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ABSTRACT: Rotator phases are rotationally disordered yet crystalline stable
states found in many materials. The presence of a rotator phase leads to
unique properties that influence processing methods and offer potential
applications in areas such as thermal energy storage, lubrication, and sensing.
Recently, a novel family of chemically recyclable oligomers, (1,n′-divinyl)-
oligocyclobutane (DVOCB(n)), has shown evidence of rotator phases. This
study combines experimental characterization and molecular dynamics
simulations to confirm and elucidate the rotator phases in DVOCB(n).
Compared with well-studied n-alkanes, DVOCB(n) exhibits distinct
structural, thermodynamic, and dynamical characteristics. The crystal-to-
rotator phase transition of DVOCB(n) involves a shift from stretched to
isotropic hexagonal lamellar packing, captured by a rotational order parameter tracking local chain orientations orthogonal to the
chain axis. Unlike n-alkanes, where rotational relaxation times are constant and long in the crystal phase before dropping dramatically
during the crystal-to-rotator phase transition, relaxation times decrease more gradually upon heating in DVOCB(n), including
continuously throughout the transition. This behavior is attributed to its unique enchained-ring architecture, which allows for semi-
independent rotation of chain segments that promotes overall rotational disorder. This work provides a fundamental understanding
of rotator phases in DVOCB(n) and highlights differences from those of conventional materials. The analyses and insights herein
will inform future studies and applications of DVOCB(n) as well as other materials with rotator phases.

1. INTRODUCTION
Rotator phases are intriguing stable states that can be found in
certain organic and polymeric materials. They feature regular,
ordered structures like crystalline phases but also exhibit some
rotational freedom.1−3 This rotational freedom is usually
restricted to the longitudinal axis of polymer chains or
segments and can impart fluidity to the material. The presence
of a rotator phase can substantially influence physical
properties. This can manifest in unique melting characteristics
and complex viscoelastic responses. Such behaviors have
implications for various applications, such as in lubricants,4

self-shaping droplets,5 lipid biomembranes,6 fuels,7 and phase-
change energy-storage materials.8 Rotator phases and liquid-
crystalline phases share similarities,9,10 such as hexagonal in-
plane order seen in both the RII rotator phase of n-alkanes and
smectic-B phases.11 In fact, rotator phases could be considered
a subset of smectic-B phases but with rotational dynamics and
disordering that enhance their plasticity.9 Whereas smectic-B
phases are found in mesogens with rigid core structures,12,13

rotator phases are typically found in alkanes and oligomers,
possibly polydisperse. Therefore, understanding the presence
and characteristics of rotator phases is of both fundamental and
potential technological interest.
Rotator phases have been reported for several sys-

tems.2,14−18 Due to their simple structure and widespread
use, n-alkanes have been most extensively studied.1,5,9,10,19,20

Common experimental techniques for characterizing rotator
phases include X-ray scattering, nuclear magnetic resonance,
and infrared and Raman spectroscopy.1,9,19−22 For instance,
Sirota et al. identified five distinct rotator phase transitions for
n-alkanes with 20−33 carbon atoms by analyzing temperature-
dependent X-ray scattering profiles.11,19 Molecular dynamics
(MD) simulations have provided complementary molecular-
level insights to these experimental characterizations.23−27

Wentzel and Milner demonstrated that well-crafted force fields
could accurately capture phase transitions and temperatures, in
agreement with experiments. By identifying useful molecular,
structural order parameters, the authors could discriminate
among different phases and illustrate weakly first-order
transitions.26,28 Burrows et al. utilized MD simulations to
characterize alkane structure at the water interface to provide
insights about the influence of rotator phases on the self-
shaping of oil droplets in surfactant solutions.27,29,30 Never-
theless, detailed molecular-level investigations of rotator phases
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in other materials and how they compare to the comparatively
well-characterized n-alkanes remain limited.
Recent experimental work has indicated the likely presence

of crystal-to-rotator phase transitions for a new family of
materials based on (1,n′-divinyl)oligocyclobutane
(DVOCB).32,33 DVOCB is oligomerized through iron-
catalyzed sequential [2 + 2]-cycloaddition of butadiene. This
produces an intriguing 1,3-enchained cyclobutyl architecture
(Figure 1A,B), denoted as DVOCB(n). The four-carbon ring

structure can also present distinct stereochemistries, resulting
in geometrical isomerism distinguished as syn, if bonding to
adjacent rings occurs on the same side of the ring, or anti, if
bonding to adjacent rings occurs on opposing sides of the ring
(Figure 1C). Promisingly, DVOCB(n) can be deoligomerized
back to pristine butadiene.32 Furthermore, there are synthetic
strategies to polymerize DVOCB(n) into chain-extended,
chemically recyclable polyolefins with tunable thermomechan-
ical properties; these materials also likely possess rotator
phases.33 Understanding the characteristics of rotator phases
for DVOCB(n) and derivative materials could have ramifica-
tions for processing, controlling crystallization behavior,
resulting thermomechanical properties, and (de)-
polymerization efficiency.
In this work, we investigate rotator phases in DVOCB(n)

using a combination of experimental characterization and MD
simulation. The MD simulations are facilitated by developing a
new force field that addresses the complexities of the 1,3-
enchained cyclobutyl architecture. Experimental X-ray scatter-
ing measurements and simulations display similar trends in
crystal-to-rotator phase transitions during the heating process.
MD simulations are then used to provide insight into the
structural characteristics and origins of the rotator phase in
DVOCB(n) systems. This analysis is further informed and
contextualized by explicit comparisons to comparable n-alkane
systems. We find that the ring structure in DVOCB(n) imparts
functionally distinct rotator phase behavior relative to that of
the linear n-alkanes. Ultimately, this study specifically
elucidates properties for an emerging class of chemically
recyclable materials while also more broadly informing on
possible manifestations and analyses of rotator phases.

2. METHODS
2.1. Experiment. 2.1.1. Materials. The DVOCB(n) oligomers (n

= 4, Mn = 270 g/mol, Đ = 1.05; n = 5, Mn = 325 g/mol, Đ = 1.05; n =

6, Mn = 379 g/mol, Đ = 1.04; n = 8, Mn = 487 g/mol; n = 10, Mn =
596 g/mol) were prepared according to the procedures described in
ref 33. We note that the experimentally prepared DVOCB(n) has
narrow but not monodisperse distributions, whereas prior studies of
n-alkanes are practically monodisperse materials. Unless otherwise
specified, all reagents and solvents were purchased commercially and
used as received without further purification.

2.1.2. Wide-Angle and Small-Angle X-ray Scattering. Wide-angle
and small-angle X-ray scattering (WAXS and SAXS) measurements
were performed on a Xenocs Xeuss 3.0 in-lab beamline using a Cu−
Kα source. In situ measurements with heating were made by using a
heating rate of 5 °C/min with a Linkam heating stage and an in-house
temperature calibration curve. The details about the temperature
calibration are given in Section S1 of the Supporting Information. The
distance between the detector and the sample was calibrated using the
primary (100) reflection, 2θ = 21.358°, of a lanthanum hexaboride
(LaB6, simple cubic34) standard under WAXS high-resolution beam
conditions. Oligomer samples for scattering measurements were
prepared as follows. A dried oligomer powder was loaded into a steel
washer of dimensions of ca. 0.5 mm thick and 5.0 mm inner diameter.
Using a melt press, the samples were heated above their melting
temperature and compressed to form a disk-shaped specimen; the
washer was sandwiched between Kapton sheets to limit thermally
induced oxidation during processing. The oligomer disk was then
punched out of the washer using a steel rod and loaded into Linkam
heating cells, ensuring good thermal contact. Prior to data collection,
samples were heat cycled to above their melting temperature and then
cooled at 5 °C/min to match the DSC cooling conditions and
eliminate any processing effects on crystallinity. Finally, raw two-
dimensional scattering images were collected on heating for 10 min
per sample under high-resolution beam conditions and then
azimuthally integrated into one-dimensional patterns for further
analysis.

2.1.3. Differential Scanning Calorimetry. All DSC samples were
run using a TA Instruments DSC 2500, and data analysis was
performed with TA Instruments TRIOS software. Polymer samples
for differential scanning calorimetry (DSC) were prepared as follows.
Between 3 and 10 mg of material was loaded into aluminum Tzero
Pans; powders were gently tamped down using a steel rod to generate
a uniform powder layer and good thermal contact with the bottom of
the pan. The pan was then crimp-sealed with an aluminum lid.
Samples were ensured to run under inert conditions by making a
pinhole in the center of the top side of the crimped DSC sample. For
all DSC traces, two heating−cooling cycles were performed at a
heating−cooling rate of 5 °C/min. The value of each thermal
transition was obtained from the second heating to mitigate the effects
of thermal history. More details about DSC are given in Section S2 of
the Supporting Information.

2.2. Simulation. 2.2.1. General Simulation Procedures. All
simulations used version 3 Mar 2020 of the LAMMPS simulation
package.35 Periodic boundary conditions were used in all dimensions.
The equations of motion were evolved using a velocity Verlet
integration scheme and a 1 fs time step. Real-space nonbonded
interactions were truncated at 14 Å for all simulations. For
DVOCB(n) systems, the long-range electrostatics were handled
with PPPM36 with 0.00001 convergence accuracy. Isothermal−
isobaric simulations were performed with a Nose−́Hoover thermostat
and barostat37 with damping constants of 100 and 1000 fs,
respectively. Interactions for DVOCB(n) systems were described
with a force field based on an adaptation (see Section 2.2.2) of the
topology automated force-field interactions (TAFFI) framework.38

Interactions for n-alkane systems were described using the Flexible
Williams 4 (FW4) force field.39 The FW4 force field was chosen
because it was previously found to capture characteristics of crystal-to-
rotator phase transitions in good agreement with experiments.26−28

Simulation cells were prepared for DVOCB(n) with n = 5, 7, and 10
and for n-alkane, CnH2n+2, with n = 23, 27, and 31. These systems
were chosen such that the DVOCB(n) systems would have end-to-
end lengths comparable to those of n-alkanes with notable evidence of
crystal-to-rotator phase transitions. Production simulations were

Figure 1. Structural characteristics of a DVOCB(n) chain. (A)
Molecular rendering of a single DVOCB(10) oligomer. The structure
consists of a series of cyclobutyl rings as the oligomer backbone.
Cyclobutyl rings exhibit geometrical isomerism based on the ring-
carbon stereochemistry. These are referred to as syn (blue), for which
adjacent rings are on the same side of the labeled ring, and anti
(orange), for which adjacent rings are on opposing sides of the labeled
ring. (B) Skeletal structure and BigSMILES notation31 for DVOCB-
(n). The BigSMILES string of DVOCB(n) is C�C{[$]C1CC([$])-
C1}C�C. (C) Skeletal diagrams distinguishing the connectivity of
syn (blue) and anti (orange) rings.
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performed at a series of temperatures that spanned observation of
both crystal and rotator phases to obtain data for analysis. For
DVOCB(5), DVOCB(7), and DVOCB(10), the temperature ranges
were [−5, 90 °C], [55, 150 °C], and [105, 210 °C] with simulations
performed at 5 °C intervals. For C23H48, C27H56, and C31H64, the
temperature ranges were [10, 100 °C], [20, 110 °C], and [40, 130
°C] with simulations performed at 10 °C intervals. More details about
system preparation and production are given in Section S4 of the
Supporting Information.
2.2.2. Parametrization of DVOCB(n) Systems. During preliminary

work, we found that existing classical force fields (e.g., all-atom
optimized potentials for liquid simulations, OPLS-AA40) did not
adequately describe conformational characteristics of the enchained
rings present in DVOCB(n). To address this, a new force field for
DVOCB(n) was developed largely using the TAFFI framework.38 The
TAFFI-gen force field demonstrated robust performance across small-
molecule organics with parametrization solely from quantum
chemistry data. Here, no experimental data were used for the
parametrization. All requisite quantum chemical calculations were
performed using density functional theory using ωB97X-D341,42/
def2-TZVP43,44 with the ORCA package.45 However, TAFFI-gen was
necessarily extended in three ways to facilitate the simulation of
DVOCB(n).

The first extension was to augment the standard approach to
topological atom-typing. TAFFI formalized atom-typing using graph-
theoretic principles. In TAFFI-gen, atom types were purely specified
using covalent bonding connectivity with uniqueness determined out
to a bond depth of two. Here, atom types were augmented to indicate
the disposition of rings (syn and anti) for atoms associated with such
structures and also whether atoms were in roughly equatorial or axial
positions around the ring. This allows for a more flexible and
expressive representation of the modeled atoms. To be otherwise
consistent with TAFFI-gen, topological environments were still
resolved to a bond depth of two.38 A full list of derived atom types
according to this procedure is provided in Table S1 of the Supporting
Information.

The second extension was to regularize parametrization of charges
for the newly devised atom types. In particular, partial charges were fit
to minimize the objective function:

=

+

+ +

N V V

D D

q q N q

q

( ( )
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(1)

In eq 1, the first three terms within the summation over all samples s
are original to the TAFFI framework. These account for reproducing
the electric potential, the molecular dipole, and the total charge of the
molecule, and the last term penalizes large deviations in the charge of
a reference atom of type qr,i. The weighting coefficients used were ωpot
= 1.0, ωD = 0.1, ωT = 1.0, and ωr = 0.1. This was motivated to
promote consistency with charges previously determined for
topologically equivalent atom types already present in TAFFI-gen.
In addition, bulkier model compounds were required to fully
represent distinguishing atomic environments for the ring molecules,
and such large molecules can pose issues for determination of partial
charges via approaches that fit electrostatic potentials, like the
CHELPG46 approach used in this work.

The third extension was to add new angle and dihedral potentials
to model certain interactions for the enchained rings. A particular
challenge for these strained ring systems is the substantial coupling
between intramolecular modes, which cannot be captured by using
the traditional OPLS-style functional forms employed in TAFFI-gen.
This is addressed by formulating coupled angle-dihedral potentials as

follows. Suppose that a ring is formed by atoms i, j, k, and l. We then
let the minimum-energy angle formed between any two carbons i, j of
the ring and a third atom i′ (either a hydrogen or a carbon that is part
of a different ring/terminal group) to be a function of the dihedral
state of the ring (Supporting Information, Figure S16) to define

= ( )i ij i ij ijkl
min (0)

(2)

where θi′ij
min is the minimum-energy angle formed by atoms i, j, and i′

and ϕijkl is the dihedral angle formed by atoms i, j, k, and l. The
minimum-energy angle is parametrized using a polynomial:

=
=

c( )i ij i ijk
m

m i ijk
m(0)

0

3

(3)

where the cm are fitting coefficients. Then, the angular bending energy
is modeled using a harmonic form

= [ ]U K( , ) ( )i ij i ijk i ij i ij i ij i ijkbend
(0) 2

(4)

where Ki′ij is a fitting coefficient. We note that ϕi′ijk and ϕijkl are
coupled and display a monotonic relationship (Supporting
Information, Figure S16), so the use of the former is one of
computational convenience. Finally, residual energetics associated
with ring flipping were captured by using a tabular potential as a
function of ϕijkl. Additional details regarding the parametrization of
these potentials are included in Section S5 of the Supporting
Information.

Figure 2A compares reference DFT energies to those produced by
different force fields as a function of the syn ring dihedral. Figure 2B

shows the same comparison for an anti ring. With the aforementioned
extensions, the newly parametrized force field (TAFFI-DVOCB)
faithfully reproduces conformational energetics of ring flipping with
quantum chemical (DFT) accuracy. By contrast, both OPLS-AA and
TAFFI-gen exhibit notable deviations from DFT predictions for both
syn and anti isomers. These deviations motivate the additional
complexity of parametrizing a bespoke force field for DVOCB,
although the general strategy may be extended to other ring-based
systems.

Figure 2. Comparison of ring-flipping energetics in DVOCB(n) with
different theoretical treatments. The energy of a DVOCB(3) oligomer
as a function of the central ring dihedral for (A) a syn-syn-syn
arrangement of rings and (B) a syn-anti-syn arrangement of rings. The
ring dihedral is defined as the dihedral formed by four carbon atoms
in the ring. DFT results are geometry optimized using the ωB97X-
D341,42/def2-TZVP43,44 level of theory. Data for the OPLS-AA force
field40 and the general topology-automated force-field interactions
(TAFFI-gen) approach38 reflect energies calculated with configu-
rations optimized using DFT. TAFFI-DVOCB energy surfaces are
calculated using our new force field. Dihedral constrained energy
minimizations are performed with the TAFFI-DVOCB force field.
The energy surfaces after energy minimizations are plotted.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c02576
Chem. Mater. 2024, 36, 11596−11605

11598

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02576/suppl_file/cm4c02576_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02576?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02576?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02576?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02576?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.2.3. Simulated X-ray Scattering Profiles. Simulated scattering
intensities were obtained based on the virtual diffraction algorithm.47

First, a set of reciprocal lattice vectors k was generated,

=
i
k
jjjjjj

y
{
zzzzzz

N
l

N

l
N
l

k , ,x

x

y

y

z

z (5)

where Nx, Ny, and Nz are integers and lx, ly, and lz are the simulation
box lengths. Second, the corresponding scattering angle θs was
calculated by

= || ||karcsin( /2)s (6)

where λ = 1.541838 Å is the average wavelength of a Cu K-α X-ray
and ||k|| is the Euclidean norm on k; the maximum ||k|| examined is 3
Å−1. Third, the structure factor F(k) was calculated as

= ·
=

F f ik k r( ) ( )exp(2 )
j

N

j j
1

s
(7)

where rj is the Cartesian position of atom j with an angle-dependent
atomic scattering factor48 f j(θs), and N is the number of atoms in the
simulation cell. Note that the periodic image of atoms will give the
same structure factor; therefore, it is not necessary to translate the
position of atoms. Fourth, the scattering intensity was subsequently
computed as

= ·
*

I L
F F

N
k

k k
( ) ( )

( ) ( )
p s (8)

where “*” denotes the complex conjugate and

=
+
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2
s

s
2
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is the Lorentz-polarization factor. Finally, the computed set of I(k) is
smoothed by Gaussian functions

=
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I q I
q

k
k

( ) ( )exp(
( )

2
)

k

2

2
(10)

where the wavevector q is sampled as uniformly distributed points and
σ = 0.016 Å−1 is used for comparison to experimental results.
2.2.4. Chain-Segment Orientation. For DVOCB(n), chain

segments were defined as each cyclobutyl ring. The orientation of
the segment α⃗ was defined as the sum of four carbon−carbon bond
vectors (oriented toward the central carbons). Denoting the carbons
as i, j, k, and l with j and l as the central carbons, then α⃗ = ∑a∈ {i,k}
∑b∈ {j,l} (rb − ra). For n-alkanes, chain segments of similar length were
defined using groups of three consecutive backbone carbons, the
orientation of this group then being the sum of two carbon−carbon
bond vectors (oriented toward the central carbon). Denoting the
carbons as i, j, and k with j as the central carbon, then α⃗ = ∑a∈ {i,k} (rj
− ra).
2.2.5. Parallel Order Parameter. To characterize the crystal

structure of DVOCB(n) systems at low temperatures, we define an
order parameter to detect whether chains are oriented in a parallel
fashion. The approach is inspired by previous works on n-alkane
systems.26,28 The order parameter P is obtained as follows. First,
chain-segment orientations are summed for each chain to obtain a
chain orientation, denoted as

=
=

( 1)i

n i

2

1

(11)

where n is the number of segments of chain i, α⃗ν
i is the orientation of

the νth segment on chain i, and the (−1)v term is included because
neighboring segments tend to have opposite orientations; the two end
rings are excluded because of their additional conformational entropy.
Second, a local order parameter is defined by considering its
orientation relative to its six nearest-neighbor chains. The relative
orientations of chains i and j are characterized using

· · ·y y y ycos ( ) ( )ij i i j j
( )

(12)

which relates to the angle formed between the two chain-orientation
vectors as projected onto the xz plane. Subsequently, the local order
parameter for chain i is obtained via

=p H(cos cos )i
j i

ij
( )

( )
max

(13)

where i( ) denotes the local neighborhood of i (i.e., the six nearest-
neighbor chains), H(·) denotes the Heaviside step function, and θmax
is a threshold angle. The result of eq 13 is that pi is equal to unity if all
of the θij values are within θmax and zero otherwise. For analysis within
the main text, we set cos θmax = π/4 or 45°; using smaller θmax results
in smaller pi but does not influence any trends. Finally, the system
order parameter is obtained as the average of all the local order
parameters

=P
N

p1

i

N

i
c

c

(14)

where Nc is the number of chains in the system. We also calculated
order parameters for n-alkane systems using the same approach (see
Supporting Information, Section S7), which agrees with previous
studies.26,28

2.2.6. Rotational Segmental Dynamics. To characterize the
rotational dynamics of chains, we calculated the characteristic
relaxation times required for decorrelation of chain-segment
orientations. The autocorrelation function of chain-segment orienta-
tion α⃗(t) was calculated and fitted as

= ·C t t( ) (0) ( ), (15)

[ ] + [ ]A t t A t t(1 )exp ( / ) exp ( / )1 2 (16)

where A, t1, t2, and β are fitting parameters. In eq 16, the first
exponential term is intended to capture short-time motions, while the
second stretched-exponential term captures relaxations for more
collective chain rearrangements. The characteristic relaxation time
follows as

= +A t At(1 ) ( )1 2
1 1 (17)

where Γ(·) indicates the Gamma function. Characteristic relaxation
times for both anti and syn rings were obtained by averaging data
resolved by those assignments.

2.2.7. Detailed Structural Analysis. To characterize structural
correlations along polymer chains, we calculated two distribution
functions associated with the orientation of the chain segments. In
analogy to eq 12, we obtain the angle between an arbitrary unit vector
r ̂ perpendicular to the chain axis and the chain-segment orientation,
both projected onto the xz plane. As r ̂ is an arbitrary reference, we
select x̂, which yields

· ·y y xcos ( )i i i
( ) (18)

Subsequently, we generated the two-dimensional joint probability
distribution for neighboring chain segments, P(θi

(α), θi+1(α)). To examine
correlations across the chain, we also examined the distribution of
orientation differences between chain ends, P(θ1

(α) − θn
(α)).

3. RESULTS AND DISCUSSION
3.1. Experimental Characterization of Structural

Transitions in DVOCB(n). Structural transitions consistent
with a crystal-to-rotator phase transition are consistently
observed in the DVOCB(n) systems. Figure 3A illustrates
characteristic features through in situ variable-temperature
WAXS on DVOCB(10). When the sample is heated, the X-ray
scattering profile exhibits a transition from two peaks, labeled
as b and c, to one peak, labeled as d; the two-to-one peak
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transition is observed around 125 °C near q = 1.4 Å−1. The
two-peak feature is ascribed to a crystalline phase, whereas the
one-peak feature is associated with a prospective rotator phase.
At high enough temperatures, the single peak gradually
dissipates, signifying the onset of melting into an amorphous
state. We note that the strong peak observed at q = 0.45 Å−1 is
the Kapton peak from the mounting windows used in the
sample preparation. During the transition, three peaks are
shown near q = 1.4 Å−1. These three peaks are at the same
positions as peaks b, c, and d, suggesting coexisting crystal and
rotator phases. This observation is supported by DSC
measurements of experimental samples (Supporting Informa-
tion, Figure S12) that indicate a broad temperature range of
the crystal-to-rotator phase transition, which we partially
attribute to dispersity effects. Similar observations can be made
for DVOCB(n) of other oligomer lengths (Supporting
Information, Figure S10). This progression is similar to that
observed in n-alkanes, which possess well-known crystal-to-
rotator phase transitions.19

There are two notable differences between the structural
progression of DVOCB(n) and n-alkanes. First, DVOCB(n)
exhibits a relatively larger stability window for its prospective
rotator phase. For DVOCB(10), this phase persists within a
window of ca. 40 °C before melting. By contrast, an n-alkane
with a similar chain length (e.g., C30H62) possesses a stability
window for a rotator phase that is smaller than 10 °C.19
Second, observing prospective rotator phases in the DVOCB-
(n) family is not restricted to smaller oligomers and molecular
weights. Here, we study the behavior of shorter DVOCB(n)
oligomers (Mn < 500 g/mol); however, similar features are

observed in the context of chain-extended systems of much
higher molecular weights (Mn > 40,000 g/mol),33 though these
systems are not precise equivalents of simply replicating
DVOCB(n) to higher molecular weights. By contrast, reported
rotator phases of n-alkanes have been limited to much lesser
molecular weights (Mn ≈ 1000 g/mol).1,49 Together, these
differences suggest that the prospective rotator phases of
DVOCB(n) may have characteristically distinct manifestations
relative to those of n-alkanes despite both having significant
shared chemistry.

3.2. Elucidation of the DVOCB(n) Structure across
Phases. To understand the emergence and characteristics of
the prospective rotator phases in DVOCB(n), we used MD
simulations to ascertain the real-space structural features that
underlie the experimental X-ray scattering data. Figure 3B
illustrates that simulations produce a structural progression
upon heating similar to that of the experiments. In particular,
the four previously noted prominent peaks of the experimental
measurements, a, b, c, and d, are also observed in simulated
scattering intensities at similar wavevectors (Supporting
Information, Figure S17). This similarity enables assignment
of the peaks to different types of molecular-level organization.
The peaks at around q = 0.45 Å−1 arise from higher-order
reflections of peak a, as indicated in eq 7. Figure 3C depicts
simulation configurations that convey a real-space interpreta-
tion. We find that the DVOCB(n) tends to form layered,
lamellar structures with widths oriented along the longitudinal
chain axis. Peak a is consistent with the distance between such
layers (Figure 3C, top), which is similar between both the
crystal and rotator phases for a given n. The peaks b and c
correspond to two different in-plane distances between
DVOCB chains within the ordered lamellae at low temper-
atures, which reflects a stretched hexagonal (orthorhombic)
packing of aligned chains. The peak d also corresponds to a
single distance in the plane of the lamellae, which reflects a
more isotropic hexagonal packing.
Figure 4A shows that the positions of prominent peaks also

exhibit notable temperature and molecular-weight dependence.
At a fixed molecular weight or oligomer length n, the increasing
temperature tends to shift the positions of peaks c and d to
smaller values; the a and b peaks are not strong functions of
temperature. Thermal expansion (increasing chain entropy)
should tend to shift all peaks to lower q, while the shift toward
hexagonal packing moves b and c closer. The combination of
these effects results in a roughly static position of b. Thermal
expansion of the material first relaxes the anisotropic hexagonal
packing before more generally increasing chain entropy. As
molecular weight increases, peaks progress in a similar fashion
but at higher temperatures. The collapse of peaks b and c to d
occurs at higher temperatures for longer oligomers. In
addition, the peaks surrounding these transitions are shifted
to relatively smaller q values for longer oligomers. This is most
evident for peak a, which simply relates to larger lamellae
owing to longer chains but remains true for other features.
Conversely, peak positions that correspond to interchain
packing distances generally shift to higher q when comparing
oligomers of increasing length at the same temperature. This
suggests that the chains pack more closely for longer
oligomers, which is expected from the reductions in conforma-
tional entropy at the chain ends.
The trends of Figure 4A are largely consistent with

additional experimental WAXS. Direct comparisons of peak
positions between simulations and experiments are shown in

Figure 3. Structural characterization of DVOCB(10). (A) Exper-
imental in situ heating of WAXS data as a function of heating. The
temperature interval between curves is 4.6 °C. (B) Simulated X-ray
scattering data as a function of heating. The temperature interval
between curves is 5 °C. In panels (A) and (B), four prominent peaks
are labeled as a (dark blue), b (light blue), c (yellow), and d (green)
for ease of visual identification. The intensities in both panels are on a
logarithmic scale. Both panels share the color bar on the right. (C)
Visualization of simulation configurations for interpretation of the
locations of prominent peaks in (A) and (B). The top-down view
depicts the distance at a, which corresponds to an end-to-end distance
of the oligomer. The side-on view depicts relevant distances for b, c,
and d, which correspond to interchain packing distances along
different directions.
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Supporting Information, Section S6. There are two main
disparities. First, the transition temperatures are consistently
higher in the simulations compared to the experimental
measurements. Second, the experimental data often possess
peaks corresponding to coexisting crystal and rotator phases
over a short temperature interval preceding the collapse to a
single peak indicative of the rotator phase. In part, both
differences may be due to chain-length dispersity and the

presence of coexisting amorphous material in the experimental
samples (see Supporting Information, Section S8). Simulations
including dispersity in oligomer length yield lower transition
temperatures. However, there may also be kinetic limitations of
the simulations; such factors are often notable in determination
of glass-transition temperatures.50 Finally, the TAFFI-DVOCB
force field employed may also possess errors in certain
properties, as it is not tuned to reproduce any specific
experimental observable. Because our intent is not to precisely
determine crystal-to-rotator transition temperatures but rather
to elucidate the characteristics thereof, the overall similarity
between Figure 3A and B provides confidence in the
interpretation built from the MD simulation.
Importantly, the two-to-one peak transition is captured well

by a structural order parameter that captures the rotational
disorder of the DVOCB(n) chains. We designed the order
parameter P to decay if nearby chains are not similarly oriented
in directions orthogonal to their longitudinal axis (see eqs
11−14); the approach is inspired by previous n-alkane
studies.26,28 Figure 4B shows that P markedly decreases
precisely at the temperature of the two-to-one peak collapse.
Consequently, we conclude that this feature indeed reflects a
crystal-to-rotator phase transition, with the latter characterized
by the enhanced rotational disorder of longitudinally aligned
chains. In addition, the enhanced similarity in chain
orientations in tandem with the geometry of the four-carbon
enchained rings in DVOCB(n) gives rise to different interchain
distances that relate to peaks a and b.

3.3. Dynamical Characteristics of DVOCB(n) across
Phases. Having established the presence of prospective
rotator phases in DVOCB(n), we now elucidate what
molecular features distinguish its transition relative to those
of n-alkane systems. Figure 5A,B compares the rotational
dynamics of chain segments of DVOCB(10) and its n-alkane
analogue, C31H64, via the autocorrelation of chain-segment
orientations. In DVOCB(10), the autocorrelation function
generally exhibits an initial rapid decay (below 0.6) followed

Figure 4. Observations of the rotator phase transition in DVOCB(n)
systems. (A) Simulated X-ray peak positions of DVOCB oligomers as
a function of temperature. The top part tracks peaks b, c, and d, while
the bottom part tracks peak a. (B) Parallel order parameter P of
DVOCB oligomers is a function of temperature. The shadow regions
indicate when the phase transition happens.

Figure 5. Comparison of segmental dynamics between DVOCB oligomers and n-alkane systems. (A,B) Orientation autocorrelation function of (A)
DVOCB(10) and (B) C31H64 at a series of different temperatures. The structure diagrams of chain section orientation, α⃗(t), in DVOCB oligomers
and n-alkane chains are inset. Note that the solid lines indicate simulation results and markers indicate specific values for the best-fit curves. (C,D)
Average chain relaxation times ⟨τ⟩ versus temperature for DVOCB oligomers and n-alkanes. (E,F) Stretching exponent β versus temperature for
DVOCB oligomers and n-alkanes. The shaded regions in (C−F) indicate statistical uncertainties that reflect the standard error of the mean as
estimated from bootstrap resampling. The dashed line in parts (E) and (F) indicates the β = 1 position. The pentagram markers highlight the
region closest to the transition temperature.
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by a gradual relaxation. The initial fast relaxation relates to the
local oscillation of ring orientation and especially the ring-
flipping behavior, which persist even below the crystal-to-
rotator phase transition temperature. The secondary relaxation
is attributed to actual segmental rotation, which results in the
two groupings of data separated by a clear gap notated by the
pentagram in Figure 5A. In C31H64, local fluctuations in
orientation are substantially restricted below the crystal-to-
rotator phase transition temperature, resulting in the rapid
initial decrease to a much larger correlated value of 0.95.
Subsequently, longer time relaxations set in only at elevated
temperatures; the difference between relaxation processes
below and above their respective crystal-to-rotator phase
transition temperatures is more stark in C31H64 than in
DVOCB(10), as indicated by a more obvious change notated
by the pentagram in Figure 5B. Other simulated DVOCB(n)
and n-alkane chains have similar behaviors as DVOCB(10) and
C31H64 (Supporting Information, Figure S24). These results
illustrate that the enchained rings of DVOCB(n) give rise to
dynamically distinct behavior relative to that of n-alkanes.
Figure 5C,D reveals that DVOCB(n) and their analogous n-

alkanes also display distinct temperature-dependent relaxation
behaviors. As the temperature increases for DVOCB(n)
(Figure 5C), average relaxation times for chain-segment
rotation decrease in the crystal phase, drop dramatically
around the crystal-to-rotator transition, and then decrease at a
slower rate in the rotator phase. By resolving contributions of
the distinct geometric isomers, we find that rotational
decorrelation of syn rings is consistently slower than that of
anti rings. The faster decorrelation of anti rings is attributed to
their lower and symmetric barrier to ring flipping (Figure 2B).
As the temperature increases for the n-alkanes (Figure 5D),
there are again roughly three regimes of behavior. While
relaxation times dramatically drop around the crystal-to-rotator
transition temperature indicated by vertical shaded regions, the
relaxation times are comparatively more constant on either side

relative to DVOCB(n). Thus, while the sudden shift in
relaxation times in n-alkanes is more or less coincident with the
observed structural transition temperature, the results for
DVOCB(n) suggest a more gradual onset of rotational
disorder that precedes the major structural changes, deduced
from the scattering and order-parameter analyses in Section
3.2, which are associated with a phase transition. Importantly,
the relaxation times in both systems near the transition
temperature are on the order of nanoseconds, which can be
reliably converged and attributed to equilibrium characteristics
of the system rather than kinetic effects.
Figure 5E,F provides insight into temperature-dependent

behavior by examining stretching exponents, β, for the average
relaxation times (eq 17). Whereas β of DVOCB(n) systems
gradually increase, the n-alkane systems display nonmonotonic
behavior that cumulatively decreases β from the crystalline to
the rotator phase. Additionally, β is generally significantly
lower in DVOCB(n) compared to n-alkanes. When β = 1, the
stretched exponential becomes a simple exponential with a
single characteristic time scale. Negative deviations of β from
unity indicate a range of relaxation processes without a single
characteristic time scale. Thus, this observation suggests that n-
alkanes have more well-defined relaxation phenomena, while
DVOCB(n) exhibits a series of thermally activated processes,
which is supported by the broader distribution of single-ring
relaxation (Supporting Information, Figure S25). The β for n-
alkanes interestingly decreases during the temperature interval
preceding the crystal-to-rotator phase transition indicated by
the vertical shaded region in Figure 5F. We posit this arises as
the orientations of groups of chains, of increasing size, begin to
decouple. Conversely, relaxation processes for DVOCB(n)
become more uniform as the temperature increases. Therefore,
crystal-to-rotator phase transitions in DVOCB(n) are governed
by processes with varied time scales that promote rotational
disorder, whereas n-alkane transitions depend on phenomena
with more uniform relaxation times.

Figure 6. Comparison of the orientation independence of the same chain sections between DVOCB(n) and n-alkane systems. (A,B) Orientation
distribution of two consecutive rings and single rings on the DVOCB(10) chains at 140 °C (crystal phase) and 145 °C (rotator phase). The green
dashed lines highlight conditions where two consecutive rings have the same orientation, and the blue dashed lines indicate that such rings have
opposing orientations. θ(α) is the scaled orientation of α⃗ on the xy plane, which uses the x direction as a reference. (C,D) Orientation distribution of
two consecutive sections and single sections on C31H64 chains is at 80 °C (crystal phase) and 90 °C (rotator phase). The blue dashed lines indicate
that two consecutive sections have opposing orientations. (E,F) Probability distributions of two end segments’ orientation difference on
DVOCB(10) chains and C31H64 chains in temperature series. The pentagram markers highlight the region closest to the transition temperature.
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Combining experimental and simulation results on both
structural and dynamical characteristics of DVOCB(n)
confirms a crystal-to-rotator phase transition, marked by a
shift from orthorhombic crystal packing to an isotropic
hexagonal lattice of rotationally disordered chains.
3.4. Contributions of Enchained Rings. We hypothe-

sized that the distinct dynamical characteristics of DVOCB(n)
relaxation processes relative to n-alkanes must be due to
contributions of the enchained rings. To better understand the
implications of their presence, we compare different spatial
correlations of chain-segment orientations with those of n-
alkanes.
Figure 6A,B examines the correlation of nearest-neighbor

chain-segment orientations in DVOCB(10) below and above
the crystal-to-rotator transition temperature through the joint
probability distributions. Across both temperatures, there are
multiple distinct high-probability regions located in diagonal
bands; the positioning of the diagonal bands indicates that
neighboring chain segments are aligned in either the same
(green dashed lines) or opposing (blue dashed lines)
directions. A primary distinction between the crystal and the
rotator phase is that the latter possesses near-continuous
bands, while the crystal phase presents more restrictions on the
conformation. In the crystal phase, four orientations (±π/3
and ±2π/3) are favored, which correspond to parallel
orientations in the hexagonal lattice. In the rotator phase,
high-probability regions are connected and feature all six
orientations along the hexagonal lattice; however, there are still
visually distinct populations. These populations can be readily
discerned from the marginal plot, which depicts the univariate
probability distribution of chain-segment orientations.
DVOCB(5) and DVOCB(7) also exhibit similar behaviors
(Supporting Information, Figure S26). The major features of
Figure 6A,B can be obtained by presuming chain-segment
orientations are statistically independent. However, contrast
with the empirical joint probability distribution (Supporting
Information, Figure S27) illustrates that chain segments in
both crystalline and rotator phases of DVOCB(n) are locally
correlated, but each enchained ring can access multiple
configurational states.
Figure 6C,D repeats the analysis from Figure 6A,B for the

analogous n-alkane C31H64, which shows markedly different
behavior compared to DVOCB(10). In the crystalline phase,
nearest-neighbor chain-segment orientations are highly corre-
lated and restricted to four primary orientations (±π/4 and
±3π/4), which derive from the orthogonal structure of the n-
alkane crystal phase. All statistical populations of the joint
probability distribution are restricted to a single diagonal,
which implies that nearest-neighbor segments share the
opposite orientation (blue dashed lines in Figure 6C). In the
rotator phase, the probability regions become continuous
bands restricted to the diagonal. This implies that more
orientations are accessible, but nearest-neighbor orientations
remain highly correlated. The univariate probability distribu-
tion indicates a nearly uniform distribution with slight
enhancements around six orientations that reflect the under-
lying hexagonal lattice. Other simulated n-alkane chains show
the same behaviors (Supporting Information, Figure S26). For
C31H64, assuming independent chain-segment orientations is
highly erroneous (Supporting Information, Figure S27), as the
orientation of one segment effectively determines the next.
The extent of correlation between neighboring chain

segments in DVOCB(n) compared to n-alkanes leads to

disparate behavior at larger length scales. This is illustrated in
Figure 6E,F, which show the distribution of chain-end
orientation differences as a function of temperature for
DVOCB(10) and C31H64. For DVOCB(10), two peaks at 0
and π are discernible at low temperatures, suggesting some
global orientational preference for the chain. These peaks
diminish with increasing temperature, leading to a uniform
distribution, indicating that correlations do not persist over the
entire chain. For C31H64, there is a single peak at π that is
discernible across all temperatures. This indicates that relative
orientations of chain ends are restricted and that chain-
segment orientation correlations persist over the entire chain.
Altogether, our results implicate the rotational entropy of

the enchained-ring architecture as being responsible for the
contrasting behavior of DVOCB(n) relative to n-alkanes. From
Figure 6, we conclude that rings across the chain rotate semi-
independently from one another. While there are local
correlations, the manifestations are more varied than in n-
alkanes and increasingly diminish upon heating. This latter
aspect also explains why there is a mixture of temperature-
dependent relaxation processes in Figure 5, as thermal energy
permits more chain segments to break free of restricted
rotations. Furthermore, we posit that individual rings
promoting rotational disorder at the segment level allow
rotator phases to exist within DVOCB-based systems of higher
molecular weights, although the size of the crystal stems may
still be limited by oligomer size.33 By contrast, chain-segment
orientations are more homogeneous within a chain for n-
alkanes such that chain rotation is a cooperative effect. This
limits relaxation processes to either whole-chain rotations or
interchain phenomena and restricts observation of rotator
phases to oligomeric n-alkane systems.

4. CONCLUSIONS
We combined experimentation and MD simulation to
characterize and elucidate observed rotator phases in a family
of chemically recyclable (1,n′-divinyl)oligocyclobutanes or
DVOCB(n). The theoretical study of DVOCB(n) was
supported by nuanced force-field development to address its
unique enchained-ring architecture. Subsequent modeling was
able to reproduce and elucidate structural features observed
from in situ WAXS. In particular, the two-to-one peak collapse
associated with the crystal-to-rotator phase transitions
corresponds to a shift from a stretched to an isotropic
hexagonal lattice packing, while a persistent prominent peak
corresponds to the longitudinal length scale of lamellae.
Beyond this structural characterization, simulation analyses
demonstrated that DVOCB(n) systems are dynamically
distinct from analogous n-alkanes. The molecular origins of
such differences were attributed to semi-independent rotation
of the enchained rings. This leads to more varied relaxation
processes and less overall correlation of chain-segment
orientations relative to n-alkanes. We posit that this
architectural difference underlies the larger stability window
for rotator phases of DVOCB(n) as well as the presence of
rotator phases in higher molecular weight, chain-extended
DVOCB systems.33 The broader temperature range of the
rotator phase may make DVOCB(n) appealing for certain
applications, such as phase-change materials.51

While this study focused on a specific class of materials, its
insights and methods have broader implications. This work
also provides a dynamic analysis of crystal-to-rotator phase
transitions in n-alkanes, which has not been previously
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reported. The described order parameter for characterizing
crystal-to-rotator phase transitions in DVOCB(n) can also be
easily applied to future systems. Our tailored extension of
TAFFI-gen lays a foundation for generally expanding the
TAFFI framework to address stereochemistry and ring
systems. In the future, it may be interesting to apply similar
analyses to other ring-containing systems with rotator phases,
such as chain-extended DVOCB33 and hydrogenated poly-
norbornene.17,18,52
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