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The Structure of Poly(carbonsuboxide) on the Atomic Scale:
A Solid-State NMR Study
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Petra Krieger-Beck'”!

Abstract: In this contribution we pres-
ent a study of the structure of amor-
phous poly(carbonsuboxide) (C;0,), by
BC solid-state NMR spectroscopy sup-
ported by infrared spectroscopy and
chemical analysis. Poly(carbonsubox-
ide) was obtained by polymerization of
carbonsuboxide C;0,, which in turn
was synthesized from malonic acid bis-
(trimethylsilylester). Two different *C
labeling schemes were applied to probe
inter- and intramonomeric bonds in the
polymer by dipolar solid-state NMR
methods and also to allow quantitative

quantum and triple-quantum 2D corre-
lation experiments were used to assign
the observed peaks using the through-
space and through-bond dipolar cou-
pling. In order to obtain distance con-
straints for the intermonomeric bonds,
double-quantum constant-time experi-
ments were performed. In these experi-
ments an additional filter step was ap-
plied to suppress contributions from
not directly bonded "C,"*C spin pairs.

Keywords: amorphous materials -

The "“CNMR intensities, chemical
shifts, connectivities and distances gave
constraints for both the polymerization
mechanism and the short-range order
of the polymer. The experimental re-
sults were complemented by bond
lengths predicted by density functional
theory methods for several previously
suggested models. Based on the pre-
sented evidence we can unambiguously
exclude models based on y-pyronic
units and support models based on a-
pyronic units. The possibility of planar
ladder- and bracelet-like a-pyronic
structures is discussed.

BC MAS NMR F ¢ density functional calculations
b . spectra. outr) tyzjcs.o NMR spectroscopy solid-state
carbon environments can be distin- structures

guished in the NMR spectra. Double-

Introduction

At room temperature carbonsuboxide C;0, is a metastable
gas which readily polymerizes to a brown/red amorphous
solid (C;0,), as discovered by Diels in 1906." Since then
both the polymer and the monomer have received much at-
tention. While chemists were interested in the polymeri-
zation process, its structure, physical properties and reactivi-
ty, astrophysical scientists perceive it as a source of extrater-
restrial carbon in comets” and perhaps on the surface of
Mars or Venus."!

The monomer C;0, has a low melting point of —112.5°C
and a boiling point of +6.8°C. Its crystal structure® was
solved only recently showing slight deviations from linearity
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O=C=C=C=O0. The singular electronic structure of carbon-
suboxide is the reason for its high reactivity in many differ-
ent reactions but also for the difficulties in its synthesis es-
pecially when high yields are required. The highest yields
have been achieved via thermolysis of the malonic acid bis-
trimethylsilylester on P,O,, at 160°C.1"

The polymer (C;0,), can be obtained by chemical vapor
deposition from the gas-phase,"” via gamma-ray initiation
from the solid""'? or by using different means of initiating
the polymerization reaction from liquid phase."”™ The
polymerization occurs even without adding a starting agent.
Traces of acid or even absorbed water on the surface of a
glass vessel are initiating the transformation reaction in
these cases."”! Polymerization at ambient temperature yields
a product (C;0,), of well defined stoichiometry. At elevated
temperatures it is well known that the polymer loses carbon-
monoxide and carbondioxide”!” leaving a graphite-like car-
bonoxide with low oxygen content at temperatures of about
700°C.

The polymerization is an exothermic reaction
(=136 kImol™).') The gas-phase and bulk reaction were
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found to follow a rate equation being first order both with
respect to the polymer and monomer concentrations.'”:¥l
The activation energies vary with different surface materials
from 1.5 to 2.4 kJ mol 171317

A very difficult issue is the elucidation of the molecular
structure of poly(carbonsuboxide)s. Their amorphous char-
acter and insolubility in many organic solvents are the main
reasons why so many contradictory structural models can be
found in the literature.'*'241811 Even worse, there are indi-
cations that poly(carbonsuboxide) polymers with different
molecular structure do exist. An early model suggested by
Diels described the polymer as a spiropolycyclobutadione,!™!
Ziegler™ described the structure as a poly-a-pyrone,
Boehm et al." suggested a single planar molecule formed
by about 15 monomers units and Paiaro et al."” polymers
based on poly-y-pyrone or a mixed a-pyrone and y-pyrone
backbone, respectively. In patent literature even claims of
cyclopoly(carbonsuboxide)s are made.!"!

Various analytical methods have been used so far to
obtain structural information about the amorphous polymer,
for example, IR, UV/Vis 11314 X_ray diffraction® molar
mass determination,'” pyrolysis,*!*!? titration of acidic
groups, EPR spectroscopy!"'"""*! and chemical analysis to de-
termine the composition of the polymer. IR spectroscopy al-
lowed the identification of some basic building units, for ex-
ample carbonyl functions, ethenyl and ketene units, without
being able to quantify their proportions. X-ray diffraction
gave some vague indications of the ring sizes. UV/Vis spec-
tra indicated extended s systems to be present in the poly-
mer. EPR spectra proved the existence of unpaired elec-
trons in the polymer, which seems to be linked to the availa-
bility of ketene units. Carbon monoxide and dioxide which
evolve during pyrolysis gave indirect evidence of the molec-
ular structure. It should be noted that both titration of the
acid centers and determination of the molar mass required a
solution of the analyte, which is a delicate issue in case of
the almost insoluble poly(carbonsuboxide). Despite a con-
sensus in the older literature that the polymer backbone
consists of poly-a-pyrone convincing quantitative evidence
is not available. Consequently more recent experimental evi-
dence™ questions the simple poly-a-pyrone model. In addi-
tion it has been shown by small angle X-ray scattering on
solutions of poly(carbonsuboxide)?" that the molar mass
has been greatly underestimated in earlier work.[!>17]

Being an element-selective, inherently quantitative
method with excellent local resolution power, solid-state
NMR has shown great promise as a structural tool of char-
acterizing disordered solid-state materials.”?! In the case of
poly(carbonsuboxide) solid-state NMR requires O or *C
enriched materials, which then also allows the use of
modern dipolar NMR methodology. Connectivity and spa-
tial proximity can be studied via multidimensional multiple-
quantum NMR methods.® *C-C internuclear distances
can be determined via double-quantum experiments.*7

In this contribution we are presenting results from *C
solid-state NMR spectroscopy probing the molecular struc-
ture of poly(carbonsuboxide) polymerized at room tempera-
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ture by spontaneous polymerization. NMR spectroscopy is
used to identify and quantify functional groups present in
the polymer making use of the well established structural
correlation of the "*C chemical shift scale and multidimen-
sional double-quantum and triple-quantum NMR. Polymers
with two different C labeling schemes were prepared
which allow to study the entanglement of the monomers
and allow to probe if the integrity of the monomers during
reaction is preserved. A double-quantum double-filtering
scheme is introduced which allows to measure distances in
heavily labeled materials, needed here to obtain internuclear
distances. IR spectroscopy (see Figure 1) and chemical anal-
ysis complement the NMR results which allows us to discuss
the structural perception of poly(carbonsuboxide) on a mo-
lecular level. The article is organized such that in the Exper-
imental Section technical details for the synthesis, IR, NMR
experiments, NMR methodology and computational details
are given, while the following parts focus on the discussion
of the results in terms of different models of the local struc-
ture.

a)

b)

transmittance/a.u.

4000 3500 3000 2500 2000 1500 1000 500

wavenumber/cm-!

Figure 1. IR spectra of poly(carbonsuboxide); isotopes are at natural
abundance; spectrum a refers to a sample which has not been exposed to
air, spectrum b and c to a sample from the same charge which have been
exposed to air for 2 and 5 s, respectively.

Experimental Section

Sample preparation and characterization: Carbonsuboxide C;0, was pre-
pared by thermolysis of the bis(trimethylsilylester) of malonic acid in
presence of P,Os at 160°C.1! C,0, was caught in a cryotrap at liquid N,
temperature and distilled twice at dry ice temperature.

For polymerization C;0, (1 to 2 mL) was condensed into glass ampoules
(150 mm length, 15 mm inner diameter and 2 mm wall thickness) onto
dry CCl, (3 mL). The ampoules were cooled down to liquid nitrogen tem-
peratures and sealed by melting. The transformation to the polymer was
complete within five days of keeping the ampoule at room temperature.
The polymer is a red-brown voluminous fine powder.

For opening of the reaction vessels the content was frozen with liquid N,
and the ampoules were broken under an atmosphere of argon. The sol-
vent CCl, was distilled off in a vacuum at ambient temperature. After
24h of continuous pumping the vapour pressure reached 10~° mbar.
Then the opened ampoules were transferred to the argon-filled glove
box.
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Isotopically labeled carbonsuboxide was prepared, starting from isotopi-
cally labeled malonic acid. The educts [1,2,3-°C;], [2-°C] and [1,3-"°C,]
malonic acid (each position labeled to ~99 %) were obtained from Cam-
bridge Isotope Laboratories and converted to the bis(trimethylsilyles-
ters). Two polymers with the following labeling schemes were realized.
Given are the mixtures of carbonsuboxides before polymerization (per-
centages reflect the mass ratio):

Educts for sample I: 15%[1,2,3-2C;]-C;0, and 85% C;O, (with natural
abundance)

Educts for sample II: 16.67 %[1,3-*C,]-C;0,, 33.33%[2-°C]-C;0, and
50% C;0,(with natural abundance)

Note: Carbonsuboxide is lacrymonious and needs to be handled with
care. Both poly(carbonsuboxide) and carbonsuboxide are strongly hygro-
scopic, hence all operations were performed in a glove box under argon
atmosphere.

The average chemical composition of the polymers was determined via
combustion analysis to 2% = 0,503, 2 < 0,003, 2™ <(.004, which cor-

Miotal 7 Miotal ? Miotal

responds to an approximate sum formula of (C;0,), with a small amount
of absorbed water. The purity of the monomeric C;O, was also
checked®! by BC liquid-state NMR on a BRUKER DPX 300 (*C NMR
(in CDCl3) ¢ 130.5, —15.1 ppm, |'J(C-C)|=174.9 Hz). The "C enrich-
ment on different carbon positions of the malonic acid was checked via
mass spectrometry.

Chemical analysis of the polymers was in agreement with the composi-
tion C;0,. The polymer (C;0,), in our experience is only partially soluble
in all absolutely dry solvents which impedes molar mass determination
by standard techniques. Already small amounts of water increase solubili-
ty drastically. A determination of the molar mass and molecular shape of
the dissolved polymer in DMF/H,O by small-angle X-ray scattering has
recently been performed.”"

IR spectroscopy: Infrared spectra were obtained with a Bruker IFS 113
spectrometer at room temperature. The samples were pressed with anhy-
drous KBr to pellets.

Solid-State NMR

General: The "C NMR experiments were carried out on a Varian Infini-
ty+ NMR spectrometer equipped with a commercial 4 mm double-reso-
nance MAS-NMR probe. The magnetic field strength was 9.4 T corre-
sponding to a resonance frequency v(**C)=100.29 MHz. Samples were
rotated within zirconia spinners. By means of appropriate spacers, the
sample was confined to the middle '/; of the rotor volume. A commer-
cially available pneumatic control unit was used to limit MAS frequency
variations to a +2 Hz interval for the duration of the experiment.

For multiple-quantum experiments the probe was tuned by minimizing
the reflection of high-power pulses. C sequences applied a pulse nutation
frequency of 70 kHz, readout pulses a nutation frequency of 100 kHz.
Spin-lattice time constants were measured by using the saturation-recov-
ery technique. All multiple-quantum experiments were preceded by a
pulse comb of 10-20 90° pulses and intermittent dephasing delays of
20 ms to prevent intersequence echoes.

BC MAS NMR 2D-correlation spectroscopy: Double-quantum and
triple-quantum 2D-correlation spectra were acquired with rotor-
synchronized INADEQUATE pulse sequences® depicted in Figure 2
(pulse sequences a and b). This scheme allows selective through-bond ex-
citation of double-quantum coherences and hence is very useful detecting
directly bonded nuclei. The corresponding double- and triple-quantum
filtered 2D correlation spectra in Figures 6 and 7 were acquired at a spin-
ning-speed of v,=15 and 10 kHz and a conversion time of rf)o =6.0 and
Tjo = 7.0 ms, respectively. In addition we have performed 2D-correlation
spectroscopy based on the through-space dipolar coupling. Acquisition of
the indirect dimension (labeled ¢;) was rotor synchronized in all cases,
typically sampling the indirect dimension with 16 time increments. For
frequency sensitive detection we used the States approach,! that is, ac-
quiring a second set with a constant phase offset on double-quantum or
triple-quantum reconversion pulses of 45 and 30°, respectively. Two-di-
mensional double-quantum correlation spectroscopy based on supercy-
cled R sequences® was performed to establish the spatial neighborhood
of carbon atoms under fast spinning conditions. In comparison to the

Chem. Eur. J. 2005, 11, 4429 —4440 www.chemeurj.org

FULL PAPER

double-quantum pulse sequence in Figure 2 the INADEQUATE blocks
have to be replaced by compensated blocks of [R145,R14;°] units where
R describes a composite pulse R = {90,4,270,}. The notation 90,4, de-
scribes a pulse with 90° flip angle and 180° pulse phase. For a detailed
description of this method consult the literature.?*?! The 2D spectra in
Figures 5 and 8 were obtained by using 56 R elements and a spinning-
speed of 15 kHz.

Coherence pathway selection was done phase-cycling the pulse phases
only, thus keeping the receiver phase constant. Phases were determined
according to cogwheel phase-cycling® with 12 steps for double-quantum
filtered spectroscopy and with a difference in winding numbers between
the excitation and reconversion block Av,, =3 and between the reconver-
sion block and read pulse Av,;=1, which amounts to a Cogl2(2,5,6;0).
Thus the pulse phase increments ¢ in the ith experiment for double-
quantum excitation, reconversion and the read pulse block have been
written out in reference.”"

The phase cycle selects the coherence transfer pathways 0—+2—0——1
and 0——-2—0——1 as indicated in Figure 2, neglecting all coherence
pathways which involve coherence orders |p| > 2. An additional four
step phase cycle realizes DC offset and quadrature image compensation.
The triple-quantum filtered spectroscopy experiments were done accord-
ingly by using a Cog24(7,11,12;0).

Typical repetition rates for the 2D-experiments varied between 64 and
640 s.

Constant-time double-quantum NMR spectroscopy: In double-quantum
filtered spectroscopy the nuclear spin system evolves under a purely di-
polar average Hamiltonian for a conversion time 7. The double-quan-
tum filtered efficiencies which are measured from a set of experiments
with variable excitation and reconversion times, 7355 and 7;;5™, respec-
tively, then show oscillations depending on the through space dipole—
dipole coupling interaction only. In the limiting case of simple 2-spin sys-
tems internuclear distances can be determined with good accuracy. In
this context the constant-time data sampling approach helps to reduce
the number of unknown variables to fit the experimental curves.?!! This
is achieved by keeping the sum of excitation and reconversion time con-
stant 795 = Thg + Tha™

Here we make use of constant-time double-quantum NMR to determine
distances in heavily labeled compound. More specifically we are interest-
ed in the distance between the carbon atoms linking two different mono-
mer units in the resulting polymer (see Figure 11). In good approxima-
tion one may still describe the "*C spin system of sample II as consisting
of *C-"C spin pairs. However, in contrast to selectively labeled crystal-
line materials, there are also *C-">C spin pairs which are not directly
bonded (see Figure 3) and thus have a larger internuclear distance. With
the simple double-quantum pulse sequence displayed in Figure 2c it is
difficult to differentiate between contributions of those spin pairs which
are directly bonded and those which are not (compare Figure 3). One
may, however, utilize the fact that only the directly bonded spin pairs
have a sizeable J coupling constant. A very simple scheme for the sup-
pression of indirectly bonded spin pairs is an additional double-quantum
filter step based on the J coupling mediated INADEQUATE experiment.
The resulting pulse sequence is described in Figure 2d and consists of
four double-quantum conversion steps, two of them based on the J cou-
pling interaction, two based on the through-space interaction. This ex-
periment will be termed double-quantum constant-time double-filtering
in the following and is familiar to an experiment recently reported by
Saalwichter et al..*”!

The double-quantum filter was optimized independently on pulse se-
quence a) (see Figure 2) for maximum efficiency to 7;=6.8 ms by using a
repetition delay of 64 s. Coherence transfer pathways were selected with
a nested 256 step phase cycle changing the phases of each double-quan-
tum conversion block in cycles of four steps independently. In principle a
16-step phase cycle would be sufficient if z filtering and active rotor syn-
chronization can be applied. The two conversion blocks acting as a
through-space dipolar-coupling filter were implemented according to
PostC7™ (C7), with a [C7}], [C74]41s0 supercycle and a 90y—360,5—270,
C element). The sum of double-quantum excitation and reconversion

times was adjusted to ri‘)’gl = 2ms at a rotor spinning frequency of v,=
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Figure 2. Multiple-quantum pulse sequences (schematic); pulse sequences a
and b were used for through-bond double-quantum filtered 2D experi-
ments; pulse sequences ¢ and d for acquisition of constant-time double- /O—C o— C\
quantum build-up curves; the pulses during the INADEQUATE blocks are = C\\
rotor-synchronized, in the sense that the delay between the gravity of the Cc— —C
pulses coincides with a multiple of a full rotor period; active rotor-synchro- ... C/ \
nization on a trigger-signal from the probe is recommended in case of long \\0

T}, delays.

10 kHz. Different double-quantum conversion times 7y, can be realized
by varying the number of C elements of the reconversion/excitation
blocks. From the acquired curves (see Figure 9) distances were calculated
by fitting simulated constant-time curves to the experimental curves. Nu-
merically accurate simulations and the fitting procedures were done
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using SIMPSONP**! with a powder
average of 8584 orientations, with the
dipolar coupling constant and ampli-
tude parameter as the only free fitting
variables.

Double-quantum constant time experi-
ments on sample I can be conducted
without the need of an additional filter
because it is isotopically labeled to a
much lower degree than sample II.
The pulse sequence consists of two
PostC7 blocks (as described above) to
interconvert  double-quantum  and
Zero-quantum coherences (see
Figure 2, sequence c). Phase-cycling is
identical to pulse sequence a) in
Figure 2 (see above), total conversion
time 755 = 2ms and spinning fre-
quency v, =10 kHz.

DFT calculations: Density functional
calculations of the proposed structures
were done by using Gaussian 03.0
Geometries were optimized on a
B3LYP/6-3114++G** level of sophisti-
cation taking full advantage of the
point group symmetry of each struc-
ture. Frequency calculations were per-
formed for the smaller structures up to
the octacyclo-a-pyrone to assure that
the algorithm fell into a true mini-
mum. The root-mean deviation of the
internuclear distance is expected to be
below 0.017 A" Bond lengths for in-
finite chains were approximated by
calculating structures for fragments
with one to five fused rings whose ter-
minal bonds were saturated with hy-
drogen. The structures with five fused
rings gave reasonably converged bond
length values (<0.01 A) for the central
ring carbon atoms.

Results and Discussion

Composition and IR spectros-
copy: Composition and IR
spectra of the polymers ob-
tained from polymerization in
CCl, are in accordance with the
results from previous
work.’1*1314 Chemical analysis

/O /0
4 4
o—C Oo—
/ \ /
.............. c c—C Co
N 7 ! 4
— Cc—
/ \ / \
.............. C o—C [o oY
N N

Figure 3. *C-"C spin pairs selected and suppressed by C double-quan-
tum double-filtering NMR; the underlying grey circles mark C nuclei;
only spin pairs connected over a CC bond contribute to the double-quan-
tum filtered signal; the spin pair shown on the right-hand side has negli-
gible J coupling and is filtered out.

www.chemeurj.org Chem. Eur. J. 2005, 11, 4429 —-4440


www.chemeurj.org

Poly(carbonsuboxide)

and IR spectroscopy, with the absence of bands in the CH
valence regime, indicate a very low content of hydrogen.

It is interesting to note that no two IR spectra of poly(car-
bonsuboxide) in the literature are identical.*1*>!4 This is a
strong indication that from a preparative point of view ex-
perimental conditions strongly influence the structure of the
polymer. There are, however, certain features in the IR
spectra which are observed throughout most of the litera-
ture reports. For samples which have not been in contact
with moisture a band at 2171 cm™! can be observed, which is
attributed to a C=0 bond vibration in ketene. Accordingly a
sharp band at 530 cm™! is caused by the C=C=0 bending vi-
bration (see Figure 1). Haubenstock et al.'* showed by com-
bined IR/EPR experiments that these bands are probably
caused by a ketenyl functionality which is extremely sensi-
tive to moisture. The relative
amount of ketenyl groups from
IR spectral evidence alone is
still unclear though. The IR
spectra of our samples which
had deliberately been exposed
to air for 0, 2 and 5 s show that

FULL PAPER

The spectrum in Figure 4 is representative for several
batches of poly(carbonsuboxide) on which we did *C NMR.
The resonance line shapes allow to distinguish four main
peaks at 96, 107.5, 150 and 163 ppm which amount to about
95% of the overall intensity. The spectrum was acquired by
using a rotor-synchronized spin-echo experiment and a repe-
tition delay (>57)) which allows a meaningful analysis of
the peak intensities. Spin-lattice relaxation times of the dif-
ferent resonances were determined from a saturation recov-
ery experiment to be 765, 706, 706 and 649 s for sample II,
respectively, while for the less intensive broad resonances
also longer T values of 1500 s are observed. The rather sim-
ilar values of the main resonances are in accordance with
carbons stemming from a single amorphous phase, where
spin diffusion would tend to even out major differences.

moisture  extinguishes  both

ketene bands while a new band . . . -

at  2336cm™'  rises  (see e

F]gure 1)' We ass]gn this new | T T T T | T T T | T T T T | T T T T | T T T T | T T T T ‘
400 300 200 100 0 -100 -200

band to carbondioxide since
similar values have been ob-
served for CO, trapped in a
solid matrix.”! This interpreta-
tion is underlined by a second
weak absorption at 2273 cm™! which occurs for the air-ex-
posed *C-labeled samples. This absorption corresponds to
the asymmetric stretching mode of *CO,. In further agree-
ment with this interpretation we find an additional band at
2125 cm™" which is due to a *C="C=0 ketenyl bending vi-
bration. This indicates that the ketenyl functions are oxi-
dized on contact under an atmosphere of air; this reaction
forms carbondioxide which is trapped in the polymer
matrix. Our results indicate that the absence of the ketene
band in Paiaros!'” IR spectra is a result of contact with
moisture.

The most intensive bands in the IR spectra appear be-
tween 1280 and 1870 cm™'. While it is difficult to draw con-
clusions about the structural background of these bands, it is
reasonable to assume that at around 1800 cm ' and at
around 1500 cm™" CO double bond vibrations and CC bond
vibrations are the origin, respectively.

One-dimensional ®C MAS NMR spectroscopy: We use *C
solid-state MAS NMR to investigate the structure of solid
poly(carbonsuboxide). The introduced isotopic labeling will
allow us to study not only intensities and chemical shift but
also PC-"C distances and directly bonded neighbors, pro-
vided that *C NMR spectra have sufficient resolution and
favorable relaxation properties.

Chem. Eur. J. 2005, 11, 44294440 www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. 1D >C MAS NMR spectra of polycarbonsuboxide (sample II); spinning sidebands are marked with
an asterisk, v,=15 kHz, repetition rate 9000 s.

Since Haubenstock found that poly(carbonsuboxide)
which had not been in contact with air is EPR active, we
had to verify that we are able to get signals from all °C
nuclei in the sample. To this end we mixed our sample with
a known quantity of hexamethylbenzene, which gives two
sharp NMR resonances. From the mass we calculated the
expected intensity ratio of the resonances of poly(carbon-
suboxide) to those of hexamethylbenzene. The deviation is
less than 5%. Apparently a strong coupling to unpaired
electrons which would result in broadening and shifting of
NMR resonances is not happening for most of the carbons
in our samples. More important this indicates that EPR
would allow only to investigate a very small portion of poly-
(carbonsuboxide). Additionally we have recorded IR spectra
before and after the NMR experiment presented in Figure 4
which gave almost identical IR spectra. The almost un-
changed IR spectra including the intensive band at
2171 cm™! of the very sensitive ketenyl functionality indicate
that the sample did not decompose throughout the NMR
experiment.

Our main interest in the following was to assign the ob-
served peaks to different structural motifs. Since in amor-
phous materials bond length and angles vary NMR resonan-
ces are relatively broad. Still the observed resolution in the
NMR spectra is impressive and the resonances resolve sev-
eral distinct carbon environments. All observed chemical
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shifts lie in the region of sp/sp>-hybridized carbon.’ Since
sp hybridization can be excluded by absence of bands of
C=C from the infrared spectrum, a structural model needs
to be based on a trigonal-planar coordination environment
for all carbon atoms.

In connection with the simple composition of poly(car-
bonsuboxide) this allows only for three different carbon en-
vironments in a one-bond sphere: carbon bonded to three
other carbon atoms Cq¢, carbon bonded to two carbon and
one oxygen atom Ccco, carbon bonded to one carbon and
two oxygen atoms Cgoo and carbon bonded to three oxygen
atoms Cgyoo. The carbonate environment Cynp is very un-
likely though, since “C double-quantum excitation by an
INADEQUATE sequence for all observed peaks is possible
(see above). Using isotropic chemical shift ranges in the lit-
eraturel™ we assign the peaks at 96 and 107.5 ppm and at
150 and 163 ppm to C¢cp or Ceoo environments. Clearly, for
the low temperature polymerization route chosen, the for-
mation of carbon-rich oxygen-depleted areas with graphite-
like environments can be ruled out by chemical shift argu-

1150 ppm +1163 ppm

ments.>*? The intensity ratio determined

]%ppm +IIO7.5 ppm
experimentally is approximately equal to 2 for sample I and
1 for sample II.

The *CNMR spectra taken from samples which were
carefully excluded from air and showed a strong ketene
band in their IR spectra; the >C NMR spectra of the sam-
ples which were exposed for some seconds to air and did
not show a ketene band in their IR were essentially identi-
cal. In other words, the strong ketene band from the IR
spectra does not find its counterpart in the *C NMR spec-
tra, which indicates that the IR spectra are a very sensitive
means of probing ketenyl functions while the relative
amount in the samples is low.

The polymerization hypothesis: Underlying most of the
older literature about “poly(carbonsuboxide)” and even its
name is the chemically sensible assumption that the energet-
ically expensive monomer C;O, on polymerization is form-
ing additional CO and CC bonds which finally form a 2D
polymer. This assumption has important implications for
both the reaction mechanism and possible polymer struc-
tures. In the light of a highly unsaturated carbon species
which might also undergo a sigmatropic rearrangements it is
necessary to question the bond conservation throughout the
reaction and with it the polymerization hypothesis.

In the case of sample I we have the ideal test candidate to
answer the questions if bonds are conserved by the reaction
or not. The educts of sample I consist of triply labeled *C-
C;0, diluted in C;0, at natural abundance of the isotopes.
If the reaction pathway is a simple polymerization lacking
sigmatropic rearrangements we would expect clusters of
three NMR active spin-'/, nuclei while bond breaking would
make clusters of maximum two spin-'/, nuclei much more
likely. There is a range of solid-state high-resolution NMR
techniques to solve this problem. Examples are spin-count-
ing experiments*!! and experiments making use of the spe-
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cial properties of the top-quantum in an n-spin-'/, system.”)
In this simple case the most straightforward approach is
probably the excitation of triple-quantum coherences for
which three spin-'/, nuclei are necessary. Furthermore if
triple-quantum coherences are excited via through-bond di-
polar coupling for short excitation times then the three spin-
'/, nuclei have to be directly bonded. We have used a rotor-
synchronized 2D triple-quantum MAS correlation experi-
ment based on the INADEQUATE experiment (see
Figure 2, pulse sequence b) to resolve possibly overlapping
peaks. The triple-quantum 2D spectrum in Figure 7 shows
several peaks to which all carbon behind the main peaks
contribute. Hence the triple-quantum spectrum strongly in-
dicates that the CC bonds of the monomer are conserved
throughout the reaction. An explanation for the absence of
the peaks at 150 and 163 ppm in the 2D triple-quantum
spectrum is straightforward.! Information about the coupling
partners of the nucleus behind the observed triple-quantum
filtered resonance can be reconstructed from the observed
resonance frequencies in the indirect dimension. The triple-
quantum coherence is evolving under the sum of the chemi-
cal shifts of the contributing spins in the indirect dimension,
meaning that the resonance frequencies can be predicted
from the 1D spectrum. The peaks were marked A, B, C, D
for this purpose and the peaks contributing to each triple-
quantum peak designated in the spectrum (see Figure 7).
We will return to the triple-quantum spectrum after the as-
signment of the peaks using double-quantum techniques and
discuss the spectrum in more detail then.

Further assignment of “C NMR peaks by 2D methods:
After confirmation of the polymerization hypothesis we
study how C;0, monomers are linked in the polymer by
using double-quantum NMR. In homonuclear ®C double-
quantum filtered NMR only pairs of *C atoms give rise to

! The spin system of the three nuclei from *C-C,0, after polymerization
will be isolated from the next nearest '>C spins for statistical reasons.
The spin system of these three nuclei will be linear in the sense that
only one carbon atom is directly bound to the two others. In terms of J
couplings this means that the middle spin will have two strong 'J cou-
plings in the range of 40 to 100 Hz magnitude while the other two spins
are strongly coupled only to the middle spin and have a weak %/ cou-
pling to the not directly bonded carbon. In an amorphous material it is
very likely that all three spins are not isochronous due to variations in
the chemical shift by variations in their chemical surrounding. This sep-
aration for almost all nuclei will be sufficient to put the three spin
system into the weak coupling limit.***! Under these conditions the
evolution of the spin system and hence the peak intensities of the 2D
triple-quantum spectrum can be analyzed with the product operator
formalism. The conversion mechanism between triple-quantum coher-
ences and zero-quantum coherences becomes significantly simplified by
the fact that the contribution of the three J couplings to the Hamiltoni-
an commute with each other in the weak coupling limit. As a result the
triple-quantum filtered efficiency A of the nucleus i only depends on
the J couplings J; and J, but not on Jy upon variation of the
triple-quantum reconversion time 7i3™. A; oc —cos[n(J;—Jy)Trio "]+
cos[n(/y—Ji)Trg -

For the limiting case where the two-bond J coupling constant is zero
only the middle spin can be observed. This is exactly what is observed
in the experimental triple-quantum 2D spectrum in Figure 7.
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signals, all isolated *C nuclei are filtered out. If again the
through-bond coupling between *C-nuclei is used for multi-
ple-quantum coherence excitation only directly bonded
neighbors will be observed. For sample II which was made
from a mixture of O=C*=C=C*=0, O=C=C*=C=0 and
C;0, at natural abundance, this means that every double-
quantum filtered signal represents a bond between two dif-
ferent monomers.

As triple-quantum NMR indicates that bonds of the mon-
omer are conserved, it follows that only the environments
Ccce and Ceep will be able to pass the double-quantum
filter, the carbon in the Ccpoo environment is only bound to
a carbon atom of the same monomer which, by the labeling
scheme applied, is suppressed through the double-quantum
filter. Based on the above considerations the 2D double-
quantum filtered correlation spectrum in Figure 6 allows a
clear assignment of the peaks at 150 and 163 ppm. Only the
resonance at 163 ppm gives double-quantum coherence
peaks with the resonances at 96 and 107.5 ppm representing
a Cccc carbon atom, hence the peak at 163 ppm represents a
Ccco carbon atom and the peak at 150 ppm Cqo carbon.

Intramonomeric and intermonomeric short-range order:
After assignment of the peaks it is interesting to explore the
direct surrounding of the carbons behind these resonances.
Double-quantum filtered 2D correlation spectra give corre-
lation signals for every carbon atom pair in neighboring en-
vironments. In principle the following six pairs are possible
(CeccCecc)s  (CoccCeco)s  (Cecc=Ceo0)s  (CecoCeco)
(Ceco—Ccoo) and (Ceoo—Ceoo). The intramonomeric ar-
rangement becomes obvious in the 2D correlation of sample
I (see Figure5). Only double-quantum correlation signals
for the pairs (Ceec—Ceco) and (Ceee—Ceoo) are visible. This
is a remarkable result because it suggests that amorphous
(C;0,), has a well defined short range order. Finally by
using triple-quantum filtered 2D correlation spectroscopy of
sample I the terminal positions of the polymerized C;0, can
be determined. In the triple-quantum correlation spectrum
two signals for the Cgoc carbons at 96 (peak D) and
107.5 ppm (peak C) are visible with a distribution of chemi-
cal shifts in the indirect dimension with a double maximum
each. These maxima in the indirect dimension of peaks C
and D are identified as belonging to triple-quantum coher-
ence with peaks A and B and with peaks A and A. As the
spread in isotropic chemical shift for Ccco and Cee carbon
atoms is small (see Figure 7) this is indicative of a rather
wide chemical shift distribution for carbon in the Cqnq envi-
ronment with two maxima one at 150 and one at 163 ppm,
which also explains for the intensity distribution found in
the quantitative 1D spectrum. In a simple model with three
distinct environments for Cqee, Ceoco and Ceoo carbons an
intensity ratio for sample I of 1:1:1 would be expected which
clearly is not the case. Consequently the combined double-
quantum and triple-quantum 2D results on sample I are
best interpreted as two types of *C—*C-'*C units consisting
of Ceco—Ceec—Ceroo triples, with two different carbons to ex-
plain for the signals at 96 and 107.5 ppm and a rather wide
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Figure 5. 2D double-quantum filtered correlation spectrum of polycar-
bonsuboxide (sample I) using the through-space dipolar coupling; the
double-quantum/zero-quantum conversion times 7o with 1.067 ms are
short enough to ensure that the double-quantum peak intensities reflect
directly bound pairs.

distribution of isotropic chemical shifts for the Cqoo carbon
from 150 to 163 ppm and one type of environment for the
Ccco carbon at 163 ppm.

The intermonomeric connectivity is determined from
double-quantum filtered experiments of sample II. Double-
quantum excitation can be achieved with two complementa-
ry types of experiments. While experiments using the
through-bond dipolar interaction give clear results with re-
spect to the chemically bound neighbors, experiments based
on the through-space dipolar interaction allow to probe the
spatial vicinity of an NMR active nucleus. Besides, through-
space dipolar coupling based experiment give access to in-
ternuclear distance. So far we have only made use of
through-bond coupling based 2D correlation experiments.
For the intermonomeric connectivity there are only three
possibilities: (Ceee—Ceec)s {Cece—Ceco)s {(Ceco—Ceco)- The J
coupling based double-quantum spectrum of sample II
(Figure 6) shows even to very low levels of intensity signals
of double-quantum coherences for (Cer—Cecp) carbon pairs
only; the expected signals for other possibilities were not
observed. Comparing a double-quantum through-space 2D
correlation spectrum of sample II (see Figure 8) the same
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Figure 6. 2D double-quantum filtered correlation spectrum of poly(car-
bonsuboxide) (sample II) using the through-bond dipolar coupling for
double-quantum coherence excitation (pulse sequence a, Figure 2).

peaks as in the through-bond version can be found. Extra
correlation signals for coherences of (Ceo—Ceec) and
(Ceco—C) carbon pairs are present. From the appearance
of a (Coec—Ceec) double-quantum coherence between
the peaks at 96 and 107.5ppm it may be concluded
that both environments occur in spatial proximity and
from the relative peak intensities of the double-quantum
coherence signals (CERR™—CERE™), (CERPM—CEaPP™)  and
(Clrrem_Cl73pPm) that the proximity of equal pairs is more
likely.

More structural constraints—Distances by double-quantum
constant-time double-filtering experiments: Internuclear dis-
tances can give important constraints even in amorphous
materials. It is well known from analysis of crystallographic
databases that distances™' often vary only in a very narrow
range for a given pair of carbon functions. Recently internu-
clear distances determined by *C double-quantum NMR
have been shown to be accurate enough to differentiate be-
tween single, double, and triple bonds of carbon atoms.” In
order to obtain further constraints to refine the structural
model of poly(carbonsuboxide) we have determined approx-
imate values for carbon—carbon distances from dipolar oscil-
lations in double-quantum constant-time build-up curves.*!
Since distance determination by *C double-quantum solid-
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Figure 7. 2D triple-quantum filtered correlation spectrum of poly(carbon-
suboxide) (sample I) using the through-bond dipolar coupling for triple-
quantum coherence excitation (pulse sequence c, Figure 2).

state NMR requires dilute *C-'*C spin pairs, distance con-
straints could only be obtained from sample II. We have ac-
quired double-filtering double-quantum constant-time build-
up curves for both Cec—Ceco intermonomeric double-quan-
tum signals for the signals at 107.5 and 96 ppm (Figure 9).
The experimental curves were fitted with only two free vari-
ables, one for the dipolar coupling constant and one for the
amplitude. The C-C distances for the C{og™—C2™™ and
the CL&3ppm_CL73PPm pairs were 1.42+0.03 and 1.4140.03 A,
respectively.

Distances may structurally be interpreted with the help of
empiric bond length distribution parameters such as mean
and the lower and upper quartile which are available for
many structural fragments via the Cambridge Structural Da-
tabase. In Figure 10 the distribution parameters of carbon—
carbon bond lengths for various functional groups are pre-
sented which have been determined from a huge number of
crystal structure determinations. The distributions of bond
length are partially well separated: Unconjugated double
and single bonds can easily be distinguished, but also with
increasing bond order the distances of conjugated single
bonds show a difference between heterocycles such as a-
pyrone and furan structures and chain-like structures as in
conjugated alkenes. Comparing experimental values with
the empirical distance distribution we conclude that bonds
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Figure 8. 2D double-quantum filtered correlation spectrum of poly(car-
bonsuboxide) (sample IT) using the through-space dipolar coupling; the
autocorrelation signal at 163 ppm is folded over the edge; the fold-over
autocorrelation diagonal is indicated by a dashed line.

of a bond order below 1.5 in a-pyrone and furan-like struc-
tures best describe the experimental results.

Structural models: In the literature the structural models
discussed for poly(carbonsuboxide) are manifold. Even in
the more recent literature there have been new proposi-
tions.">) Definitely the first ideas of Diels are not consis-
tent with many experimental facts which have been gath-
ered over the years. We require models to consist of sp*-hy-
bridized carbon with an average composition equal to the
monomer C;0,. Minor contributions for example the ketene
functions which are probably associated with the terminal
positions of the polymer will not be considered. Further-
more we require the structural models to be a hypothetical
product of a polymerization, that is bonds of the monomer
are conserved. While solid-state NMR provides indirect in-
formation about the polymerization mechanism, we consider
an in-depth discussion of the mechanism futile as long as it
is not clear whether it takes a radical or an ionic path. Hau-
benstocks investigations, however, indicate a non-radical
mechanism.['%]

Chem. Eur. J. 2005, 11, 4429 —4440 www.chemeurj.org

FULL PAPER

Int. /a.u.
T
O

30

20 o

Tpg/ms

Figure 9. Double-quantum constant-time double-filtering build-up curves
for the resonances at 107.5 ppm (lower curved labeled B) and 96 ppm
(upper curve marked a) of poly(carbonsuboxide) (sample II), acquired at
v,=10 kHz spinning-speed (pulse sequence d, Figure 2); if no double-fil-
tering is applied no zero-crossings can be observed in double-quantum
constant-time build-up curves. ¢: experimental, — (light grey): simulat-
ed.

Table 1. Bond lengths d for inter- and intramonomeric Ceee—Ceco bonds
calculated by quantum-mechanical methods; the letters in the second
column refer to the structures in Figure 11.

dinter [A] dinua [A]

cyclohexaa-pyrone al® 1359 1.473
cycloocta-a-pyrone 1l 1.397 1.428
cyclodeca-a-pyrone 1l 1.407 1.416
cyclododeca-a-pyrone [19] 1.419 1.402
catena-poly-a-pyrone cl0 1.437 1.392
iso-catena-poly-a-pyrone d - 1.432
cyclohexa-y-pyrone bl - -

anti-catena-poly-y-pyrone el - -

syn-catena-poly-y-pyrone £l12l 1.500 1.500

In Figure 11 a collection of structural models is compiled.
All of the model structures consist of either a-pyrone or vy-
pyrone units which are arranged in cyclic-like or chain-like
fashion. Bond lengths were estimated from DFT calcula-
tions (Table 1). The effects of the ring strain and conjugation
are apparent from the gradual change in bond lengths of the
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Figure 10. Bond length distribution parameters for carbon—carbon bonds;
data were graphically adapted from,*! additionally bond length parame-
ters for a-pyrone and furan carbon fragments were determined with the
help of the Cambridge Structural Database; plotted are mean d, lower
and upper quartile (as error margins) for each bond type; the experimen-
tal value for the intermonomeric carbon—carbon distance (see Figure 9)
and its approximate error are indicated by the dashed line and the
greyed area, respectively.

two types of Ceec—Ceco bonds. While in cyclohexa-a-pyrone
CeccCeco bonds can still be described as localized double
and single bonds, for the planar poly-a-pyrone the roles are
interchanged and bond lengths are almost equal.

After these general remarks we will discuss the individual
models with respect to the NMR results in detail. Besides
chemical shift, composition and relative proportions of the
BC peak intensities we will make use of the connectivity
patterns observed in the 2D experiments and the associated
distances. To this end we need to have an idea which carbon
atoms in the polymer formerly belonged to the same mono-
mer. The assignment is based on the arrangement of the
“terminal” Cgoo carbon atoms. The monomer units are
highlighted in Figure 11 by the use of bold type. With the
exception of the a-pryone structures a and c the assignment
is unique.

The anti-catena-y-pyrone (Figure 11e) is clearly not a
good description of poly(carbonsuboxide) because Ceccc
carbon atoms are not present in its structure hence the
NMR peaks at 107.5 and 96 ppm cannot be explained.
Moreover, there are only two substantially different carbon
environments which both take part in an intermonomeric
bonding, which contradicts the double-quantum 2D correla-
tion experiments on sample II. The same chain of reasons
rule out a cyclohexa-y-pyronic structure (Figure 11b).

The syn-catena-y-pyrone (Figure 11f) is a better choice
with respect to the number of carbon environments and
their expected isotropic chemical shifts. It fulfils the require-
ment of one terminal carbon atom Cgpo linked to a Ceee
carbon atom which in turn is bound to a Co carbon atom.
However, the expected intermonomeric Ceec—Ceco bond
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Figure 11. Model structures for poly(carbonsuboxide); marked in bold
type are atoms belonging to the same monomer (structures c to f); the
carbon atoms highlighted by grey circles refer to carbon atoms in an in-
termonomeric Ceee—Ceco bond.

length of 1.50 A does not agree with the experimental value
of 1.42 or 1.41 A, which makes structure F rather unlikely.

For the iso-catena-poly-a-pyrone (Figure 11d) three types
of carbon atom environments Cqgo, Cece, Ceco Would be ex-
pected. The intramonomeric bonding Ccoo—Ceec—Ceco com-
plies with the double-quantum spectra of sample I but the
intermonomeric bond does not. In fact strong intermono-
meric Ceee—Cece and Ceeo—Ceco double-quantum coherenc-
es on sample II would be expected which is not the case.

For catena-a-pyrone (Figure 11c) three carbon environ-
ments Ceoo, Cece, Ceco are expected. The connectivity pat-
terns in the double-quantum correlation spectra of sample I
and II and the expected chemical shifts are in excellent
agreement with the structural model, no matter how the as-
signment—which carbons belong to the same monomer—is
done. The same is true for the closely related cyclo-a-
pyrone structures. Again the intermonomeric distance can
be used to get further insight. The values for the intermono-
meric bond length disagree with the cyclohexa-a-pyronic
structure while the bigger sized rings and the planar poly-a-
pyrone give reasonable values.

BC MAS NMR of poly(carbonsuboxide) resolves two
peaks for the environment. Both carbon environments are
present in the NMR spectra of several batches while their
relative peak intensities vary. An explanation might be that
in the amorphous solid (C;0,), planar and bent structures
coexist—possibly even in cyclic arrangements.
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Conclusions

In contrast to previous studies of poly(carbonsuboxide) we
have reported by the use of C solid-state NMR the first
quantitative investigation of the bulk structure of poly(car-
bonsuboxide). By the use of chemical shift arguments and
the combination of selective labeling with 2D double-quan-
tum correlation spectroscopy it was possible to assign the
observed peaks in the CNMR spectrum to different
carbon environments. On the methodological side it was
shown that distance determination by *C double-quantum
NMR can be applied to heavily labeled materials by the use
of double-filtering methods. The determined bond lengths
were analyzed with the help of empirical bond length distri-
bution parameters for various functional groups extracted
from the Cambridge Structural Database. Propositions for
the local structure of poly(carbonsuboxide) were collected.
Their bond length values were predicted with DFT calcula-
tions. Based on the presented arguments it was possible to
evaluate different structural models. Our results unambigu-
ously rule out poly-y-pyronic structural models recently pro-
posed in the literature.™ Our results are in agreement with
the poly-a-pyronic structures discussed by several other au-
thors."101317.1820) T addition our results give constraints for
the polymerization mechanism and some indications about
the possibility of cyclic and planar polymeric structures. Still
some aspects are not fully understood. For example the *C
MAS NMR spectrum resolves two different alkene carbons
and IR spectra in several published articles significantly
differ for unknown reasons. We conclude that despite the
almost 100 years of chemical history of poly(carbonsubox-
ide) there are still many open questions to be answered.
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