrix.

Another notable observation is that the simulated TCFs corre-
sponding to the segmental relaxation of PMMA decay by only about
1% within an ~200 ps timescale, indicating that the WIAC-type dif-
fusive dynamics of the IR probe have not yet begun in this regime.
The longer-time rotational anisotropy decay of the PSC probe in
PMMA, at ~200 ps, associated with the WIAC motion, probes
the available angular space (6.), depicted in cyan in Fig. 3(d).
This angular space remains essentially unchanged in size and shape
within this time regime, as supported by MD simulations, contrary
to previous studies where the longer timescale (~200 ps) anisotropy
decay of the PSC probe was attributed to FVE size and shape fluc-
tuations inside the polymer matrix due to the constraint release
mechanism involving structural rearrangement of the side-chain
functional groups. Our study shows that the long-timescale orien-
tational relaxation of the PSC probe reflects the static FVEs of the
polymer. Therefore, we equate the average cone half-angle para-
meters (Ojr) = 22.1° and <9fve) = 28.6° with two different sets of
a and Ar values to estimate the respective FVE sizes. For the FVE
sampled by the internal bond rotation of the -SeCN unit, a is the
distance between the Se and N atoms of the PSC molecule (~3.02 A
obtained from the optimized structure) and Ar is the N atom’s van
der Waals radius (1.55 A). This set of parameters yields an aver-
age FVE radius of 2.69 A. We should note that this value is quite
close to the FVE radius obtained from PS IR-PP experiments. Simi-
larly, for the FVE corresponding to the total angular space sampled
by the WIAC motion of the probe, a is the distance from the ter-
minal p-hydrogen atom of the phenyl ring of the PSC molecule to
its COM (4.31 A) and Ar is the van der Waals radius of the p-
hydrogen atom (1.2 A), which yields an average FVE radius 3.26 A.
This FVE is ~11% larger than the van der Waals volume (V,4y) of
PSC, a reasonable estimation since the FVE sampled by the probe
should be at least equal to or larger than its actual van der Waals
volume.

V. SUMMARY AND CONCLUSIONS

In this work, we proposed a modified version of the
wobbling-in-a-cone (WIAC) model for the rotational anisotropy of
PSC embedded in PMMA, based on the key findings from clas-
sical MD simulations. The simulated C,(t) for PSC and DMPSC
in PMMA reveals a systematic slowing down of both shorter and
longer time components. The shorter time component is likely influ-
enced by the increased relative free energy barrier for the internal
rotation of the -SeCN moiety around the Cpy,—Cpp-Se-CN dihe-
dral as substituent crowding around the dihedral increases. “Frozen
ring” simulations quantitatively demonstrate that this shorter time
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component is primarily due to the internal bond rotation pro-
cess. The Rouse relaxation time associated with the (AR2 (t)) of the
monomers in PMMA falls within the millisecond regime, implying
that the polymer backbones remain almost static on the timescale of
the longer-time behavior of the simulated C,(t) for all the probes.
For selected dihedrals along the PMMA backbone, the torsional
relaxation processes of backbones contribute to the anisotropy decay
by only about 4%, with the longest time constant ranging from
17 to 35 ns. These findings indicate that the polymer segmental
motion plays a minimal role in the longer-time wobbling motion of
the probes. Based on these observations, we propose that the faster
rotational anisotropy of the PSC probe within an ~10 ps timescale
is associated with the internal bond rotation of the -SeCN unit,
sampling the angular space around it (6r), while the longer time
component of C,(t) is associated with the WIAC motion, probing
the available angular space (6.).

To ensure a more accurate analysis of the FVE size and distribu-
tion, it is crucial to develop and use IR probes that do not have any
internal rotation but have a long vibrational lifetime. Such probes
will provide a clearer picture of the long-time WIAC motion, which
likely samples the static FVEs of the polymer. Ultimately, the initial
void space sampled by internal rotational fluctuations may be less
relevant to the actual physical FVEs of the polymer, which can only
be accurately probed by the long-time WIAC motion.
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