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ABSTRACT: The molecular structure of nanothreads produced [ 'AjGarbons  100ms Bl Loy, toms ] £
by the slow compression of *C,-furan was studied by advanced ! : . ﬁ BR ol o
solid-state NMR. Spectral editing showed that >95% of carbon | ﬂ@ @@@ vg Eé(l I{é" N
atoms were bonded to one hydrogen (C—H) and that there were =~ v 8| 8
2—4% CH,, 0.6% C=O, and <0.3% CH; groups. Alkenes | 4 M\@M\\ @ g! 9 '3
accounted for 18% of the CH moieties, while trapped, unreacted | u@ @Afsjﬁ\\@{ - 85 Cooob 58
furan made up 7%. Two-dimensional (2D) “*C—"*C and 'H-"C | QQ' ‘Aﬁ ©® = -1 I
NMR identified 12% of all carbon in asymmetric O—CH=CH— ! ‘ /-‘B&u 8 i
CH—CH— and 24% in symmetric O—CH—CH=CH—CH— | + 6@ o el Perfect Threads g
rings. While the former represented defects or chain ends, some of | ¢ © ce ®o ; { (~10%) fg

the latter appeared to form repeating thread segments. Around %5750 720 700 80 60 40 [pem C 140 120 100 80 60 40 [ppm]
10% of carbon atoms were found in highly ordered, fully saturated

nanothread segments. Unusually slow *C spin-exchange with sites outside the perfect thread segments documented a length of at
least 14 bonds; the small width of the perfect-thread signals also implied a fairly long, regular structure. Carbons in the perfect
threads underwent relatively slow spin—lattice relaxation, indicating slow spin exchange with other threads and smaller amplitude
motions. Through partial inversion recovery, the signals of the perfect threads were observed and analyzed selectively. Previously
considered syn-threads with four different C—H bond orientations were ruled out by centerband-only detection of exchange NMR,
which was, on the contrary, consistent with anti-threads. The observed *C chemical shifts were matched well by quantum-chemical
calculations for anti-threads but not for more complex structures like syn/anti-threads. These observations represent the first direct
determination of the atomic-level structure of fully saturated nanothreads.

B INTRODUCTION framework rigidity first emerges in solids, a regime rife with

promise for novel chemical and physical properties.”” >

different hybridizations yields a diverse panoply of molecular Comp ared t_o solutlon-base‘d organic synthesis, pressure-
. ) 4 . . mediated solid-state synthesis is an underexplored method
frameworks in zero, one, two, and three dimensions, including . .
1,2 34 5,6 7-9 that provides access to new reaction pathways and products
adamantanes, ”~ fullerenes,” nanotubes,” nanohoops, . .
10 11,12 . 13-15 such as nanothreads that are unavailable or more challenging at
graphene, ~ graphane, covalent organic frameworks,

and their ultimate ancestors graphite and diamond; these have ambient p ressure. I.deanf:es in our understanding of nﬁf}g;
garnered justifiably broad and deep interest in the scientific thread . syntj;ems—lncludmg ‘the roles °f23t_e§§} perature, )
community. Saturated carbon nanothreads, which fill the one- aron}g,tll%tz)?z . molecul:ar ?tEkalng geome;céry)% o, COmpression
dimension/sp3 entry in this matrix of dimensionality and rate, ) and umaxu'\hty of s_tress_ —'have been
hybridization, were first synthesized by the high-pressure solid- accotlnpfmled by SubSt?ntlal redl;ctlons n s&gh_ezszls pressure,
state polymerization of benzene.'®'” Since then, a wide variety convineing demonstr;litlons ’f)f P cgaracter, and initial
of nanothreads consisting primarily of sp>-hybridized carbon ascertainments of axial per1.0d1c1ty Abut not yet by a clear
have been synthesized by the pressure-induced polymerization detgrrr?lnatlc?n of the precise atomic structure of regular,
of aromatic molecules (e.g, pyridine, thiophene, and ani- periodic regions of saturated thread backbone.

line),'®™** co-crystals (e.g, naphthalene-octafluoronaphtha-
lene, phenol-pentafluorophenol),”~*” and a strained saturated Received:  April 7, 2021
hydrocarbon, cubane.”® Pressure-induced solid-state reactions Published: June 15, 2021
thus appear to be a general means of obtaining ordered

packings of one-dimensional, high-aspect ratio diamond-like

polymeric backbones decorated with diverse heteroatoms and

functional groups, living at the threshold of thickness where

Carbon’s ability to form highly directional bonds in several

=JACS

© 2021 American Chemical Society https://doi.org/10.1021/jacs.1c03671

W ACS Publications 9529 J. Am. Chem. Soc. 2021, 143, 9529-9542


https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c03671&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03671?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03671?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03671?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03671?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03671?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/25?ref=pdf
https://pubs.acs.org/toc/jacsat/143/25?ref=pdf
https://pubs.acs.org/toc/jacsat/143/25?ref=pdf
https://pubs.acs.org/toc/jacsat/143/25?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c03671?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Furan-derived nanothreads were recently synthesized at
moderate pressure.”” Considering all synthetic organic
methodologies (e.g., solution-based, solid-state, high-pressure
synthesis, etc.), polymers synthesized in solution from furan-
based monomers are well-known. Despite the prominence of
poly(furan)s and complex furan-derived materials,>** pres-
sure-induced polymerization is currently the only known
method to reliably achieve furan-derived nanothreads.”” The
analogy to nanothreads in solution-state Diels—Alder polymer-
izations is close, but the resulting ladder polymers®®>” were
limited in both length and order. In contrast, mass
spectrometry of pressure-synthesized nanothreads indicates
molecular weights of about 6 kDa, consistent with ~100 furan
units in the backbone. However, the detailed molecular
structure has to date only been constrained by inferences as
to the cross-sectional shape that follow from the detailed
analysis of their crystalline packing.”” Three structures based
on [4 + 2] cycloaddition pathways have been proposed,
varying in the relative placement of oxygen atoms down the
nanothread axis (see Figure 1). These threads were termed syn,

Anti Syn/Anti

Figure 1. Syn-, anti-, and syn/anti-furan-derived nanothreads that can
be formed through [4 + 2] cycloaddition. Examples of C, (bonded to
0O) and Cj are marked in each structure.

anti, and syn/anti, wherein syn has eclipsed oxygens and anti
has oxygen atoms alternating across the thread backbone. The
intermediate syn/anti-case has oxygen atoms alternating in
pairs. After slow decompression from 15 to 1.5 GPa, a sharp 6-
fold diffraction pattern is observed in situ. A comparison of the
experimentally observed d-spacings of Friedel pairs to those
obtained from atomistic simulations of the proposed structures
suggested anti and syn/anti as candidate structures but could

not distinguish between them or variants thereof.”> Molecular-
level information of sufficient fidelity to determine a precise
nanothread structure below the current resolution limit of
electron microscopy in these systems and beyond the
information so-far obtained from XRD has been lacking to
date for any nanothread type. Here, we report solid-state NMR
measurements of isotopically enriched furan-derived nano-
threads that answer this call.

Solid-state: NMR provides unique opportunities for a
comprehensive and quantitative structural analysis of complex
organic materials like nanothreads on the molecular level.* It
takes advantage of structurally characteristic *C and 'H
chemical shifts, which are also amenable to quantum—chemical
simulations.”® Unlike in vibrational spectra, peak areas in NMR
are quantitative if the experiment has been performed
appropriately, which means that the relative concentrations
of different moieties can be determined. Modern NMR
involves much more than just taking “the” '*C NMR spectrum.
Spectral editing, e.g, in terms of the number of hydrogen
atoms attached to a given carbon,” assists in peak assignment.
Two-dimensional "H—"C spectroscopy with homonuclear 'H
decoupling provides access to the "H chemical shifts and with
'H spin diffusion enables domain-size analysis on the 10 nm
scale. Mobile segments can be identified through motional
averaging of orientation-dependent spin interactions or
characteristic changes in spin-relaxation times.”” Materials
made from "3C-enriched precursors provide many additional
opportunities.”” The 90-fold enrichment over the natural *C
abundance of 1.1% provides a 90-fold signal enhancement that
enables the detection of C=O, CHj, and other spectrally
resolved moieties down to a level of 0.1% of all C. With a '*C
spin in every carbon site, strong one-bond *C—"C couplings
can be exploited in two-dimensional *C—"3C NMR to
determine which carbons are bonded or separated by a few
bonds.>® Through multistep >C spin exchange or spin
diffusion, proximities or domains on the scale of several
nanometers can be probed. In crystalline or otherwise highly
ordered systems, the number of carbons in the local
asymmetric unit cell (e.g, the number of differently oriented
C—H bonds in nanothreads) can be determined by center-
band-only detection of exchange (CODEX) NMR"' with *C
spin exchange.

Scheme 1. Synthesis of '*C,-Furan
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B EXPERIMENTAL SECTION

Synthesis of '3C,-Furan. As shown in Scheme 1, the synthesis of
BC-furan was achieved starting from commercially available *C,-
propargyl alcohol (2) using a modified procedure adapted from Vu et
al.* First, '3C;-propargyl alcohol (2) was protected using the
tetrahydropyranyl group under acidic conditions, affording 3 in
quantitative yields. Following this, 3 was deprotonated with n-butyl
lithium (n-BuLi), and the corresponding lithium acetylide was reacted
with *C-labeled formaldehyde, producing 4 in 96% yield, which was
subsequently deprotected to *C,-butyn-1,4-diol (5) in moderate
yield. The reported conditions for the semihydrogenation of § were
unsatisfactory in our hands and prone to over reduction and alkene
isomerization. These problems were circumvented by using modified
conditions, reacting S with 8 wt % Lindlar’s catalyst and 1.0 equiv of
quinoline in methanol under a hydrogen atmosphere, affording *C,-
cis-buten-1,4-diol (6) in 84% yield™ Although we were able to
replicate the reported conditions for the final oxidative cyclization, we
found that it was unsuitable for use on a small scale. After
considerable experimentation using biphasic conditions** or alter-
native oxidants such as Bobbitt’s salt** or Dess—Martin periodinane,*®
we found that heterogeneous conditions using substoichiometric
pyridinium chlorochromate (PCC) in 6:1 water/H,SO, could reliably
generate °C,-furan (1) in 25% yield after fractional distillation. The
success of this subtle modification of the reported reaction conditions
is presumably due to the poor aqueous solubility of PCC, which
prevented the undesired overoxidation of 6. More details are given in
the Supporting Information (SI, Section S4).

Modest-Pressure Synthesis of '3C-Furan-Derived Nano-
threads. '*C,-furan was loaded into an encapsulated stainless-steel
gasket and slowly compressed and decompressed using a V7 Paris-
Edinburgh press (PE Press) equipped with double-toroid polycrystal-
line diamond anvils.*’” Liquid nitrogen was used to freeze the liquid
BC-enriched furan into a solid to ensure that the gasket was
completely filled without any trapped air; the evaporated nitrogen gas
also helped to exclude water and oxygen from the loading container.
The system was driven by an automatic oil syringe pump, allowing for
controllable pressure ramp rates. A pressure-load calibration curve was
used from previously reported data for the double-toroid anvil
design.*® The sample pressure was approximately 17 GPa at an oil
pressure of 807 bar. When the oil pressure reached 547 bar, a slow
rate of increase (1 bar/min) was employed in both compression and
decompression cycles. Approximately 4 mg of solid was produced
from 21 uL of C,-furan loaded into the gasket.

Basic Solid-State NMR Parameters. Solid-state NMR experi-
ments were performed on a Bruker Avance Neo 400WB NMR
spectrometer at 'H and *C resonance frequencies of 400 and 100
MHz, respectively. Most of the measurements were conducted using a
Bruker double-resonance magic-angle-spinning (MAS) probe with 4
mm  zirconia rotors. Approximately 4 mg of '*C furan-derived
nanothread sample as received was center-packed into the rotor. The
empty space at the bottom of the rotor was filled by glass-fiber wool
and a glass spacer, while a small disk made of Teflon tape was used to
cap the sample. The 90° pulse strengths for 'H and '*C were lyB,|/27
= 69 and 62 kHz, respectively. Two-pulse phase modulation
(TPPM)* 'H decoupling at a field strength of lyB,l/27 = 95 kHz
was used during the Hahn echo® or the total suppression of
sidebands (TOSS)®! for dead-time-free detection, while 'H
decoupling by SPINAL-64"" at lyB,|/2x = 85 kHz was applied during
signal acquisition. *C chemical shifts were referenced externally to
tetramethylsilane (TMS) using the carboxyl resonance of a-1-'*C-
glycine at 17649 ppm as a secondary reference. The sample
temperature during the NMR experiments at 5.787 kHz MAS was
around 295 K, while it was raised to approximately 313 K at 14 kHz
MAS due to frictional heating.*®

An acquisition time between 6.2 and 15.5 ms was typically used in
the one-dimensional (1D) *C NMR experiments. The *C B, field
strength used in cross-polarization was optimized for each MAS
frequency. Unless otherwise stated, the spectra presented were
acquired with recycle delays ranging from 4 to 12 s at a MAS
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frequency of 14 kHz. Quantitative > C NMR spectra were measured
using *C direct polarization (DP) with a recycle delay of 80 s,
averaging 576 scans (~21 h measuring time). Spinning sidebands
occur at +140 ppm from the corresponding centerband. They do not
overlap with centerbands, since the range of centerband frequencies in
this sample is 150 — 25 = 125 < 140 ppm. Cross-polarization (CP)
MAS C NMR experiments were performed with a typical contact
time of 1.1 ms and a 90—100% amplitude ramp on the 'H channel.
To exclude the possibility of highly crystalline furan-derived
nanothreads with an extremely long Ty, a CP experiment with a
3400 s recycle delay was conducted with 32 scans. The "*C spin—spin
relaxation time (T,c) was measured at 14 kHz MAS after CP using a
Hahn spin echo ranging from 0.14 ms (1 X 2 t,) to 3 ms (21 X 2 t,).
Peak intensities at 81 and 51 ppm were fitted with single exponential
functions with time constants of T,c = 2.3 and 2.2 s, respectively,
corresponding to homogeneous full line widths at half-maximum of
~130 Hz.

One-pulse '"H NMR spectra were measured with one-pulse
probehead background suppression®* at 5 kHz with 64 scans and
15 s recycle delays, with the 'H carrier frequency set at 2.5 ppm. 'H
chemical shifts were internally referenced to highly mobile furan
doublets centered at 6.4 and 7.4 ppm.

3C NMR with Spectral Editing. Selective spectra of non-
protonated *C or segments undergoing fast large-amplitude motions
were recorded after direct polarization with 80 s recycle delays, using
recoupled 'H—"3C dipolar dephasing, with 'H decoupling switched
off for 40 and 27 us before and after the echo z-pulse, respectively;
compared to the conventional symmetric 2 X 30 us gated decoupling,
the residual signal was reduced by a factor of 0.7. A CH-only
spectrum was obtained by dipolar distortionless enhancement by
polarization transfer (dipolar DEPT) at 5787 Hz MAS;* 4096 scans
were averaged for ~5 h. The CH2 only spectrum was obtained by
three-spin coherence selection® at 5787 Hz MAS with a CP contact
time of 70 ps and a carefully tuned flip-back pulse; 16384 scans were
averaged for ~23 h. Hydroxyl-proton selected (HOPS) '3C NMR*®
was performed to look for C—OH moieties in the '*C-enriched
furan-derived nanothreads. The 'H on-resonance frequency was set at
10.5 ppm for HOPS with a CP contact time of 0.25 ms; 1024 for both
S and S, spectra were averaged within a total time of 3 h.

Spectra near the zero-crossing during *C inversion recovery57 were
recorded after CP to selectively observe components with different
BC spin—lattice relaxation times (T)c). The pulse length of the
inversion pulse after CP was reduced to 3 us for less complete
magnetization inversion, resulting in an earlier zero-crossing of the
recovering magnetization. Recovery times differing by ~2 s were used
for the selective polarization of the perfect thread signals and other
signals, respectively. The T relaxation times slowly increased over a
few weeks of measurements, probably due to a partial loss of trapped
unreacted furan, which drives relaxation due to its large-amplitude
mobility. For ease of illustration, the signal in some spectra using the
inversion—recovery filter is shown inverted to display the negative,
more slowly relaxing peaks as positive. For a standard '*C inversion
recovery experiment, 2816 scans were averaged over 12 h.

2D and Exchange *C NMR Experiments. A two-dimensional
(2D) double-quantum/single-quantum (DQ/SQ, solid-state INAD-
EQUATE) "*C NMR spectrum was measured at 14 kHz MAS using
the SPC5°® BC-1C dipolar recoupling sequence without 'H
irradiation for a duration of 2 X 0.29 ms, relying on "*C irradiation
at lyB,|I/2m = 70 kHz for heteronuclear decoupling. The total
acquisition time was 69 h. Shearing of the DQ/SQ_spectrum®” to
match the appearance of 2D exchange spectra was performed via the
“ptilt]” functionality in Bruker TopSpin 4.0.4 using alphal = alpha2 =
0.5.

Two-dimensional 'H—'3C heteronuclear correlation (HetCor)®
spectra were measured at a 7.5 kHz MAS frequency with frequency-
switched Lee—Goldburg homonuclear 'H decoupling(’1 at lyB,l/2x =
85 kHz and TOSS before detection. 'H spin-diffusion was allowed to
occur during a mixing time ranging from 10 us to 10 ms. For longer
mixing times (3 and 10 ms), a CP contact time of S00 us was used,
otherwise the CP contact time was 70 us. A typical spectrum was

https://doi.org/10.1021/jacs.1c03671
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Figure 2. 3C NMR of "*C-furan-derived nanothreads with spectral editing. (a) Quantitative direct-polarization *C NMR spectrum. (b) CH-only
spectrum at 5787 Hz MAS. (c) CH,-only spectrum. (d) Direct-polarization spectrum after recoupled dipolar dephasing, showing mobile furan but
little signal of C not bonded to H or of CH; groups. “ssb”: spinning sideband.

signal-averaged for 17—21 h (~93 h total). The ACD/NMR
Predictors®® were used to predict 'H and *C chemical shifts in
alkene-containing structures.

Two-dimensional *C—'3C exchange spectra were recorded at 14
kHz MAS with mixing times ranging from 10 ms to 1 s. For the
experiment with a mixing time of 10 ms, d'épolar assisted rotational
resonance (DARR) by weak 'H irradiation® was used to promote
3C—'3C spin-exchange. The measurement time per 2D spectrum was
12—21 h. For the selective observation of spin exchange among
perfect-thread carbons, a mixing time of 100 ms was used in a 2D
BC—"3C exchange spectrum after a 6 s *C inversion recovery filter
(~27 h of measurement time).

3C spin exchange out of the perfect thread segments was observed
after 6.7 s of inversion recovery that suppresses the signals of the
other threads, followed by a 36 us chemical shift filter to suppress the
total integral of the furan signals at 111 and 143 ppm, with the *C
carrier frequency set to 65 ppm. The chemical-shift filter was followed
by a mixing time for "*C spin diffusion (ranging from 3 ms to 3 s)
before detection. The pulse sequence for this experiment is shown in
Figure S7. For each mixing time, 512 transients were averaged for ~15
h.

Centerband-only detection of exchange (CODEX) NMR experi-
ments*" for probing '*C spin exchange were performed at a 14 kHz
MAS frequency. It was confirmed experimentally that Nt, = 1.14 ms
(with 2 X 15 7-pulses) produced a well-dephased S spectrum in the
long-time limit. The Bc-_B¢ spin-exchange/diffusion along the
threads was probed using 10 mixing times ranging from 2 ms to 1 s.
The total experimental time for all the CODEX experiments was ~20
h. An 85 s *C inversion recovery filter was applied before the
CODEX evolution period to selectively probe the spin-diffusion
behavior of the perfect threads, for four mixing times, requiring a total
of ~7 days of signal averaging. Spin-exchange dynamics were
simulated in MATLAB as outlined in the SI.

Quantum—Chemical Simulations. The NMR chemical shield-
ing tensors of carbon in furan-derived syn-, anti-, syn/anti-, [2 + 2]
polymer, and 1,3-polymer structures were calculated in the framework
of density functional theory with the gauge-including projector
augmented wave (GIPAW) method®*™¢’ implemented in Quantum
ESPRESSO.%® The GIPAW reconstructed pseudopotentials®® with the
Perdew—Burke—Ernzerhof (PBE)” functional utilizing the Troul-
lier—Martins norm-conserving method were used for all calculations,
with a 100 Ry energy cutoff and a <0.24 A™" k-point spacing to obtain
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converged NMR parameters at a reasonable computational cost. The
isotropic chemical shift was calculated as”"”*

calc
iso

ref
5calc _ Oiso —
iso T 1 ref

— O;

iso

(1)
where o2k 6 is the

o is the calculated isotropic chemical shielding and i,
reference isotropic chemical shielding. To minimize systematic errors,
& was determined by linear fitting of the calculated isotropic
chemical shielding values for several structurally related systems to
their known experimental isotropic chemical shifts with the
equation38

cale __ exp t ref
00 = méiso ~ Oiso

B RESULTS

Quantitative '*C NMR. Figure 2a shows a quantitative,
fully relaxed direct-polarization *C NMR spectrum of "*C-
enriched furan-derived nanothreads. It exhibits eight peak
maxima and several shoulders. The structural moieties
associated with these spectral features will be identified in
the following through spectral editing, 'H-13C, and, most
importantly, two-dimensional *C—"*C NMR. Peak areas (also
taking into account spinning sidebands) are quantitative. It is
found that 25% of carbons resonate at >100 ppm, which
means that they are sp>-hybridized. The intensity of the alkyl
p-carbons (C not bonded to O) is significantly lower than that
of the a-carbon (OCH) peak. This initially unexpected
asymmetry will be fully explained below in terms of a
significant fraction of alkene f-carbons.

Spectral Editing in 3C NMR. A selective spectrum of CH
groups (carbon atoms each bonded to one hydrogen),
obtained by dipolar DEPT, is shown in Figure 2b. Most
peaks are retained, as expected in furan-derived nanothreads. A
CH,-only spectrum obtained by three-spin coherence selection
accordingly shows only one peak, near 38 ppm; the
corresponding foot in the full spectrum represents 2—4% of
the total intensity. The spectrum of carbons with weak dipolar
couplings to H, obtained by recoupled dipolar dephasing and

https://doi.org/10.1021/jacs.1c03671
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shown in Figure 2d, exhibits little signal. Two sharp peaks are
observed at the resonance frequencies of furan and can be
assigned to trapped unreacted furan molecules with anisotropic
mobility. With sufficient vertical expansion, COO and ketone
bands of 0.3% signal fraction each can be recognized (see
Figure S1). In total, the data show that >95% of all carbons are
bonded to one hydrogen, which is a characteristic of
nanothreads made from unsubstituted single aromatic rings.
Due to an apparent OH band in the IR spectrum,”””> we
searched for C—OH signals using hydroxyl-proton selection
(HOPS) NMR,*® but no such signals were recognized (see
Figure S2) above the detection limit of ~2%.

One-Bond 2D NMR: Alkene Identification. The =C—
H signals between 100 and 150 ppm in the *C spectrum can
be assigned on the basis of characteristic cross peaks in 2D
BC—BC and 'H-"*C NMR spectra with mostly one-bond
transfer. Figure 3 shows *C—'3C spectra with one-bond and
weak two-bond correlation peaks. Figure 3a is a DQ/SQ
correlation spectrum analogous to an INADEQUATE
spectrum in solution NMR but sheared to take the appearance
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Figure 3. Two-dimensional *C—'*C NMR of "3C-furan-derived
nanothreads. (a) Sheared DQ/SQ spectrum. (b) Exchange spectrum
with a 10 ms mixing time and the application of weak 'H irradiation
for dipolar assisted rotational resonance (DARR). This spectrum is
also shown faintly in the background in (a). The labels “a—a” and
“B—p” refer to true diagonal peaks in (a) and to near-diagonal cross
peaks in (b). (c) Symmetric and asymmetric alkene-containing rings
proven by diagonal peaks (or their absence) in (a) and cross peaks in

(a) and (b).
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of an exchange NMR spectrum with cross peaks,”* matching
the spectrum in Figure 3b. While the cross peaks in (a) are
broader than those in (b), the diagonal peaks in (a) are highly
valuable in showing that two carbons with very similar
chemical shifts are bonded to each other, often indicating a
symmetric structure (while the exchange spectrum in (b)
contains meaningless diagonal peaks). Such signals of chemi-
cally equivalent spins are not observable in J-coupling-based
INADEQUATE but are generated by the recoupled *C—"*C
dipolar interaction in the solid state. For instance, two carbons
with chemical shifts near 135 ppm are bonded to each other; in
conjunction with the (135, 81 ppm) cross peak prominent in
Figure 3 a,b, this proves a symmetric ring structure with a Cy=
Cy double bond (see Figure 3c). The directly bonded f-
carbons of the trapped furan also give rise to a clear diagonal
peak near 111 ppm. Strong cross peaks between 147 and 100
ppm prove there is an O—C,H=C;H— fragment (see Figure
3c); since it is in an asymmetric ring structure (after all, the
symmetric structure would be an isolated furan ring), it does
not have associated diagonal peaks in Figure 3a.

These alkene assignments can be confirmed in a 2D '"H-"3C
NMR spectrum with short, one-bond cross-polarization from
'H to "*C (see Figure S3a), where the 'H chemical shifts of the
C=C—H units can be read off. Characteristic C=C—'H
chemical shifts of 6.1 and 4.9 ppm were observed. The
agreement with chemical shifts from empirical predictions
using the ACD/NMR Predictors was good (see Figure S3b).
The fractions of different sp>- and sp*-hybridized carbons are
summarized in Table 1.

Alkyls near Alkenes. By extending the mixing time in
spin-exchange 2D 13C—13C NMR to 100 ms, we can probe site
proximities over several bonds. The 100 ms exchange spectrum
shown in Figure 4a has stronger long-range exchange peaks
compared to the few-bond-transfer spectra in Figure 3. The
peak positions can be assessed most conveniently in horizontal
cross sections through the 2D spectrum (see examples in
Figure 4b). These are equivalent to spectra obtained by
selective excitation at the evolution frequency @, (the position
of the peak on the diagonal) followed by spin exchange during
the mixing time, e.g, 100 ms here.”®

Selected horizontal cross sections through the 10 and 100
ms spectra (in blue and red, respectively) are shown in Figure
4b, with the diagonal-peak intensities matched for clarity. The
biggest secondary peaks in the 10 ms spectrum are due to the
one-bond couplings already discussed. Two- and three-bond
transfer peaks are smaller in amplitude but are usually
significantly enhanced after 100 ms of spin exchange. Some
of the chemical shift assignments deduced are shown in the
structures next to the spectra. The cross peaks from alkenes to
OCH at 89, 86, and 81 ppm can account for shoulders and
peaks in the complex OCH resonance, as indicated schemati-
cally in the 1D spectrum above the 2D spectrum in Figure 4a.

The cross peak labeled ‘=p—a’ in Figure 4a exhibits at
least two components: a narrow one at (135, 81 ppm) and a
broader one at (~128, 80—90 ppm). A comparison of the cross
sections in Figure 4b labeled “135 ppm” and “128 ppm” makes
the larger width of the 128 ppm cross peak even more
apparent. This indicates a more varied bonding environment of
the C;=Cj alkene resonating at 128 ppm, suggesting that it is
a defect in a variety of thread environments. The 135 ppm of
Cy=Cp alkene appears to belong to a more specific bonding
environment; the periodic structure made up of repeating,
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Table 1. Composition of '*C-Furan-Derived Nanothreads in Terms of Carbon Percentages (of the segments highlighted in

bold) and of Fractions of Furan-Ring Equivalents

Moiety C=0 | COO | Furan N P Anti | Other | CH2
C4H40 He” cH H-C\ \//C-H \
H-\c=(,/-H H-C—C-H sp’-CH
% of C 0.3% | 0.3% 7% 12% 6% 10% 61% 3+1%
% of rings | N/A | N/A 7% 24% 12% 10% 46% N/A
+2% +2% +2% +3% | 5%

80-90 ppm
) PP 31

ppm
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Figure 4. Few-bond connectivity of '*C-furan-derived nanothreads. (a) 2D exchange spectra with 100 ms mixing time (red) and 10 ms (thin blue)
overlaid, and (b) horizontal cross sections from the spectra in (a), with the intensities of the diagonal peaks matched. In the top-left spectrum, the
assignments of peaks and shoulders of the OCH peak are indicated schematically.

symmetric alkene-containing rings shown in Figure 4b, center,
is a good candidate.

Perfect-Thread Signals in 2D *C-"3C NMR Spectra.
The analysis so far has mostly focused on the relatively low
peaks associated with the various types of alkenes. Interesting
features also become apparent in the alkyl—alkyl correlation
region when the 100 ms 2D exchange spectrum, processed
with minimum digital line broadening, is plotted at much
higher contour levels (see Figure Sa). The graph reveals an
intriguing set of four sharp peaks arranged in a square,
superimposed on broader and mostly lower signals. The four
sharp peaks of similar intensity are indicative of exchange
within a highly symmetric and repetitive environment
containing just two chemically inequivalent sites, CH and
OCH, with chemical shifts of 50 and 77 ppm, respectively. We
refer to these as “perfect threads” in the following.

On the basis of their slower inversion recovery, described in
the following, the 2D spectrum of the perfect threads can be
observed selectively (see Figure Sb). Cross sections at the S0
and 77 ppm frequencies (also in Figure Sb) show the two
peaks in a 1:1 ratio, as expected for simple, fully saturated
furan-derived nanothreads, without much cross-talk to other
carbon sites.
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The bonding in the perfect threads can be determined by
analyzing their signals in the sheared DQ/SQ_spectrum as
plotted in Figure S4. Strong C,—Cj cross peaks document
predominant bond formation between a C, of one ring and a
C; of a neighbor. While a C4—C; diagonal peak was also
clearly observed and expected as a result for the C;—C; bond
in furan, no significant C,—C, diagonal peak was observed,
indicating the absence of C,—C, bonding in the perfect
threads. The round, narrow C,—C,, diagonal peak after 100
ms of *C spin exchange in Figure Sb can be attributed to
exchange between chemically equivalent C,, sites separated by
two bonds in the periodic perfect threads.

The perfect threads also stand out in an exchange spectrum
with an even longer mixing time of 1000 ms (see Figure SS).
All other nanothread sites reach spin-exchange equilibrium:
regardless of their initial frequency along the vertical axis, the
magnetization distributes over all types of carbon in their
representative proportions, which means that an equilibrated
horizontal cross section is a scaled version of the unselective
one-dimensional spectrum. This is the case at all frequencies
except 50 and 77 ppm, where the peaks of the perfect threads
remain enhanced because they have not shared most of their
magnetization with other carbon sites.
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Figure 5. Two-dimensional *C—"C exchange NMR spectra of '*C-
furan-derived nanothreads, highlighting signals of perfect threads. (a)
Exchange NMR with a 100 ms mixing time (same data as in Figure
4a, but without digital smoothing and plotted at higher contour
levels). (b) Same after a selection of the longest-T; component by 6
s inversion recovery. Horizontal cross sections along the dashed lines
are also shown.

Slower Inversion Recovery of Perfect-Thread Signals.
The selection of the perfect-thread signals is possible on the
basis of their relatively slow "*C spin—lattice relaxation. While
the standard methods of T)c-selective spectroscopy, direct
polarization with short recycle delay or phase-cycled z-filtering,
were not discriminatory enough to cleanly separate the perfect-
thread signals, the desired selection was achieved by inversion
recovery timed such that the signal of the faster relaxing
defective threads just passes through zero while that of the
slower-relaxing perfect threads remains significantly inverted
(see Figure 6). The signals of mobile trapped furan, which
relax faster, have already passed through zero as they approach
thermal equilibrium.

The observation that the sharp signals of the perfect threads
relax the most slowly has at least two implications. First, it
indicates a particularly long intrinsic T’ relaxation time of the
perfect threads, which in turn implies particularly limited
molecular motion or less contact with a fast-relaxing mobile
furan. Spin—lattice relaxation is driven by fluctuating magnetic
fields, e.g, due to the orientation-dependent *C—'H dipolar
couplings made time dependent by molecular motions,
specifically those with a spectral density at the nuclear Larmor
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Figure 6. Spectra during "*C inversion recovery in '*C-furan-derived
nanothreads, after (bottom red trace) 10 s and (middle dashed trace)
12 s of recovery time. An unselective DP spectrum, scaled to the same
height of the 81 ppm peak, is shown at the top for reference.

frequency (27 X 100 MHz here, corresponding to correlation
times of a few nanoseconds). Most of the decrease in the
relaxation rate of the perfect threads is likely due to a reduced
motional amplitude, consistent with an ordered, ladder-type
structure with little torsional flexibility.

The second implication is a significant length of a periodic
structure containing only 50 and 77 ppm sites in a 1:1 ratio.
During the multisecond recovery period after inversion,
multistep '*C spin exchange occurs, as shown in Figure
S8a,b and discussed in more detail below. If the segments
containing the 50 and 77 ppm carbon sites were dispersed
among the other alkyl and the alkene-containing structures,
BC—1C spin exchange would erase the effect of different
intrinsic spin—lattice relaxation times and all segments would
relax with the same time constant. The slow relaxation in the
perfect threads raises the possibility that perfect threads in
large crystallites might relax so slowly that their magnetization
has only minimally recovered within the recycle delays of 6—80
s used in most of our experiments. This hypothesis was ruled
out by cross-polarization *C NMR with a 3400 s recycle delay,
which showed no additional alkyl carbon signal (see Figure
S6).

Spin Exchange after Inversion Recovery. After
inversion recovery to the zero crossing of the defective-thread
signals, the spatial distribution of 3¢ magnetization is in a
state far from equilibrium. It will therefore undergo further *C
spin exchange during a subsequent + z-filtered mixing time,
with the spectrum slowly approaching the regular shape
observed without selective excitation. The rate of decrease of
the selected peaks is indicative of the length of the perfect
thread segments. The total area under the signal is initially
constant and then decreases exponentially toward zero as the
mixing time increases, with the T’ relaxation time as the time
constant. The perfect-thread signal intensities can be corrected
for the moderate reduction in overall signal due to relaxation.

In the selective spectrum of the perfect threads in Figure 6
(bottom), in addition to the desired negative signals of the
slowly relaxing 77 and S0 ppm peaks, positive peaks of mobile
furan were observed. These (specifically their combined overall
intensity) can be reduced by a simple fixed evolution period of
36 us between inversion recovery and additional spin
exchange, which acts as a chemical shift filter. The resulting
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sinusoidal excitation function is indicated dashed in Figure 7a.
The furan peaks are reduced in intensity and have opposite
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Figure 7. One-dimensional '>C spin-exchange experiment after
inversion recovery and chemical-shift filtering that selects the
magnetization of perfect thread segments in '*C-furan-derived
nanothreads. The pulse sequence is shown in Figure S7. (a) Series
of spectra as a function of mixing time. The excitation profile of the 36
ps chemical-shift filter aimed at suppressing the net magnetization of
furan is shown by a dashed line. The full spectrum is also shown for
reference at the top (faint dashed line) and scaled to the small area of
the selective spectra (thick purple line). (b) Normalized intensity of
the 77 ppm peak as a function of the square-root of the spin-exchange
time. Thick red and thin blue lines: Fit curves for spin exchange after
inversion recovery to the zero crossing of the matrix for perfect-thread
segments that are 14 and 18 bonds in length, respectively.

signs, so the net magnetization in furan is very small and will
not interfere with the spin exchange out of the perfect thread
segments. The pulse sequence with all the mentioned elements
is shown in Figure S7.

The series of spectra in Figure 7a shows the expected decay
of the sharp perfect-thread signals with an increasing mixing
time, toward the long-time equilibrium spectrum (the regular
spectrum scaled to the same total area), which is also shown
(thick blue line). The intensity of the sharp 77 ppm peak is
plotted as a function of the square-root of the mixing time in
Figure 7b. Two results of full simulation of inversion recovery
with relaxation and spin diffusion, followed by further spin
diffusion out of the perfect thread segments as discussed in the
SI (see Figure S8c,d), are shown.

Quantum—Chemical Chemical Shift Prediction. The
perfect threads show characteristic chemical shifts, in particular
of the 77 ppm peak, which is quite well-resolved from most of
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the other OCH signals. The fact that only two sharp peaks
were observed is also structurally relevant. By comparison with
chemical shifts from quantum—chemical simulations, one can
rule out many structural models and identify the likely correct
model. Figure 8 shows the structures of furan-derived syn-,
anti-, and syn/anti-nanothreads, marked with the correspond-
ing computed chemical shifts of symmetry-distinct carbons.
The syn/anti-structure has four carbon sites with four distinct
predicted chemical shifts of 79.7, 50.5, 83.7, and 54.4 ppm; this
is clearly incompatible with the experimentally observed pair of
peaks. This conclusion also applies by extension to other
complicated nanothread structures. The syn-structure was
computed to have chemical shifts of 87.2 and 49.0 ppm,
deviating significantly from the observed 77 and 50 ppm. Only
the computed peaks for anti-threads, at 79.3 and 49.6 ppm, are
in good agreement with experiment. Note also that prior
analysis of X-ray diffraction data on furan nanothread packing
geometries strongly favors anti over syn, as the narrower and
more uniform cross-section of syn-threads is not compatible
with the experimentally observed Friedel spacings.”

In addition to the syn- and anti-structures formed by [4 + 2]
reactions, a product of [2 + 2] reactions and a 1,3-p01ymer76
(see Figure 8, bottom) were also analyzed. Each contains two
distinct C sites and eight distinct C—H orientations, so they
are compatible with the experimental NMR results. The
identification of one of these structures would have major
implications for the nanothread formation mechanism. In
structures optimized at the density functional based tight-
binding (DFTB) level, the chemical shifts were 89.3 and S1.2
ppm for the [2 + 2] polymer and 81.5 and 44.4 ppm for the
1,3-polymer. These are clearly inconsistent with the exper-
imental values of 77 and S0 ppm. To ensure that these
discrepancies were not due to structural distortions, we also
optimized the axial unit cell parameters for the two polymers at
the DFT level. The chemical shifts changed only slightly to
90.3 and 51.4 ppm for the [2 + 2] polymer and 82.1 and 44.7
ppm for the 1,3-polymer. The discrepancy from the
experimental values was not significantly reduced.

Counting Differently Oriented C—H Bonds in Perfect
Threads. Advanced solid-state *C NMR can also identify
ordered '*C-enriched nanothreads on the basis of their
symmetry. Straight syn-threads have the highest symmetry,
with translation by one oxygen—oxygen distance along the
thread axis leaving the structure unchanged; this means that
there are only four differently oriented C—H bonds in this
structure if it is straight and not twisted. In anti-threads, the
structural period along the thread axis contains eight differently
oriented C—H bonds, and in syn/anti-threads, the correspond-
ing number is 12.

The number of differently oriented C—H bonds (techni-
cally, magnetically inequivalent sites) can be determined by
centerband-only detection of exchange (CODEX) '3C NMR,*'
taking advantage of "*C—"3C spin exchange. CODEX measures
the intensity of a stimulated echo of the recoupled chemical-
shift anisotropy for each resolvable isotropic chemical shift
position. In the full dephasing limit, with a long enough
recoupling time Nt, the observed normalized intensity S/S,
after the spin-exchange time is the fraction of magnetization in
sites with the same C—H orientation as before the spin-
exchange time; this is the inverse of the number of
magnetically inequivalent sites.*'

Figure 9 shows the normalized intensity S/S, for the 81 ppm
signal and for the 77 ppm peak in the perfect threads. The
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Figure 8. *C chemical shifts, in parts per million, obtained from quantum—chemical simulations in five types of furan-derived nanothreads,
demonstrating the close agreement of only anti-threads to the experimentally measured shifts.

0.94

0.85+ {L O Furan
0 8: O Ca (81 ppm)
] }_ = Perfect-threads Co. (77 ppm)
0.751&" Perfect-thread Cot (77 ppm) after inversion recovery
0 7' B ¢ Perfect-threads Cat (77 ppm) after inversion recovery,
STET corrected
0.654
@ 0645
4 1P % Trapped
> 0.557 ‘: | furan
‘B 0.5 W D
5] J ]
£ 0454 T
2 0.4
N 1
S 0351 %
5 039 '
Z 0251 S Syn threads 4 C-H %
0.2+
[)-15: S Anti threads 8 C-H T
0.1 o ___Short anti thread segments
77 ppm T I—
0.051 -8 —
] 8
0 1 1 1 1 1 1
0 50 100 150 200 500

s (Ms

Figure 9. Counting the number of different C—H bond orientations
in "*C-furan-derived nanothreads by CODEX *C NMR. The plot
shows the normalized CODEX signal intensity S/S, recorded at 81
ppm (open green circles), 77 ppm (filled red squares; perfect
threads), and 143 ppm (open pentagons; trapped furan). Open
orange diamonds: 77 ppm intensity after perfect-thread selection by
inversion recovery. Filled orange diamonds: same as previous but
corrected for the isotropic-chemical-shift exchange quantified in
Figure 7b. Horizontal lines at 1/4 and 1/8 intensity indicate the
equilibrium signal levels in straight syn- and anti-threads, respectively,
while full spin-exchange simulations yielded the dash-dotted blue and
the thick orange curves, respectively. Solid red curve: simulated
CODEX decay for perfect anti-thread segments that are 14 bonds in
length.

latter exhibits a faster initial decay, passing quickly through
0.25, the final level for straight syn-threads, and reaches a
slowly decreasing equilibrium value near 1/8, the value for
straight anti-threads. The simulation of "*C spin exchange in a
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perfect-thread “ladder” structure with a one-bond exchange
rate constant of k = 80 Hz (see the SI for details) produced the
bold orange curve for anti-threads and the dash-dotted blue
curve for syn-threads. The former provides an excellent fit to
the data up to 50 ms. The additional slow signal decrease at
>50 ms can be explained mostly by the finite length of the
perfect thread segments: when magnetization diffuses out (see
Figure S8e,f), there is a large change in chemical shift and
corresponding loss of CODEX signal. Gradual twisting of the
perfect anti-threads would also result in a loss of correlation of
C—H bond orientations and CODEX intensity.

A comparison of the CODEX decays of OCH sites in perfect
and defective threads in Figure 9 reveals distinctive differences.
The perfect threads show a faster initial decay, which can be
attributed to a more perfect “ladder” structure with two
“parallel” *C—"*C couplings along the thread axis, while
alkenes reduce the number of *C—"3C bonds in defective
threads. At long times, the perfect threads show a slower decay
than the matrix, indicating fewer differently oriented C—H
bonds.

Probing the Size of Perfect-Thread Domains. Since
BC spin diffusion occurs primarily along the thread axis, it
provides little information on the lateral size of perfect-thread
clusters or domains. This information can be obtained instead
from 'H spin diffusion. Hydrogen atoms are at the periphery of
a given nanothread and therefore relatively close to 'H in
neighboring threads, so the 'H spin diffusion between threads
will be fairly fast. 'H spin diffusion has been studied and
exploited quite extensively in heterogeneous polymers, and the
spin diffusion coefhicient in rigid polymers is known to have a
value of D = 0.6 = 0.2 nm*/ms.”” This means that, in domains
of 10 nm diameter, magnetization equilibrates within about
100 ms.

Figure SOf shows cross sections, along the 13C dimension,
from 2D '"H—"3C HetCor spectra (Figure S9a—e) with 'H spin
diffusion during a mixing time after 'H evolution and before
the cross-polarization to "*C. Solid lines are cross sections at a
"H chemical shift of 6.2 ppm (alkenes), while dashed lines
were obtained at 2.2 ppm (Cs;—H) (scaled by 0.55 to
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generally match at the major 80 ppm peak). Fast transfer from
alkenes to alkyls generally, within 1 ms, is followed by slower
spin diffusion to the perfect threads with the peaks at 77 and
50 ppm, which reaches completion within 10 ms. This slightly
longer but still fairly short transfer time corresponds to perfect-
thread “domains” of 1—3 nm in diameter.

B DISCUSSION

Alkenes. Two types of alkene-containing rings have been
identified, on the basis of distinctive cross peaks and diagonal
peaks (or their absence): (i) Symmetric C—C=C—C (Cy=
Cp) alkenes are found in ~249% of all C;H,O rings. This fully
accounts for the reduced intensity of the alkyl -carbon signal
in Figure 2a and of the alkyl C;—Cj diagonal peak in Figure
3a and suggests that these motifs dominate the nonalkyl
portion of the thread backbone. Such a conclusion is further
supported by the indication that the majority of these
symmetric alkenes are part of a locally regular structure, with
a relatively well-defined 81 ppm OCH signal and with C,—C,
bonds connecting neighboring units, which accounts for some
of the otherwise unexpected C,—C, diagonal intensity in
Figure 3a. A distinct minority of these rings occur as defects in
a variety of different environments, with a wide range of OCH
chemical shifts (80—90 ppm). (ii) Asymmetric C=C—C—C
(C,=Cp) alkenes are found in ~12% of all rings. Their lack of
an alkyl C4;—Cj bond helps explain the reduced alkyl C;—C;y
diagonal peak in the sheared DQ/SQ NMR spectrum of Figure
3a. The asymmetric alkenes are closely associated with alkyl
regions of the threads, according to the fast '*C spin exchange
in Figure 4. Both alkene motifs can be incorporated into a
thread backbone and may be associated with the initiation
(asymmetric) or termination (symmetric) of nanothread
polymerization via cycloaddition reactions and/or polymer-
ization pathways that propagate a single polymerization bond
chain along the thread axis, potentially via a radical
polymerization pathway.”® The presence of alkene-containing
rings along the thread backbone, particularly in a locally regular
structure, suggests opportunities for further functionalization,
solvation, and intercalation and may suggest thread structures
with intermittent alkene “hinges” between alkyl “rods”,
depending on the degree of completion of the thread-forming
reaction. The relative ratio of alkyl and alkene components is
likely amenable to experimental control through the tuning of
reaction conditions.

Trapped Furan. Two unusually sharp peaks of =C—H
moieties were observed at 111 and 142 ppm, close to the
resonance positions of the two carbons in furan. They are
directly bonded, according to cross peaks in Figure 3. The
expected 111 ppm diagonal peak of two chemically equivalent
P-carbons was also observed in the sheared DQ/SQ spectrum
of Figure 3a. Furthermore, the 'H chemical shifts of 7.3 and
6.3 ppm (see Figure S3) match those in furan. Thus, it is clear
that these signals, which correspond to 7% of all C, arise from a
trapped monomer. Incomplete dipolar dephasing (see Figure
2d) indicates large-amplitude mobility. Still, cross-polarization
shows that the C—H dipolar coupling has not been averaged to
zero. These furan molecules are coupled quite strongly to the
immobile matrix, receiving magnetization from it via 'H spin
diffusion within 1 ms and via "*C spin exchange on a 0.5 s time
scale.

Initially, two distinct sharp peaks of isotropically mobile
liquid- or gas-like furan were also observed in direct-
polarization *C and 'H spectra (see Figures S10 and S11).
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The signals disappeared after venting the sample (i.e., opening
the cap of the rotor) for a few minutes and reappeared only to
a small extent over the course of 3 weeks.

The mobile furan undergoes the fastest '*C relaxation of all
carbons in the sample (see Figure 6), which is consistent with
the significant mobility of the furan molecules producing
larger-amplitude fluctuating fields with spectral density at the
NMR Larmor frequency. A gradual slow-down of *C
relaxation of the nanothreads over the course of a few weeks
suggests that it is driven significantly by *C spin exchange
from trapped furan, whose concentration decreased with time
by a few percent (of all C in the sample), in particular due to
venting.

Perfect-Thread Structure. The 2D and selective 1D
NMR spectra in Figures 5b and 6 show convincing evidence of
the presence of ~10% of fully saturated perfect threads. These
exhibit two sharp peaks, at 77 ppm of OCH and at 50 ppm of
CH not bonded to O, in a 1:1 intensity ratio. The line width of
140—200 Hz is spinning-speed dependent and mostly
homogeneous in nature, according to T,c measurements.
Most of the broadening can be attributed to two or three one-
bond C—"C couplings, including two 'Jo_c couplings of
~40 Hz. The bonding in the perfect threads documented by
C—"C NMR involves multiple C,—C; bonds and a C;—Cj
bond but no C,—C, bond. Threads of this kind (see Fi§ure 8)
have been predicted to form by [4 + 2] cycloaddition.””

The small number of peaks indicates a high symmetry of the
perfect threads, higher than in syn/anti-threads, which contain
four distinct carbon sites. Quantum—chemical calculations
confirm that there is no accidental degeneracy of chemical
shifts, so our data clearly rule out syn/anti- and other complex
threads. Pure syn- or anti-threads are both compatible with the
number of signals observed. However, syn-threads are excluded
by several observations, while anti-threads can explain all the
data. CODEX NMR shows that the perfect threads have at
least eight C—H bond orientations, more than the four in syn-
threads. The OCH chemical shift in syn-threads according to
DFT-based calculations is 87 ppm, which deviates by 10 ppm
from the observed 77 ppm OCH signal. An even larger
discrepancy of 13 ppm was found for the [2 + 2] polymer. In
the 1,3-polymer, both predicted chemical shifts significantly
deviated from experiment, in opposite directions.

A slower T, relaxation of the perfect threads can be
attributed to reduced fluctuating magnetic fields with a rate
near the NMR Larmor frequency, due to smaller amplitude
motions of, or near, the perfect threads. The perfect threads are
more rigid than the defective threads and/or less accessible to
the mobile, fast-relaxing trapped furan.

13C Spin Diffusion along the Nanothreads. The average
length of the perfect thread segments can be determined by
analyzing the '’C spin exchange with the surrounding
imperfect segments, on a scale of several nanometers. *C
spin exchange along a given thread can occur relatively fast by
the means of an uninterrupted sequence of strong 1.54 A one-
bond dipolar couplings of about 2 kHz in magnitude, leading
to an average exchange rate of k = 80 Hz under magic-angle
spinning conditions according to the CODEX decay constant
(see Figure 9). The couplings between "*C in different threads
are much weaker, given the thread center-to-center distance of
5.5 A. At an estimated 4.5 A closest approach of carbons in
neighboring threads, the dipolar coupling strength is only 0.08
kHz, 25 times weaker than that within a thread. The truncation
of the weak interthread '*C—"C couplings by the strong
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intrathread ones with which their Hamiltonian does not
commute further slows down interthread '*C spin exchange.
BC spin exchange or spin diffusion in nanothreads can
therefore be well-approximated as a one-dimensional process
along a given thread. The transition from *C spin exchange to
spin diffusion is discussed in the SI.

Determining the Length of Perfect-Thread Seg-
ments. Differential *C inversion recovery shows that perfect-
and defective-thread segments are not intimately mixed. The
simulations of simultaneous relaxation and spin exchange (see
Figure S8a,b) show that, regardless of the intrinsic relaxation
times, such a large difference (~2 s) in observed T is possible
only if the perfect-thread segment is at least 14 bonds in
length. Considering that the 90% of defective threads are then
~126 bonds long, this result is in agreement with the 18—30-
bond length scale of *C spin diffusion along the thread on the
1 s time scale estimated in the SI. The relatively fast intensity
decrease due to spin diffusion out of the perfect threads after
the zero crossing of the matrix magnetization (see Figure 7)
can only be fit if the perfect-thread segment is at most 14
bonds in length. "*C spin diffusion out of the perfect thread
segment also explains most of the gradual decrease of the
asymptote in the CODEX decay in Figure 9. The simulated
time evolutions of the magnetization distributions in all these
cases are documented in Figure S8.

Accordingly, fast 'H spin diffusion (see Figure S9) also
shows that the perfect threads are near defective threads and
clearly do not form large crystals. Nevertheless, some clustering
of perfect threads is likely: even the random probability that
one of the six neighbors of a perfect thread is also perfect
exceeds 50%. The ability of furan-derived nanothread samples
to produce sharp quasi-6-fold X-ray diffraction” suggests that
the alkene portions of threads have geometrical characteristics
sufficiently similar to the fully saturated alkyl components that
they can pack into a common well-ordered lattice.

B CONCLUSIONS

BC-enrichment of furan by custom synthesis followed by
modest-pressure synthesis of '*C-enriched nanothreads
enabled a detailed characterization of the reaction products
by a full complement of advanced solid-state NMR techniques,
with validation by DFT-based calculation of chemical shifts.
The BC NMR spectrum was complex, with more than a dozen
distinct features, but almost all (>95%) signals represented CH
moieties as expected in nanothreads, with only 2—4% CH,,
0.3% C=O0, and 0.3% COO groups, according to spectral
editing. Different components were quantified by integration
of the fully equilibrated direct-polarization spectrum. The
fraction of sp>-hybridized C was 25%, corresponding to 43% of
C,H,O rings. Symmetric and asymmetric alkene-containing
rings as well as trapped unreacted furan were identified by
BC—C and '"H-"C NMR. The most intriguing component
observed was perfect fully saturated anti-nanothread segments,
with two distinct sharp peaks, accounting for ca. 10% of the
material. The bonding patterns in these periodic structures
deduced from DQ/SQ NMR was that of a [4 + 2]
cycloaddition product. While the small number of chemically
inequivalent carbon sites eliminated syn/anti- and other low-
symmetry threads, the large number of magnetically
inequivalent sites (i.e, distinct C—H orientations) in
CODEX NMR was incompatible with the high-symmetry
syn-threads. Anti-threads with two chemically and eight
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magnetically inequivalent sites matched the experimental
data. Quantum—chemical simulations showed good agreement
of isotropic chemical shifts only for the anti-threads. This
represents the first molecular-level identification of a specific
type of nanothread. The typical length of the perfect, fully
saturated thread segments was around 14—18 bonds, and they
accordingly constitute small clusters (according to *C and 'H
spin diffusion analyses) that likely reside within an overall
hexagonal thread packing along with other, less-perfect or less-
saturated brethren. The relatively slow T relaxation confirms
the nanometer-scale length of the periodic perfect structure,
indicates that the perfect threads are particularly rigid, and
enables their selective observation in *C NMR.
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