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ABSTRACT: This theoretical study examines the formation, structure, and stability of
two of the most ordered nanothreads produced yet, those derived from furan and
thiophene. The energetic consequences and activation barriers of the first two steps of
oligomerization via a Diels—Alder mechanism were examined. The ca. 20 GPa difference
in the synthetic pressures (lower for furan) is explainable in terms of the greater loss of
aromaticity by the thiophene. The effects of pressure on the reaction profiles, operating
through a volume decrease along the reaction coordinate, are illustrated. The interesting
option of polymerization proceeding in one or two directions opens up the possibility of
polymers with opposing, cumulative dipole moments. The computed activation volumes
are consistently more negative for furan, in accordance with the lower onset pressure of
furan polymerization. The energetics of three ordered polymer structures were examined.
The syn polymer, with all O/S atoms on the same side, if not allowed to distort, is at a high energy relative to the other two due to
the O/S lone pair repulsion, understandably greater for S than for O at the 2.8/2.6 A separation. Set free, the syn isomers curve or
arch in two- or three-dimensional (helical) ways, whose energetics are traced in detail. The syn polymer can also stabilize itself by
twisting into zig-zag or helical energy minima. The release of strain in a linear thread as the pressure is relaxed to 1 atm, with
consequent thread curving, is a likely mechanism for the observed loss of the crystalline order in the polymer as it is returned to
ambient pressure.
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H INTRODUCTION control, one could design nanothread precursors that capture
and recover molecular orbital alignments, so long as the ligands

A defining feature of nanothreads is their unique combination of
in question can be anchored to the thread backbone.

extreme thinness (only a few angstroms in diameter) and rigidity

(multiple single covalent bonds connecting each unit). This Nanothreads were first synthesized from benzene 3uilder
feature distinguishes nanothreads both from traditional pressure in diamond anvil cells or Paris—Edinburgh cells,”” but
polymers, which are generally flexible (by rotation around the high-pressure solid-state synthesis technique appears to be
single bonds)’ and from nanotubes or nanowires, which are quite general for unsaturated hydrocarbons. To date, nano-
normally much thicker. Some ladder polymers"” share the threads have been synthesized from benzene,”" pyridine,’
features of nanothreads. aniline,’ thiophene,” cubane,® furan,” azobenzene,'”"" pyrida-
Rigidity is a defining property of hard (not soft) condensed zine,'” stilbene,'* and arene/perfluoroarene cocrystals."* ™" It i
matter; when accompanied by periodicity (for which it is a expected that more polymers of this kind are coming and that
precondition), it is intimately associated with a manifold of sample sizes of certain threads will rapidly expand as synthesis
condensed-phase properties. These include transverse phonons, pressures continue to fall.
unusual features of the electronic band structure, and numerous In nanothread synthesis from aromatic molecules, pressure
property couplings between mechanical and electronic/optical provides a negative pAV term of enthalpy'” to help overcome
degrees of freedom, particularly when a broken symmetry is the high reaction barriers, typically insurmountable at ambient
required. Expressing rigidity at the extreme limits of thinness pressure, due to the loss of aromaticity of the precursor

accentuates any physical property that depends on gradients in
properties across the width of an object, such as flexoelectricity.
Also, it enables the expression of properties normally quenched
in higher-dimensional rigid lattices, such as torsional modes at
typical optical phonon frequencies. More speculatively, the
induction of rigidity at high pressure may enable orbital
geometries normally accessible only under high compression
to be recovered to ambient conditions, supported by the
extensional and torsional rigidity of the thread’s carbon
backbone. Combining physical rigidity with chemical kinetic

molecules in the initiation of C—C bond formation. Two types
of reaction mechanisms for nanothread formation—concerted
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[4 + 2] polymerization and radical-type polymerization—were
previously proposed.'® The latter appears to be less favored as
initial stages involving the formation of radical intermediates
generally have higher intrinsic barriers at 1 atm and/or a less
negative pAV term (only one bond forms initially), compared
with [4 + 2] cycloadditions forming two bonds in a concerted
manner.

Furan and thiophene, two aromatics similar in structure, were
recently shown to form nanothreads at 15 and 35 GPa,
respectively.”” This 20 GPa difference in synthetic pressure is
one thing we address in this paper. Three characteristic
structures of such threads, based on [4 + 2] cycloaddition
pathways, were proposed (Figure 1 shows them in the idealized

anti

syn syn-anti

Figure 1. Three characteristic furan or thiophene nanothread
structures, in the idealized form. Carbons are shown in gray, hydrogens
are shown in white, and chalcogens (O or S) are shown in yellow. In the
DFT-relaxed (using the PBE functional) structures, a=2.6 A, b=4.6 A,
and ¢ = 2.8 A for furan threadsand a = 2.8 A, b=4.7 A, and ¢ = 3.2 A for
thiophene threads.

form, not optimized in the geometry). In contrast to the complex
structural variety of benzene or pyridine nanothreads, as shown
in previous enumerations, >’ furan and thiophene nanothreads
have less structural variety. This is due to the smaller five-
membered rings, which contain only two double bonds per ring
available for polymerization. This lack of variety may be
associated with a higher degree of structural order.

Focusing on the relationships of neighboring chalcogens (O
or S) in a thiophene thread structure—whether they are on the
same side or the opposite sides of the thread—a syn/anti
nomenclature, common in organic chemistry, naturally comes to
mind and was originally used.” Based on the closeness of the
match to the experimentally observed d-spacings of the three
Friedel pairs of the quasi six-fold diffraction pattern, simulations
of packed nanothread crystals suggest that (for both furan and
thiophene nanothreads) the anti and/or syn—anti structures,
with more elliptical cross-sectional thread shapes, are the ones
observed.”” The latest solid-state nuclear magnetic resonance
(NMR) analyses of a furan thread sample produced in a Paris—
Edinburgh cell, along with the chemical shift calculations
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[according to density functional theory (DFT)], identified the
fully saturated anti structure and some partially saturated
polymer structures, while excluding the syn and syn—anti
structures.”

Energetically, the anti and syn—anti structures are more
favorable than the syn structure, due to the absence of the
apparent steric hindrance between the chalcogens, closely
positioned near each other, an obvious feature of the idealized
syn structure.”” We give a more detailed analysis of the
structures and their energetics in this paper. We also mention
here the recent work of Demingos, Balzaretti and Muniz,
focusing on the mechanical and electronic properties of the
three extended isomers here.”” Our calculations of the electronic
properties of these polymers will be published separately. The
relative stabilities of the ideal polymers that we calculate match
well with those reported.

If one thinks about how the possible threads form, another
nomenclature, equally common in the organic realm now, of
endo versus exo aggregation, is time-honored for cycloadditions.
It is best to approach it through an example. The very first [4 +
2] cycloaddition offers two possibilities (Figure 2). The
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Figure 2. Isomerism of [4 + 2] cycloadditions in the process of
nanothread formation from furan (X = O) or thiophene (X = S). The
first ring added to the initial monomer black ring is in red. The second
step adds blue rings.

linguistic choice, to call the product that puts the two longer
ring fragments “on the same side” endo and its counterpart exo, is
as arbitrary as it sounds. However, we need the distinction
between the resulting constitutional isomers.

The number of isomers grows exponentially as the reaction
propagates, for each subsequent cycloaddition creates the
potential of endo/exo isomerism. The syn, anti, and syn—anti
nanothread structures in Figure 1 correspond to the [4 + 2]
cycloadditions being all endo, all exo, and alternating endo and
exo. The solid-state structures of furan and thiophene, from
which nanothreads were produced, likely constrain the
orientations of individual molecules during polymerization
and thus may limit the structural possibilities. The intrinsic
endo/exo selectivity (in a gas-phase reaction) and the packing
efficiency of the threads as they form under pressure, both of
which are related to the nonbonded XX (X = O or S)
repulsion, a steric effect, may also influence the structure of the
nanothread formed.
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Figure 3. Potential energy profiles (in kcal/mol) at 1 atm of the first two steps in the polymerizations of furan (X = O)/thiophene (X = S) via [4 + 2]
cycloadditions, calculated at the DLPNO-CCSD(T)/ cc-pVTZ//B3LYP/ 6-31G(d) level of theory. The numbers adjacent to the arrows are TS
(structures not shown) energies, and the numbers adjacent to the structures are the energies of the adducts, all relative to isolated furan/thiophene
molecules. Enantiomers (isomers with the opposite chirality) are not considered. See Figure SI in the Supporting Information for the energetics
calculated using other methods. In the stepwise addition sequence, the first rings added are in red, and the second ones are in blue.

In this paper, we compare barriers and activation volumes of
furan and thiophene [4 + 2] cycloadditions and study the
structures of furan/thiophene nanothreads.

B RESULTS AND DISCUSSION

[4 + 2] Cycloaddition Barriers. First, we would like to
understand the large, 20 GPa difference in the synthetic
pressures for thiophene and furan nanothreads. As is shown in
the next section, larger (more negative) volumes of activation
are calculated for chain-initiating furan [4 + 2] cycloadditions
than for thiophene. Therefore, the reduction of the enthalpic
barrier by pressure should be greater for furan than for
thiophene polymerizations. This is one of the reasons that
furan nanothreads form at a lower pressure than thiophene
nanothreads do. Another reason could be that the intrinsic
electronic energy barrier of the thiophene reaction is higher at 1
atm. This is readily understood considering that thiophene is
more aromatic, and therefore less susceptible to initial reactions
in which that aromaticity is lost, than furan.”*** As shown in
Figure 3, the computed [4 + 2] cycloaddition barriers for
thiophene (41 kcal/mol, after the slash on the uppermost
arrows) are indeed higher than those for furan (32 kcal/mol,
before the slash).

We should remark at this point that argumentation from the
loss of aromaticity is only part of the story. In dimerizing 7-
electron systems, the conversion of one 7 bond into two ¢ bonds
is enthalpically a very much downhill process. Thus, the AH for
three ethylenes reacting to yield cyclohexane is —67 kcal/mol.
The all-saturated furan and thiophene nanothreads are
thermodynamically more stable than the reactants that lead to
them. We can observe the trend even for the trimer energies
shown, all negative.

The endo and exo pathways in the first [4 + 2] cycloaddition of
furan/thiophene have nearly the same activation barrier.
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However, there is a slight preference (1—2 kcal/mol) for the
exo dimer-2 of furan and for the endo dimer-1 of thiophene.

The dimers formed in the first cycloaddition each have two
double bonds, one in the top (black) ring and the other in the
bottom (red) ring. Because of the conjugation with a
heteroatom O or §, the double bond in the black ring is more
electron-rich than the other double bond. In favorable [4 + 2]
cycloadditions, the diene and the alkene (dienophile) have
opposite polarities in the 7 systems, one being electron-rich and
the other electron-deficient.*® In contrast, when the diene and
alkene are both electron-rich, as in the case of cycloaddition
between the black double bond and the third blue furan/
thiophene ring (Figure 3), the cycloaddition is relatively
unfavorable. Computations indeed give higher barriers for the
dimer-to-trimer cycloadditions to the black rings. Correspond-
ingly, adducts trimer-3 and trimer-4 (or trimer-7 and trimer-8)
are less stable than dimer-1 and dimer-2 (or trimer-5 and
trimer-6) that are formed via cycloadditions to the red rings.

Despite the understood difference in the preferences between
the cycloadditions with the black and red double bonds of a
dimer, both of these dimer-to-trimer reactions were calculated
to have lower barriers than the cycloadditions initiating
polymerization at 1 atm (Figure 3). This can be readily
rationalized by noting that the initial cycloaddition (monomer
to dimer) breaks the aromaticity of the two reactant molecules,
while the cycloadditions that follow disrupt the aromaticity of
only one molecule.

Focusing on the monodirectional growth pathway, Figure 3
also shows that the energies of corresponding syn and anti
structures are within 2 kcal/mol (e.g., trimer-2 vs trimer-1 and
trimer-6 vs trimer-$), following the nomenclature in Figure 1,
and so are the transition states (TSs) leading to these trimers
(e.g., ts2-2 vs ts2-1). Note that the small energetic difference
between the syn and anti structures are for short oligomers in the
gas phase; the situation may be quite different for long threads

https://doi.org/10.1021/jacs.2c01720
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packed in a crystal, especially for thiophene, which suffers more
(sterically) from syn configurations.

Bidirectional Growth? The initiation calculated to be the
rate-limiting step may suggest bidirectional growth of the thread
from the dimer, where the thread is extended in both directions
including the one involving the relatively unfavorable cyclo-
addition to the black double bond in the dimer (reaction to
trimer-3, -4, -7 and -8, with subsequent chain extension).
However, if the kinetic preferences of dimer-to-trimer cyclo-
additions can be resolved in the polymerization process, for
example, by pressure and crystal structure constraints, then
monodirectional growth of the thread is expected, and the black
double bond in the dimer would never react.

Bidirectional growth of a chain polymer seems rare’® and, in
this case, would produce a “double-headed” nanothread with a
“growth inversion center” (the first black ring) in the middle. If
each step in the polymerization builds up a dipole moment in the
thread, however small, along the thread direction, then the
double-headed growth will produce a thread with two large,
opposing dipole moments. Such a structure has not been
reported as far as we know and may have intriguing
optoelectronic or electromechanical properties as a rigid, one-
dimensional quadrupole.

Effect of Pressure on Reaction Profiles. Two questions
we would like to answer in this section are (1) what is the effect
of pressure on the endo/exo selectivity that exists in every step of
the [4 + 2] polymerization in Figure 3 and (2) would high
pressure have a similar or different effect on the polymerization
of furan compared with that for thiophene. In order to answer
these questions, we calculated the reaction profiles at different
pressures and the activation volumes of five reaction steps in
Figure 3; they are furan/thiophene — dimer-1 via tsl-1
(reaction A), furan/thiophene — dimer-2 via ts1-2 (reaction
B), dimer-1 — trimer-1 via ts2-1 (reaction C), dimer-1 —
trimer-2 via ts2-2 (reaction D), and dimer-1 — trimer-4 via
ts2-4 (reaction E). The comparisons of reactions A and B and C
and D are designed to gauge the effects of pressure on the endo/
exo selectivities, respectively, in the initiation step and in the
chain lengthening step. It is assumed that the effect of pressure
on the chain lengthening steps is the same no matter whether the
chain grows from dimer-1 or dimer-2 so that the reactions of the
right-hand branch in Figure 3 may be ignored. Reaction E is
considered because it is a chain-lengthening step in a different
direction from those in reactions C and D.

The set of reactions A—E should be a good representation for
all the reactions one may encounter in the [4 + 2]
polymerization of furan/thiophene. The system is complicated;
to keep our wits about us, we duplicate part of Figure 3 and mark
on it the reactions A—F studied (Scheme 1).

In a previous work, we provided something new for chemical
reactivity in compressed media—a methodology to calculate,
admittedly in an approximate manner, reaction profiles for
chemical reactions at elevated pressures.'” This is the extreme
pressure polarizable continuum model (XP-PCM) method-
ology of Cammi”” that we now apply. A detailed description of
the method is given in the Supporting Information. Other
methods for studying high-pressure reactions are also
available.”* %"

Figure 4 shows the effective potential energy profiles of
reactions A—E for furan at different pressures. The effective
potential energy G, in XP-PCM consists of the electronic
energy, volume work, and an entropic contribution related to the
numerical density of the polarizable continuum medium. A
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Scheme 1. Five Reactions Studied Using High-Pressure
Calculations

X

J

X=0/X=S
furan/thiophene

ts1-1 /p Nm
X5 X >
endo exo
X ) ~x
dimer-1 dimer-2
ts2-1 c ts2-4
E
ts2-2 D
X
7
X/ X/ X~
X X X \
Q \x X/l A\
trimer-1 trimer-2 trimer-4

detailed description of these energy components is given in the
Supporting Information. The profiles for thiophene reactions
are very similar to those for furan reactions and are given in
Figure S2 in the Supporting Information. In fact, the profiles in
Figure 4 are also very similar in appearance to each other, with
late TSs (a TS that is closer to the product than to the reactant
along the reaction coordinate) and decreasing reaction barriers
as the pressure increases. A similar behavior of high-pressure
reaction profiles of other [4 + 2] cycloadditions has been
observed in previous computational studies.'”*"** All these
reactions have a similar, monotonically decreasing volume
profile. For this reason, only the volume profiles for reactions A
and B are shown in Figure 4. The obvious implication is that
pressure will facilitate these uniformly volume-decreasing
transformations. Entropy changes must not be forgotten, but
this is where confinement in a crystal lattice is a great advantage
over the reaction in fluid media.

One interesting phenomenon from the calculations is the
appearance of a local minimum in the AG,, profiles about
halfway between the reactant and the T'S; this entrance channel
minimum  shifts toward the TS as the pressure increases. A
reactant complex before bond formation is intriguing. Is it
simply the result of proximity, a pAV effect of complexation? or
is it intrinsic to the electronic progress of the reaction—the
outcome of dispersion forces and enhanced electron transfer
between diene and dienophile in the early stages of the reaction?
We monitored the charge on each furan molecule in the [4 + 2]
cycloaddition along the reaction coordinate at different
pressures and observed only minor charge transfer (<0.03 e)
between the molecules (see Figure S3). Therefore, charge
transfer should not be responsible for the formation of this
entrance minimum. Instead, the decomposition of the total
energy AG,, at 6.7 GPa into electronic energy AG, and
cavitation energy AG,,, and the comparison with the gas phase
profile show that the effect of pressure on the electronic energy
profile of the reaction is very small and that the cavitation energy
(which includes the pAV term) is responsible for the formation

https://doi.org/10.1021/jacs.2c01720
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Figure 4. Reaction profiles of two initiation reactions A and B (top) and three dimer-to-trimer reactions C—E (bottom) for furan 4 + 2 polymerization
at different pressures, calculated using the XP-PCM method. The volume profiles for reactions A and B are shown.

of this local minimum (Figure S3). Nevertheless, the entrance complexes (see Figure S4 in the Supporting Information for the
channel minimum may also be explained by a second-order fitting process for activation volume calculations). This is to
effect of the mechanical force on the initial part of the potential ensure a common reference (isolated reactants) in the

energy surface using the extended Bell model.* comparison of the endo/exo pathways.
In order to calculate the activation volume of a reaction As shown in Table 1, for the furan system, the endo
(Table 1), the reaction barriers are plotted against the pressures, cycloadditions are calculated to have more negative activation
volumes than the exo cycloadditions, —27.5 versus —26.1 cm®/
Table 1. Computed Activation Volumes Using the XP-PCM mol in the initiation reaction and —27.4 versus —26.3 cm®/mol
Method at the @B97XD/def2-TZVP Level in the dimer-to-trimer reactions. However, for the thiophene
AVE in em®/mol  AV# in em®/mol for system, the endo and exo cycloadditions have almost the same
reaction description for furan thiophene activation volume of about —26 cm3/ mol in the initiation
A initiation via ts1-1 —27.5 —256 reaction, and the difference is only 0.7 cm?/mol in the dimer-to-
(endo) trimer cycloaddition. The activation volume difference in endo/

B initiation via ts1-2 (exo) —26.1 —25.5

exo cycloadditions from furan to thiophene is not large, but it is

c difs‘;f'll (te‘:l;zi)mer'l via 274 —26.8 significant (1 cm®/mol difference in the activation volume leads
D dimerl to trimer-2 via —263 261 to a 2.4 kcal/mol difference in the activation enthalpy at 10
ts2-2 (exo) GPa).

E dimer-1 to trimer-4 via —-26.1 -25.6 The activation volume difference in endo/exo cycloadditions

ts2-4 can be intuitively understood by comparing the sizes of the

atoms/groups on the left- and right-hand sides of the bridging

and the AGH,—p relationship is fitted to a line (linear bonds in the bottom rings in the transitions state structures in
relationship). The slope of the fitted line _;ives the activation Scheme 2.

volume, according to AVF = dAGit /dp.l Note that for the In the furan cycloadditions, since the O atom is small, the

calculations of activation volumes, the barriers at different double bond in the bottom ring should be bulkier (this a

pressures are computed from the G, differences between the qualitative judgment, based on chemical intuition) than the O

TSs and that of isolated reactant molecules, not the reactant atom; therefore, the endo TS, in which the bulkier double bond

9048 https://doi.org/10.1021/jacs.2c01720
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Scheme 2. Endo and Exo Configurations of the [4 + 2]
Cycloaddition TS
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in the bottom ring overlaps with the top ring, appears to be more
compact than the exo TS. We propose tentatively that this is
probably the reason that the endo cycloaddition of furan has a
more negative activation volume than the exo cycloaddition.
However, for thiophene, the bigger S atom results in a smaller
steric difference between the S atom and the double bond in the
bottom ring so that the steric congestion with the top ring is
similar in both the endo and exo cycloaddition TSs.
Consequently, the two TSs have similar activation volumes.

The above discussion answers the first question we posed in
the beginning of this section. Now, we address the second
question: whether pressure would have a different effect on furan
cycloadditions contrasted with thiophene cycloadditions. Table
1 shows that for all the five cycloadditions, the computed
activation volumes for the furan reactions are more negative than
those for the thiophene reactions. This suggests that pressure
would favor the cycloaddition polymerization of furan over that
of thiophene. Considering that the intrinsic 1 atm reaction
barriers of the furan cycloadditions are lower than those of the
corresponding thiophene reactions, the furan polymerization is
expected to begin at a lower pressure and proceed faster than its
thiophene analogue. Experimentally, nanothread formation
from furan starts at 10 GPa,” only half of the onset pressure of
20 GPa’ for thiophene nanothread formation, as indicated by
Raman spectroscopy.

Finally, for the chain elongations in “a different direction”, via
ts2-4 (reaction E), the computed activation volumes are slightly
less negative than for the other chain-lengthening reactions C
and D; pressure is unlikely to preferentially favor initiation of
chain growth in the alternate direction.

Note that the above XP-PCM calculations on high-pressure
reactions ignore the packing of the threads in the solid state and
the electrostatic and dispersion forces that affect that
aggregation. The high-pressure barriers obtained from XP-
PCM calculations can be viewed as intrinsic barriers, which can
be used as a reference for future studies on the effect of solid-
state packing on these intrinsic barriers. They may also be useful
as computational screens for the large majority of potential
thread precursors for which high-pressure molecular crystal (or
co-crystal) structures are not known.

Lone Pair Repulsion. One important feature of the syn
structure of furan/thiophene nanothreads, compared with the
other two structures in Figure 1, is that the syn structure has a
chain of nonbonded chalcogens in close proximity. Are there
some relevant models we might think of in this context? The
thiothiophthenes® come to mind, a group of molecules less
studied than it should be. Hypothetical polyketone (CO), is one
example (Scheme 3); it is calculated to prefer a hehcal
structure.” As hypothetical polymers, polythiene (CS n,

analogue of polyketone (CO),, and polydithioquinone,”” have
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Scheme 3. Polyketone and Polythiene
X X

SR

X X

polyketone (X=0)
polythiene (X=S)

been suggested, both containing two S chains with S---S
interactions. Extended (CO), and (CS), polymers show a
geometry that we see is analogous to that of all-syn thiophene
and furan nanothreads, so it is useful to look at these structures
in context.”®

As shown in Figure 1, the neighboring nonbonded O-+-O (or
S---S) distance in the relaxed syn thread [subject to the periodic
boundary condition (PBC), one monomer unit per cell] is about
2.6 A (or 2.8 A), shorter than the typical van der Waals distance
between two nonbonded O (or S) of 3.0~3.4 A (or 3.6—4.2
A).*>*" This means that repulsive interactions between adjacent
chalcogens are likely. From an orbital point of view (Figure S
inset), the X---X (X = O or S) repulsion mainly arises from the
unfavorable four-electron interaction between high-lying
neighboring O 2p, (or S 3p,) lone pair orbitals, where z is the
axial direction of the thread. These fragment atomic orbitals are
likely the highest occupied molecular orbitals (HOMOs) of the
polymers. These destabilizing interactions are sometimes
termed Pauli repulsions in the literature.

Constrained geometry dimers of H,O and H,S may serve as
models for the lone pair interaction in furan and thiophene
nanothreads. Figure S shows the lone pair orbitals of (H,0),
and (H,S), pushed on each other in a geometry that simulates
the X:--X approach in the all-syn isomer. The HOMO and
HOMO-1 are the 2/3p, combinations; the HOMO-2 and
HOMO-3 are the 2/3p, combinations with some 2/3s
admixture. The repulsion of the filled orbitals is clear—the
splitting of HOMO and HOMO-1, the antisymmetric and
symmetric 2/3p, lone pair combinations, is 3.8 eV for (H,S),
and 1.2 €V for (H,0),. The p,-type lone pairs interact much less,
as expected.

Returning to the polymers, in the anti isomer, the anti
relationship of adjacent chalcogens removes the above lone pair
repulsion (though perhaps some inter-ring repulsion between
the lone pair and C—C bonds remains). In the syn—anti isomer,
most of the lone pair repulsion is removed; the remaining X---X
pairs suffer smaller repulsion, especially after eventual “curving”
of the polymer is allowed in a geometry optimization, creating an
“S-curve” shape to the polymer overall, increasing the X---X
separation.

The difference in the strength of lone pair repulsion in the
three threads is reflected by the computed relative energies
(idealized geometries under the PBC still maintained). As
shown in Figure 6, the syn thread is computed to be, as expected,
the highest in energy among the three isomers. The tiny energy
differences between the anti and syn—anti structures indicate
that the lone pair repulsion is almost completely removed in the
syn—anti thread, as it is in the anti thread.

Two things we would also like to understand are (a) the
higher energy of the syn relative to that of the anti thread for
thiophene (23 kcal/mol) than for furan (3 kcal/mol) and (b)
the larger energy difference between the syn and anti structures
for the threads in Figure 6 (3 and 23 kcal/mol for furan and
thiophene, respectively) compared with those for the oligomers
in Figure 3, which are within 2 kcal/mol. The computed relative
stability of various isomers is consistent with previous
calculations.””
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Figure S. Lone pair orbitals with computed energies of two molecules, (H,0), or (H,S),, stacked on top of each other the same way as in the syn

thread, at 2.6 and 2.8 A separations, respectively.
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Figure 6. Optimized structures (under the PBC) and relative energies
of three types of furan and thiophene threads in idealized
conformations. Horizontal gray lines indicate the axial repeating
distance of the unit cells used in the calculations. Relative energies are in
kilocalories per mole of C;H,X (X = O or S).

The former is due to the larger atomic size of S than that of O,
and consequently a greater overlap and larger repulsion between
the S atoms than between the O atoms, in the syn threads at
similar distances. The larger energy difference between the syn
and anti structures arises from the PBC enforced in the
calculations in Figure 6. In the constraint-free syn oligomers in
Figure 3, the threads are able to and do curve in order to increase
the distance between neighboring chalcogen atoms. However, in
the calculation of infinite-length threads with a minimal unit cell,
the PBC forces the syn structure to be “straight”, resulting in a
large repulsion between the chalcogens, thus increasing the
relative energy of the syn thread.

The straightness constraint of the PBC may seem like an
unrealistic choice. However, we should take it seriously, for the
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constraints operative in the periodic solid state may in fact be a
more realistic picture of what such a polymer faces in the
compressed solid. As we show in much more detail in the next
section, in the gas phase, constraint-free syn threads curve in
order to relieve the repulsion between chalcogens. In the solid
state, the extent of arching depends on the competition between
efficient packing (being straight) and electronic energy
relaxation (being bent), which we attempt to quantify in the
next section.

Thread Arching. To probe the proclivity to arching or
bending of the syn thread, we cut out segments of different
lengths from a straight syn thread that was relaxed under the
PBC with an optimized axial length, terminate the finite-length
oligomers with hydrogens, and relax the geometries without the
PBC. Shown in Figure 7 are two segments of furan and
thiophene threads comprising 10 molecular units with four
additional hydrogens at the termini. As expected, the threads arc.

The relaxed thiophene syn thread segment shows a larger S---S
spacing of 3.2 A and a larger relaxation energy of 9.31 €V,
compared with the 2.8 A O--O separation and the 1.74 eV
relaxation energy for the syn furan thread segment. The larger
curvature in the thiophene thread is consistent with the larger S
lone pair repulsion we adduced above.

The relaxed structures of segments of different lengths are
given in Figures S5 and S6 in the Supporting Information. A
similar curvature was observed for furan (or thiophene) threads
with different lengths. The relaxation energy decreases as the
thread lengthens and converges to about 0.13 eV/C,H,O for the
furan threads and 0.91 eV/C,H,S for the thiophene threads
(Figures SS and S6 in the Supporting Information), slightly
smaller than the corresponding values for the 10 unit segments
in Figure 7. The arching behavior of the furan/thiophene syn
thread may also be expected for the analogous benzene and
pyridine nanothread structures (Figure S7),"*' with every O/S
atom replaced by a C=C or C=N double bond, respectively.

Subtracting the 0.13 ¢V/C,H,O and 0.91 eV/C,H,S
relaxation energies from the energy difference between the syn
and the anti threads (0.14 eV/C,H,O and 1.02 eV/C,H,S) in
Figure 6, one obtains 0.01 and 0.11 eV, numbers close to 0. The
implication is that fully relaxed, bent syn structures compare in
stability to anti and syn—anti structures, all having little to no X:--
X (X = O or S) repulsion. Note that lacking X---X repulsion, the

https://doi.org/10.1021/jacs.2c01720
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Figure 7. Structural and energy changes upon relaxation of two 10 unit segments of the straight syn threads of furan and thiophene, calculated at the

PBE-D3BJ/6-31G(d) level of theory.

Figure 8. Hypothetical ring and coil structures built from curved syn thiophene nanothreads.

anti threads do not arch and are inherently straight; for the syn—
anti thread, the adjacent X---X pairs do curve the thread locally,
but their alternating sense of curving on both sides along the
thread leads to a globally straight structure.

Arching in this manner, driven by a single atomic stack of
“lone-pair repellers,” requires a structure that is rigid (to define a
minimum around which to arch) yet relatively thin (to enable
noticeable arching)—again, an unusual feature that distin-
guishes nanothreads from traditional polymers and nanotubes.
The strain introduced into the carbon backbone by arching
(relative to a hypothetical structure with no lone pair repulsion)
is modest, as reflected by the similar stability of the arched syn
structure and the straight anti structure. This reflects the
presence of two not three new bonds introduced by polymer-
ization along the thread axis: whereas a triply linked column
does not easily accommodate arching, a doubly-linked ladder
(such as we have in the furan- or thiophene-derived threads) has
one easy direction of arching that does not require compression
or extension of the covalent bonds associated with the
polymerization.

The synthesized furan nanothread sample showed a clear six-
fold diffraction pattern at 1.5 GPa during pressure release from
15 GPa.’ These diffraction spots are among the sharpest
observed for nanothreads synthesized from various precursors.
More intriguingly, when the pressure is released to the ambient
value, these sharp diffraction spots of furan nanothreads become
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fuzzy, diffusing in both the d-spacing and the azimuthal angle.
This degradation of diffraction quality from a few gigapascals to
1 atm is the most severe among the nanothread samples reported
so far.” A plausible explanation is that some of the synthesized
threads have short segments of the syn configuration. We
speculate that these syn segments (or perhaps other types of
defective segments not yet identified) are forced to be straight
under high pressure to bring about a more favorable packing but
then curve upon the release of the last 1.5 GPa, disrupting the
crystalline packing and thus broadening the diffraction spots.

Can one quantify the competition between the efficient
packing of straight threads and the favorable reduction of lone
pair repulsion in bent or arched threads? We computed the van
der Waals cohesion energy at 1 atm for individual furan syn
thread packing in solid to be 0.22—0.34 ¢V/C,H,0, depending
on the packing geometry.” The packing geometries were
optimized at 1 atm, as described in ref 9. For individual threads,
alarge tetragonal unit cell (20 A X 20 A X ¢ A, where cis the axial
periodicity of the thread) was used in the geometry
optimization. The cohesion energy is computed as the energy
difference between the packed threads and isolated individual
threads.

As discussed above, the arching relaxation energy for the furan
syn thread is 0.13 eV/C,H,O, smaller than the van der Waals
cohesion energy. In the solid state, complete arching relaxation,
as can be simulated in gas-phase calculations, is unlikely as it

https://doi.org/10.1021/jacs.2c01720
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would entail total loss of the cohesive energy; instead, partial
relaxation will be attained at the expense of a fraction of the
cohesion energy. The arching and cohesion energies being of the
same order suggest that partial arching of syn segments could
occur during the pressure release from 1.5 GPa to 1 atm. We
note here that our previous packing simulations suggested that
the anti furan threads are a more likely candidate than the syn
threads, based on the match to experimentally measured d-
spacings; anti threads are inherently straight and do not arch.
Segments of the syn thread could be a minor component in the
synthesized sample. Other potential structural sources of
localized arching, such as point defects within anti threads,
may experience a similar counterbalance of cohesive and arching
energies in the solid state. Indeed, solid-state NMR studies,
reported elsewhere,”' give a clear indication of segments of these
structures with C—C unsaturation, that is, alkene units.

Rings and Coils. Individual syn furan threads, if dispersed in
solution, are likely to acquire their native curvature (as
modulated by solvent interactions). Depending on the length
of the threads, they may bend into an arc or curl up into a coil
(Figure 8). When the length of the thread is appropriate, one can
think of functionalizing and cross-coupling the termini to make a
macrocycle (Figure 8). A similar cyclic structure derived from
the benzene 4 + 2 polymer was previously proposed by
Grimme.*” These hypothetical cyclic and coil structures of
furan/thiophene polymers have a hydrophobic interior and a
hydrophilic exterior, a feature that may find applications in
separation, catalysis, or perhaps drug delivery. In addition, these
structures should have small overall dipole moments because of
the cylindrically symmetric arrangement of the polar C—O/C—S
bonds. Also of interest would be the response of the orientations
of the C—O/C—S bonds in an electric field and the
corresponding change of the coil structure—whether length-
ening or shortening or expanding or contracting. These remain
interesting topics for future studies.

Thread Twisting. For a syn thread, there are two relaxation
modes that increase the distance between chalcogen atoms and
reduce the repulsion between them (Figure 9). “Axial” relaxation

bending

I

twisting
-
|
twisting
SN
) twisting
_

Figure 9. Ilustration of thread bending (arching) and twisting as results
of axial and lateral relaxations of the lone pair repulsion between the
chalcogens (orange balls) in the syn thread.
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is the more effective way to increase the X-+-X (X = O or S)
distances under free boundary conditions; it causes thread
arching, as discussed above. Lateral relaxation, where the
chalcogen atoms move to avoid each other sideways, leads to
thread twisting and may be favored in the dense solid state where
interthread cohesion suppresses large-scale arching. Different
kinds of twisting are possible, depending on the unit cell size
used in the calculation. Zig-zag twisting with a two- or four-ring
repeating unit is shown in Figure 9. In the extreme case, where all
chalcogen atoms “twist” in the same direction, a helical chain of
chalcogens forms.

To probe the twisting behavior of the syn thread (Figure 10),
we started with the straight structure of a thiophene thread (one
C4H,S per unit cell; Z = 1), gradually increased the unit cell size,
moved the S atoms sideways to initiate the types of twisting
shown in Figure 9, and then relaxed the structures. In the
calculations, we kept the unit length (the length per C,H,S unit)
the same for all threads in order to maintain a similar axial strain
in the backbone. If the length constraint is lifted, some threads
will shrink in length and expand in width into a coil structure.

The straight thiophene syn thread (Z = 1) has the strongest
lone pair repulsion and the highest relative energy. All of the
twisting relaxations we study are stabilizing. Inthe Z=2to Z =
16 structures, there is a zig-zag twisting pattern, whereas the Z =
20 structure is produced by twisting the repeating units in one
direction only, forming a helix. As the Z-number of the twist
increases, the S---S distances increases and the relative energy
decreases, appearing to converge to 2.86 A and —0.32 eV/
C,H,S, respectively, at Z = 20. Twisting also increases the width
of the thread, especially for those with large unit cells. Expanding
in width actually allows some arching to be developed in the
structure. This is why the S---S distance keeps increasing with the
unit cell size, despite the fact that the twist angle appears to be
similar in each thread. The larger the unit cell is, the more
freedom the structure has to relax the lone pair repulsion, and
the lower the relative energy of the relaxed structure is.

It would not be difficult to imagine that stretching the helical
thread (Z = 20) will straighten the thread, shorten the S---S
distances, and increase the energy of the thread, or conversely,
shortening the length of the same thread will induce more
arching and expansion in width, which will finally lead to the coil
structure shown in Figure 8 (see Figure S8 in the Supporting
Information for some intermediate structures during coiling).
The energy change from the Z = 20 helical structure to the coil
structure is as large as 0.9 eV/C,H,S, indicative of the large
instability of the former structure. However, the constraints of
the solid-state packing and high pressure are unlikely to allow for
such a large extent of twisting and expansion in width (as in the Z
= 20 thread). However, small twisting (as in the Z = 2 thread)
may still be possible, and larger-scale twisting and coiling, as
noted earlier, would be possible in solution, likely with
interesting electromechanical couplings.

Our calculations indicated that the syn furan thread does not
twist. The oxygen atoms stay “in the middle” of the thread
during the relaxation, irrespective of the unit cell sizes. This
suggests that the lone pair repulsion between the O atoms in the
syn furan thread is small, which is consistent with the small
energy difference between the syn and anti furan threads (3 kcal/
mol in Figure 6). Different interplays of twisting, coiling, and
arching should be anticipated for other thread types, produced
by judicious choices of the precursor that yield thread backbones
with the requisite symmetry breaking and orbital interactions to
activate these various modes.
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Figure 10. Top and side views of the twisting deformation of the syn thiophene nanothread. All threads have the same unit length. The last two
structures are viewed in a slightly tilted manner so that they appear shorter than the others in the side view. Unit cell sizes, S---S distances, and relative

energies are given.

B CONCLUSIONS

This work is motivated by the recent synthesis of furan and
thiophene nanothreads under slow compression. We set out to
understand the 20 GPa difference in the synthetic pressure
(both the onset and maximum pressures) in the two nanothread
syntheses. By calculating the 1 atm reaction profiles of furan and
thiophene [4 + 2] cycloadditions for the first two polymerization
steps, we found that the furan reacts with a lower barrier than
thiophene does, explainable by the reduced aromaticity of furan
compared with that of thiophene, and that the polymerization
starts to become exothermic at the trimer stage. These results
along with the high 1 atm barriers suggests that polymers
produced at high pressure will be stable against decomposition
to monomers when recovered to 1 atm.

We next examined the effect of pressure on these cyclo-
additions using the recently developed XP-PCM method. The
computed high-pressure reaction profiles of five representative
reactions of the [4 + 2] polymerization show that pressure
decreases the reaction barriers of all these cycloadditions due to
the volume reduction nature of these bond-forming cyclo-
additions. The calculations also indicate that the endo cyclo-
additions are favored over the exo cycloadditions at high
pressures for furan but much less so for thiophene, which is
explained by the different sizes of the O and S atoms and the
relative positions of these chalcogen atoms to the akene moiety
in the TS structures. The furan cycloadditions were computed to
have more negative activation volumes than the thiophene
cycloadditions, which, along with the computed lower 1 atm
barriers for furan cycloadditions, rationalizes the lower synthetic
pressure for furan nanothreads. Pressure does not favor the
initiation of bidirectional growth, due to the less-negative
activation volume for the initiation of elongation in the less-
favored direction.

We then go on to rationalize the structures and relative
stabilities of the syn, syn—anti, and anti furan/thiophene
nanothreads formed from [4 + 2] cycloaddition pathways.
The higher energies of the syn threads are very likely due to lone
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pair repulsions between the closely positioned chalcogens in this
structure. The thiophene syn thread experiences larger lone pair
repulsion because of the greater size and overlap of S (as
compared to O) at the nonbonded contact differences. A
straight syn thread curves or arches due to such lone pair
repulsion. Lacking the lone pair repulsions, the anti thread does
not curve and is inherently straight; with most of the lone pair
repulsion removed, the syn—anti thread assumes a locally bent
but globally straight structure.

This is not the only way to evade the axial repulsions inherent
in the syn thread. Depending on the length and environmental
constraints, a straight syn thread could undergo either axial
(arching) or lateral (twisting) relaxations or both. The structures
and their energies during these relaxations were traced, which
led to the suggestion of two hypothetical structures (a ring and a
coil) for the thiophene syn thread. The relaxation energy and the
adhesion energy of individual syn threads were calculated to be
of the same order, suggesting possible competition between the
two modes in the synthesized nanothread sample.

We believe that we have achieved a reasonable understanding
of the factors, both intrinsic and comparative, that govern ideal
furan and thiophene nanothreads. This knowledge will inform
our consideration of the possibilities for other nanothreads as
well. In future work, we will provide an analysis of the electronic
structure of the ideal nanothreads. Here, it might be noted that
the same factors that generate repulsion between parts of a
nanothread also engender the overlap needed to attain the
electronic bandwidth. Also, the S and O lone pairs are just
waiting to be protonated or complexed!

B COMPUTATIONAL METHODS

The potential energy surface calculations in Figure 3 were performed
using the Gaussian 09" package of programs. Geometries were
optimized at the B3LYP**/6-31G(d)*~*’ level of theory. Single-point
calculations at the DLPNO-CCSD(T)*/cc-pvVTZ***° (also using the
cc-pVTZ/C*"*? auxiliary basis) level were performed on the B3LYP-
optimized geometries, using the ORCA 4°*>* package of programs.
The benchmark in Figure S1 shows that DLPNO-CCSD(T) single-
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point energies are very close to those computed using the CCSD(T)
method, and similar trends in the energies are obtained using different
density functionals.

The reaction profiles of the cycloadditions under pressure in Figure 4
were corr}guted using the XP-PCM>° method at the @B97XD>®/def2-
TZVP*%/fit level with density fitting, using intrinsic reaction
coordinate (IRC) paths calculated at the B3LYP/6-31G(d) level
The XP-PCM computations were performed using a Julia script in
junction with Gaussian 09. In order to choose a proper density
functional for the XP-PCM calculations, the performance of five
functionals were benchmarked against the DLPNO-CCSD(T)/cc-
pVTZ and CCSD(T)***/cc-pVTZ single-point results (Figure S1 in
the Supporting Information); wB97XD/def2-TZVP/Fit seems to be
the best among those tested and is chosen for the XP-PCM calculations.

The orbitals in Figure 5 were computed using the ADF®" package,
using the SCC-DFTB®* method with the QUASINANO2015°>**
parameter set. The one-dimensional structures in Figure 6 were
calculated using the VASP® package with the PBE®*®” functional, D3-
BJ®® dispersion correction, and a plane wave basis set with a 600 eV
cutoff energy. The thread is put in a tetragonal unit cell with dimensions
20 A X 20 A X ¢ A, where c is the axial periodicity of the thread and is the
only the lattice parameter that was relaxed. All atomic positions were
fully relaxed. A k-spacing of 0.2 A™" in the axial direction was used.
Thread arching in Figure 7 was computed using at the PBE-D3B]/6-
31G(d) level in Gaussian 09. The structures in Figure 10 were
computed using the SCC-DFTB®* method with the QUASINA-
NO2015°*%* parameter set and D3-BJ*® dispersion correction in the
ADF®' package.
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