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ABSTRACT: Perfluorocyclobutyl polymers are thermally and
chemically stable, may be produced without a catalyst via
thermal 27—27 cycloaddition, and can form block structures,

making them suitable for commercialization of specialty

polymers. Thermal 27—27 cycloaddition is a rare reaction
that begins in the singlet state and proceeds through a triplet
intermediate to form an energetically stable four-membered
ring in the singlet state. This reaction involves two changes in
spin state and, thus, two spin-crossover transitions. Presented
here are density functional theory calculations that evaluate the

energetics and reaction mechanisms for the dimerizations of

two different polyfluorinated precursors, 1,1,2-trifluoro-2-
(trifluoromethoxy)ethane and hexafluoropropylene. The spin-
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crossover transition states are thoroughly investigated, revealing important kinetics steps and an activation energy for the gas-
phase cycloaddition of two hexafluoropropene molecules of 36.9 kcal/mol, which is in good agreement with the experimentally
determined value of 34.3 kcal/mol. It is found that the first carbon—carbon bond formation is the rate-limiting step, followed by a
rotation about the newly formed bond in the triplet state that results in the formation of the second carbon—carbon bond.
Targeting the rotation of the C—C bond, a set of parameters were obtained that best produce high molecular weight polymers

using this chemistry.

1. INTRODUCTION

During Teflon’s development at EI. Du Pont de Nemours and
Company, Lewis and Naylor' discovered an unexpected
product after a pyrolysis experiment, octafluorocyclobutane.
They proposed a reaction mechanism where two tetrafluoro-
ethylene molecules would react via 27—27, thermally induced
cycloaddition. Bartlett et al. later showed that a similar reaction
between 1,1-dichloro-2,2-difluoroethylene and dienes had a
preferred direction, namely, the difluoromethylene group bonds
with the terminal carbons of the diene, and using stereo-
chemistry arguments concluded it passed through a diradical
intermediate.”” It has also been shown that trifluorovinyl ethers
are able to undergo this cycloaddition.”> Using electron
paramagnetic resonance (EPR), the predicted diradical triplet
intermediate has been observed experimentally for the
cycloaddition of 4,4’-bis(4-trifluorovinyloxy)biphenyl (TFVE-
BP).° In order for this diradical triplet intermediate to exist, the
reaction mechanism must involve at least two changes of spin
(ie., singlet to triplet and back to a singlet), as the reactants and
product are both in the singlet state. This study proposes a full
reaction mechanism using density functional calculations to
find spin-crossover transition states (SCO-TSs) for the
dimerization of 1,1,2-trifluoro-2-(trifluoromethoxy)ethene
(TFVE) and the dimerization of hexafluoropropylene (HFP).
This unique chemistry has practical applications in polymer-

-4 ACS Publications  © 2017 American Chemical Society

6578

ization reactions where molecules with two TFVE functional
groups are able to form linear polymers containing perfluor-
ocyclobutyl groups. The versatility of the functional group on
these polymers has been previously demonstrated, highlighting
their potentially broad properties’ and thus broad range of
applications from waveguides,” fuel cell electrolytes,”'® to
coatings for space applications.''

These polymers are produced without a catalyst or small
molecule evolving, making perfluorocyclobutyl polymers
suitable for production of specialty plastics on a commercial
scale. Additionally, because this reaction only involves a
rearrangement of bonds, TFVE polymers are able to reversibly
repair damage caused from mechanical strain via heating.'”
These properties make them ideal for a diverse array of
specialty chemical applications. A complete understanding of
this reaction mechanism is vital for rational design of
polymerization conditions ranging from benchtop to commer-
cial scale.

Computational chemistry is able to give insight into entire
reaction pathways, thus providing details on geometry and
molecular motions that are not accessible through experiments
alone. The cycloaddition of fluorinated vinyl groups involves
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formation of a diradical triplet intermediate, which requires
passage through two SCO-TSs. A SCO-TS is defined as a local
minimum on the seam of intersection between the potential
energy surfaces of different spin states. Harvey'® gives an in-
depth review on reactions involving SCO-TS steps and
establishes a methodology for studying such reactions. Each
energy surface exists as a 3N-dimensional surface; therefore, the
crossing of surfaces is a 3N-1-dimensional hypersurface. In
order to find the seam of intersection, two constraints must be
met: (1) the energy of the two spin states are equal and (2) the
geometry of the two spin states are the same. While any point
on the seam of intersection is a possible point of crossing from
one spin state to another, the minimum on this seam represents
a point on the minimum energy path for spin state crossing.
SCO-TSs are not saddle points on a single energy surface but
rather a saddle point on an adiabatic surface defined by two
different spin-state surfaces. Therefore, traditional methods of
finding transition states are not applicable, and a modified
method must be utilized.

2. METHODS

To evaluate the 27—27 cycloaddition of fluorinated methylene groups,
two different model cyclodimerization reactions were studied. The first
reaction consisted of the cyclodimerization of two HFP molecules, and
the second reaction was the cyclodimerization of two TFVE molecules
(Figure 1).
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Figure 1. Overall cycloaddition reaction for (top) HFP and (bottom)
TFEVE. The 7 bonds rearrange, forming new ¢ bonds. Note that both
cis and trans conformations of the —OCF; and —CF; substituents in
the final product are possible, and the above figure is intended to be
the general reaction.

All geometry optimizations were performed using the UMO06-2X
density functional and the 6-311G(d,p) basis set as implemented in
the Gaussian09 software package.m_m The main product of this
reaction is the 1,2 adduct where the ethers are on adjacent carbons,
while a minor amount of the 1,3 adduct has been detected via F
NMR.'” This same study indicates that the 1,2 adduct was composed
of nearly equal amounts of cis and trans products. Additionally, it has
been experimentally determined that the rate of cis to trans rotation
occurs at a rate which is 10X faster than that of the ring-closure
reaction.” To limit the scope of this study, only the cis conformation
of the substituents was considered, as seen in Figure 2. In accordance
with traditional nomenclature, C2 and C3 will be referred to as head
carbons and C1 and C4 will be referred to as tail carbons. Looking at
Figure 2, one can observe that head-to-head and tail-to-tail reactions
will form the main product, while head-to-tail reactions will form the
1,3 adduct, a side product. All three reaction mechanisms are
considered in this study for both TFVE and HFP.

The bond to be formed first (C1—C3, C1—C4, or C2—C3) was
scanned with a singlet multiplicity from S to 1.4 A in increments of 0.2
A, starting with a dihedral of 0° between the four carbons. The
geometry at 1.4 A was then used to scan the same bond in reverse with
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Figure 2. Three distinct ways for the two bonds to form in the

cycloaddition of two TFVE molecules, resulting in two unique
products.

a triplet multiplicity. When the two molecules approached, the relevant
dihedrals (different for all three pathways) all converged to ca. 180°.
For all three cases (Figure 2), the singlet energy increased when the
distance between adjacent carbons (i.e., C1—C3 and C2—C4, or C1—
C4 and C2—C3) was decreased, while for the triplet state the energy
decreased. In the region where the energies for the singlet and triplet
crossed, two-dimensional scans of the dihedral and bond length were
performed. The bonds were scanned in increments of 0.05 A over a
range 0.1 A from the crossing point, while the dihedral was scanned
in increments of 20° over a range of +40° from the crossing point.
During these calculations, only two parameters were fixed to be
equivalent between the different spin state calculations, resulting in
some discrepancies between the other geometric parameters.

The geometry located at the minimum on the line of intersection
from the partial optimization of the singlet state was then used as the
starting point for a Newton—Raphson minimization algorithm,
developed in house, based on previous work from Chachiyo and
Rodriguez.'®

The unconstrained minimization of a function, f(X), can be
calculated through an iterative process using eq 1 where X is a vector
of variables, Ay is defined by eq 2, and AX is the change in variables
that are expected to minimize f(¥). Once the change in variables is
enacted, the process is iterated until a sufficient minimization
threshold is achieved.

Ax* = —A"(®)f (%)

7,
a Oux; 00,

(1)

Ajk
@)
Using Lagrange multipliers, a constraint, ¢, can be added, resulting in
eq 3 (derived elsewhere'”), where B, is defined by eq 4.

Ax‘ = Ax" — A'B"(BA'B")(c + BAX")Ax

= Ax* — A'B"(BA™'B") !(c + BAx") (3)
A
A T 5
0x; (4)
By knowing F(%), c(%), and their derivatives with respect to X, the
iterative process can take place. The function F(%) is to be minimized
while meeting the constraint, ¢(%). For finding a SCO-TS, eq S is
minimized with the constraint that the singlet and triplet energies are
equal (eq 6). The constraint restricts the solution to the seam of
intersection, and then the minimum on that seam is found (here
represented by the minimum of the square of the sum of energies).

f@®) = E7® + BT s)
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A frequency calculation at both the singlet and triplet states (i.e., s =1
and s 3) on the resulting structures provides the required
information for the calculation including the energy, gradient, and
Hessian. The proposed algorithm works by first submitting a
frequency calculation for both singlet and triplet states with the
exact same geometries. Once the calculation is finished, the energy,
gradient, and Hessian are extracted from the formatted checkpoint file.
These data are then used to calculate the subsequent change in
coordinates that is expected to minimize the sum of the energy, with
the constraint that the energies must be equal. The coordinates are
then modified, new calculations are performed, and the process is
iterated until the convergence threshold is reached. This study found
that taking the full calculated step size (A%) would tend to overshoot
the roots; therefore, the step size is reduced in magnitude from 0.01 to
0.5 AX. This process was done for all possible SCO-TSs.

Once the SCO-TSs were identified, the products and intermediates
were found through standard energy optimization procedures. Next,
the SCO-TSs were analyzed using vibrational analysis developed by
Glowacki, and the MESMER program was used, in conjunction with
Landau—Zener theory, to account for crossing probability and to
create a kinetic model.”*™>* The model was then used to predict
reaction rate over a wide temperature range (200—800 K) at 1 atm.
These values are reported and discussed in the next section. This data
is then compared to experimentally determined reaction rates.

3. RESULTS AND DISCUSSION

In the literature there are many different experimental examples
of fluorinated vinyl cycloadditions with a wide variety of
substituents, reaction conditions, and available character-
ization.”> Two model compounds, TFVE and HFP, were
chosen to represent a majority of the available reactions while
giving insight into how the reaction proceeds and how
substituent substitution impacts the reaction. TFVE was chosen
because many of the studies on cycloadditions use ether
linkages to connect a trifluorovinyl group to a functional spacer
group. HFP was chosen because it provides a close comparison
to TFVE, without the ether linkage, and there is reliable kinetic
data for that exact molecule (something that is lacking for
TFVE). First, TFVE was studied, and then the substituent was
altered (from —OCF; to —CF;), and part of the calculations
were run again with the new molecule. Three different reaction
pathways were analyzed for each dimerization, representing the
three different ways the two new carbon—carbon bonds can
form, as discussed in section 2 and depicted in Figure 2.

3.1. TFVE Search for Transition State. As a preliminary
search for the first transition state in each reaction pathway, a
1D scan of the carbon—carbon bond distance was conducted
on the two carbon atoms participating in the bond formation.
This resulted in an increased energy as the two monomers
approached each other in the singlet state from 5.0 to 1.4 A. In
the triplet state, the energy decreased as the molecules
approached each other, eventually reaching a minimum and
then increasing in energy again upon further reduction in the
separation distance. The two different energy scans are found to
cross at ca. 1.8—1.9 A as depicted in Figure 3. It was observed
that the dihedral for the scans rotated to ca. 180° as the C1 and
C3 distance decreased, indicating a local minimum with respect
to the dihedral.

Near the intersection of the singlet and triplet 1D scans, 2D
scans were performed with the additional fixed parameter being
the dihedral about the newly forming C1—C3 bond. The
dihedral was chosen because it was identified as a major
differentiating parameter between the singlet and triplet spin
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Figure 3. Singlet (O) and triplet (X) energy from the 1D scan of C1—
C3 bond for the head to tail addition of two TFVE molecules.

states. Scanning over these two parameters (i.e, C1—C3
distance and C2—C1—C3-C4 dihedral) enables the creation of
a 2D surface depicting the crossing of the singlet and triplet
spin states, which are required to have the same energy and
geometries. This process was repeated for both head—head and
tail—tail addition reactions. The 2D data for all three seams of
intersection can be seen in Figure 4.

The head-to-head addition was found to be the lowest energy
at the crossing seam. Additional increases in steric hindrance
near the reaction site resulted in an energy increase, effectively
shifting the energy surfaces up. Head-to-head addition has no
—OCEF; near the reaction site, head-to-tail has one, and tail-to-
tail has two such groups. It is important to note that the two
energy surfaces have only two parameters that are fixed, and the
remaining variables are allowed to freely optimize and therefore
may not be identical for the two spin surfaces, which means
that the minima found in the 2D scans are not the real SCO-
TSs. The minima on the seams were used as the starting points
for the Newton—Raphson algorithm discussed in section 2. The
second SCO-TSs were found in a similar way. First, a 1D scan
of dihedral was conducted, followed by a 2D scan of dihedral
and bond length.

3.2. SCO-TSs of TFVE and Full Reaction Mechanism.
The singlet geometries obtained from the minimum on the
seam from the 2D scans were the starting point for the
Newton—Raphson algorithm, as outlined in the Methods
section. Initially the energy difference was ca. 20 kcal/mol but
converged to <0.01 kcal/mol for all 6 SCO-TSs, a table with
the stationary point energies along with all atomic coordinates
for SCO-TSs is available in the Supporting Information. The
dynamics of a well-behaved minimization is shown in Figure 5.
The energy is different from that obtained from the minimum
on the seam of a 2D scan, confirming that 2D scans are
insufficient in determining SCO-TSs.

Once the convergence was completed for all 6 SCO-TSs, the
overall reaction pathway and energy profile were constructed;
see Figure 6. Note that the first SCO-TS is the rate-limiting
step for all of the reaction pathways. Additionally, the activation
energy increases with steric hindrance, following the observa-
tions from the 2D scan. The lowest energy pathway, head-to-
head addition, forms the 1,2 adduct (P1), and the second
lowest energy path forms the unique 1,3 adduct (P2). This is in
alignment with experiments showing that the 1,2 adduct is the
major product and the 1,3 adduct is a minor product.'”*
Calculating the percentage of the total reaction accounted for
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Figure 4. (Top) 2D scans near the seam of intersection for all three
reaction methods yielded surfaces that crossed at a seam of
intersection. All three seams had minima within the scanning surface.
(Bottom three graphs) Isosurfaces showing the energy difference
between S = 1 and S = 3 states; the steric hindrance increases down
the page as an additional —OCF; group is introduced near the reaction
site (head—head, head—tail, tail—tail). The surfaces are color
coordinated for head—head (blue), head—tail (green), and tail—tail
(red) with the singlet plane increasing in energy as the bond length
decreases.

by each of the three pathways reveals that ca. 95% of the

product is produced via head-to-head addition (Figure SI-1).
Looking at how the geometry evolves through the

mechanisms elucidates two distinct processes (Figure 6 and

6581

AEnergy (hartree)

10

20
Iteration

30 40

Figure S. Energy convergence starting from the minimum on line of
intersection from 2D scans for the singlet (O), triplet (X), and (A)
difference between singlet and triplet energies.

Table 1). First, from the reactant to the first SCO-TS (TSI,
TS3, and TSS) and to the intermediate (I1, 12, and I3) the C—
C bond is forming, and thus, the distance is decreasing. After
the intermediate, the bond length is almost unchanged. The
second process is a twisting motion where the dihedral rotates
about 180° from the first SCO-TS to the product. This
coincides with EPR spectroscopy showing an axially symmetric
triplet, and the diradical molecule is present in the cyclo-
addition reaction.® In the gas phase with small molecules, this
twisting motion does not appear to play a significant role in the
reaction rate; however, this motion is hypothesized to have
significant implications in condensed phase polymerizations.
This may result in a higher effective activation energy.

3.3. Full Mechanism of HFP. Using the results from
TFVE, the substituent was changed from —OCF; to —CF;, and
the Newton—Raphson minimization was conducted for all six
SCO-TSs. This resulted in guesses that were close enough to
produce converged structures. The reaction pathways and
energy diagram for the possible HFP dimerization reactions can
be found in Figure 7.

The same trends as discussed for TFVE hold true for the
dimerization of HFP. The energy of the first transition state still
increases with increasing steric hindrance, and the rotation
about the first bond formed is still prevalent. In general, there is
a higher activation energy for HFP than TFVE. Experiments
correlating the fluorinated vinyl cycloaddition rate to the
electronegativitg of the substituent have previously predicted
such behavior.”

The geometric parameters for all of the converged stationary
points in the HFP reaction can be seen in Table 2. Once again,
there are two main events of the reactions. First, there is a
shortening of the C—C bond, followed by a rotation of the
dihedral, as seen in Figure 7.

3.4. Kinetic Simulations. Because this reaction pathway
contains nontraditional transition states, typical transition-state
theory and kinetics needs to be modified. One method to take
into account the probability of crossing from one state to
another is to use the Landau—Zener formula. This was
accomplished in this study through running GlowFreq and
MESMER, two programs written and distributed by
Glowacki.”™** MESMER was run at atmospheric pressure
and a temperature range of 100—700 K to give a broad range of
rates for each reaction. The kinetic simulation was implemented
for TFVE and HFP, and the theoretical results and
experimental results for HFP cycloaddition, previously reported
by Atkinson,” are depicted in Figure 8.
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Figure 6. Full proposed reaction mechanisms for the three different routes of cycloaddition (head-to-head, head-to-tail, and tail-to-tail) for TFVE.
The geometries are at the top, and a qualitative energy diagram (relative energies in kcal/mol) is at the bottom.

Table 1. Geometric Parameters for the Cyclodimerization of
Two TFVE Molecules”

1st TS I 2nd TS P

C1-C3

d(2—-1-3-4) 175.30 167.87 4195 14.27

b(1-3) 1.75 1.55 1.54 1.56

b(2—4) 2.63 1.56
Cl1-C4

d(2—1-4-3) —17541  —162.94 4799  —16.28

b(1-4) 1.75 1.56 1.54 1.55

b(2-3) 2.65 1.55
C2-C3

d(1—-2-3—4) —171.66 52.53  39.84  —16.28

b(2-3) 1.80 1.55 1.54 1.55

b(1-4) 2.61 1.55

“Bond lengths are shown in angstroms, and dihedral angles are shown
in degrees.

The theoretical results align well with the experimental
results, which supports our proposed reaction pathway. Given
the proposed reaction pathway it is now possible to compare
these computations to previous experimental findings with
small molecules in an effort to improve conditions for TFVE-
BP polymerization.

3.5. Molecular Weight and Reaction Conditions from
Literature. One of the drawbacks of TFVE polymer chemistry
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is the difficulty in producing high molecular weight materials.
This can be remedied through use of a catalyst,”” but that
reduces one of main benefits of this chemistry for commercial
applications. If the molecules need to twist throughout the
course of the reaction pathway, then it is conceivable that a
polymerization with this chemistry will have a viscosity-
dependent rate. As the polymerization proceeds, polymer
chains entangle, increasing the viscosity. This study suggests
that this increase in viscosity could inhibit the reaction rate. To
probe this theory, literature was reviewed in an attempt to find
evidence to support this hypothesis. All reactions listed in Table
3 are the polymerization of 4,4’-bis(4-trifluorovinyloxy)-
biphenyl (TFVE-BP) (CAS = 134130-19-1) under various
conditions. These conditions include solvent-free or bulk
polymerizations and use of diphenyl ether (DPE) and
perfluorotetradecahydrophenanthrene (PFTDP) solvents.
Since this polymerization follows second-order, step-growth
kinetics, the molecular weight (M,,) will increase linearly with
time (see the derivation in the SI). Assuming that the activation
energy is 25 kcal/mol for this condensed-phase polymer-
ization,”* the equivalent reaction time at 118 °C can be
calculated for each of the reaction conditions found in the
literature. Plotting molecular weight vs this effective time at 118
°C produces a linear trend for bulk polymerizations (R* =
0.942) where addition of solvent produces high molecular
weight material more rapidly; see Figure 9. Although the
concentration of reactive species is lower when solvent is

DOI: 10.1021/acs.joc.7b00597
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Figure 7. Full proposed reaction mechanisms for the three different routes of cycloaddition (head-to-head, head-to-tail, and tail-to-tail) for HFP. The
geometries are at the top, and a qualitative energy diagram (relative energies in kcal/mol) is at the bottom.

Table 2. Geometric Parameters for the Cyclodimerization of
Two HFP Molecules”

Ist TS I 2nd TS P

C1-C3

d(2—1-3—4) 171.58 69.01 40.84 11.28

b(1-3) 1.75 1.55 1.54 1.56

b(2—4) 2.59 1.56
C1-C4

d(2—1-4-3) —172.34  -15.14 33.27 10.80

b(1-4) 1.79 1.58 1.55 1.56

b(2-3) 2.54 1.55
C2-C3

d(1-2—-3-4) 172.05 58.40 36.98 10.84

b(2-3) 175 1.55 1.54 1.55

b(1-4) 2.62 1.56

“Bond lengths are shown in angstroms, and dihedral angles are shown
in degrees.

added, the rate of the reaction is accelerated. This coincides
with our hypothesis that higher viscosity may inhibit rotation
and limit the rate of reaction.

An additional way for producing high molecular weight
materials may be to go to higher temperatures. As polymers
heat up, the viscosity decreases. There is a general trend in
molecular weight produced and reaction temperature; see
Figure 10. This trend looks similar to the behavior of viscosity
vs temperature for a similar polymer found in literature.”

As higher molecular weights are desired, two methods of
achieving this without catalyst are proposed; both involve
reducing the viscosity of the reaction. First, using a solvent or
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Figure 8. Rates of reactions in the temperature range of 127—-393 °C
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Table 3. List of Reactions and Conditions for the
Polymerization of TFVE-BP (wt % Monomer)

T (°C)  time (h) solvent M, PDI ref
250 108 bulk 219081 6.65 30
220 3 PETDP (28 wt %) 103300 2.55 31
220 3 PFTDP (28 wt %) 116400 1.89 31
215 3 PFTDP (28 wt %) 89719 3.05 4
200 72 bulk 58000 N/A 29
200 4 DPE (38 wt %) 7500 1.31 32
180 48 bulk 40000 N/A 29
160 12 bulk 7300 N/A 33
160 16 bulk 14700 N/A 29
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Figure 9. Plot of molecular weight vs reaction time at 118 °C showing
linear trend between molecular weight and effective reaction time for
the reaction with solvent (X) and without (O).
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Figure 10. Temperature vs molecular weight for the polymerization of
TFVE-BP.

plasticizer at 220 °C will product high molecular weight
material in several hours. A second method is to use high
temperature in excess of 240 °C and a bulk (solvent free)
polymerization. To provide further support for the proposed
reaction mechanism, we encourage a study tracking molecular
weight and viscosity vs time for a bulk polymerization and
polymerization using PETDP (28 wt %). Using a temperature
of 200 °C and time of 96 h would be preferred.

4. CONCLUSIONS

Gas-phase calculations were performed on TFVE and HFP
dimerizations, resulting in evidence for a reaction mechanism
involving two SCO-TSs. Previously a diradical intermediate was
observed using EPR, but this study provides insight into how
this reaction may take place. Utilizing a Newton—Raphson
minimization algorithm, 12 SCO-TSs were found for the two
reactions studied, the result of 3 pathways for each reaction,
each involving two SCO-TSs. The activation energy for head-
to-head addition was the lowest in both cases, indicating this is
the most probable pathway found. Additionally, the main
product observed experimentally (1,2 adduct) was the product
of this pathway. The calculated reaction kinetics was in
excellent agreement with previously reported experiments.
Based on the computed results, higher temperatures and lower
viscosities are advised to keep cycloaddition polymerizations
catalyst free. This will enable the rotation of polymer chains
and avoid slowing reaction rates, theoretically allowing for
higher molecular weights produced more rapidly.
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