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Aromatic molecules undergo pressure-induced bond formation, creating
new species with intriguing structural, chemical, and electronic proper-
ties. Here, diffraction measurements, vibrational and photolumine-
scence spectroscopies, and mass spectrometry suggest that hydrated
4,4’ -bipyridine undergoes two distinct irreversible reactions upon com-
pression: dimerization coupled to loss of hydrogen atoms and oligomer-
ization without atom loss.

Pressure can alter the physical and chemical properties of molecules
and materials, revealing exotic behavior such as superconductivity,"
superhardness,” and pressure-induced polymerization.® Pressure-
induced bond formation has been explored in small organic mole-
cules, with a focus on aromatic systems such as benzene,” pyridine,’
pyridazine,® and azobenzene,” as well as unsaturated hydrocarbons
including acetylene,® 1-hexene,” and butadiene.'® While these mole-
cules show the formation of oligomeric/polymeric species when
compressed, the pressure at which such behavior occurs is affected
by the molecular derivatives’ composition, structure, and solid-state
packing, resulting in a wide pressure range for reactivity from ca.
3.6 to 20 GPa. Examining such molecular species under pressure
therefore provides valuable insight into the interplay of intermole-
cular interactions that arise in the solid state, mechanisms of
uncommon bond formation, and the energy landscape in non-
standard thermodynamic conditions. These studies can also pro-
duce new and complex oligomeric and polymeric compounds that
are less synthetically accessible.

4,4'-Bipyridine (4,4'-bipy) (Fig. 1) is a versatile ditopic mole-
cule featuring two aromatic nitrogen atoms possessing Lewis
basic electron lone pairs capable of binding coordination
centers. Although this molecule is relatively rigid, the pyridyl
rings have some rotational freedom without disrupting the
orientation of the lone pairs.'* Given these structural features,
4,4'-bipy plays an important role as a ligand in metal-organic
frameworks (MOFs),"* coordination complexes,"’ and solid-
state materials.">"® Determination of its response to high
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pressure is therefore of considerable interest for the molecular
reactivity described above as well as to inform how these more
complex solids evolve under compression. To our knowledge,
molecular 4,4’-bipy has only been examined under compression
to 7 GPa," and no pressure-induced bond formation or polymer-
ization has been reported. High-pressure studies on systems con-
taining 4,4’-bipy as a ligand have also been conducted, such as in
MOFs,"” salts," or cocrystals,'*"” yet again without evidence of
pressure-induced bond formation. Recently, however, we demon-
strated that 4,4’-bipy-pillared hybrid metal oxides exhibit intriguing
negative volume compressibility that appears to be driven by
compression-induced formation of sp>hybridized C-C bonds.®
Critically, this behavior is distinct from much of the reactivity
described above for molecular solids under pressure—in which
new C-C bonds are typically sp®-hybridized—and is likely coupled
to dehydrogenation that generates electron and proton equivalents
that migrate to the metal oxide layer. To better understand its
high-pressure reactivity and decouple the influence of a hybrid
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Fig. 1 Molecular packing of 4,4’-bipy-H,O. (A) Intermolecular stacking
and ring centroid—centroid distances. (B) Packing of 4,4’-bipy and water
molecules along the a axis. A second layer beneath is indicated with
transparency. (C) Molecular packing along the b axis. Gray, blue, red, and
light gray spheres are C, N, O, and H atoms, respectively.
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framework, here, we showcase the pressure-induced evolution
of hydrated molecular 4,4’-bipy.

Hydrated 4,4’-bipy (4,4’-bipy-H,0) crystallizes in the mono-
clinic space group P2,/c. The unit cell contains two crystal-
lographically unique 4,4’-bipy molecules and four water
molecules."® The pyridyl rings are non-planar, exemplified by
a dihedral angle about the connecting C-C bond of ca. 41°
(Fig. 1A). However, a centroid-centroid distance of ca. 3.7 A
between adjacent pyridyl rings may allow for some weak n-n
stacking (Fig. 1A)."° Each nitrogen forms a hydrogen bond with
a water molecule at a distance of ca. 2.1 A (Fig. S1), which is in
turn linked to another water molecule connected to the next
4,4’-bipy molecule, resulting in a continuous network that leads
to the formation of a sheet-like arrangement (Fig. 1B, C and
Fig. S1). The 4,4’-bipy and water molecules are arranged in a
checkerboard-like pattern in the ac plane (Fig. 1C). We note the
hydrated phase was selected rather than the anhydrous com-
pound because the latter crystallizes in a lower-symmetry
triclinic space group (P1) with alternating molecular orienta-
tions, leading to a more complex packing motif than the
monoclinic hydrated phase. The incorporation of structural
water also provides a more polar, high-dielectric environment
more similar to that within our previously reported hybrid
metal oxides, thus facilitating clearer interpretation of the
compression response.

To probe its pressure-dependent evolution, we subjected
microcrystalline 4,4’-bipy-H,O to gigapascal-scale pressure in
a diamond-anvil cell (DAC) featuring 300 pm culets. Raman
spectra measured in situ show that all vibrational modes blue-
shift with increasing pressure, accompanied by peak broad-
ening (Fig. 2A and Fig. S2, S3). The onset of a potential phase
transition is observed upon compression past 5 GPa, character-
ized by the splitting of peaks such as those at ca. 644 cm™ " and
755 cm™ ' (Fig. S3). We assign the first peak as an in-plane ring
deformation and the second as a combination of ring breath-
ing, C-N stretching, and C-C stretching vibrations.'* A com-
plete loss of Raman peaks is observed ca. 20 GPa, likely
associated with decreased visible light penetration due to
increased absorption and/or reflectivity. Indeed, the compound
converts from pale yellow to dark brown/black (Fig. S4).
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We explored the compression-induced structural evolution
of 4,4’-bipy-H,0 in greater detail up to approximately 41 GPa
using synchrotron powder X-ray diffraction (PXRD). Consistent
with our vibrational analysis, upon compression past 6 GPa, an
apparent first-order phase transition is observed, though its
onset may begin at lower pressure. Here, a new diffraction peak
is observed at 7° 20 coupled with the onset of potential peak
splitting behavior ca. 11° and 12° 20—behavior that becomes
even more apparent at higher pressure (Fig. 2B and Fig. S5).
These features are assigned to the (200) and (303) reflections of
the ambient-pressure phase, respectively (Table S1). All peaks
then continue to shift to higher 20 values with compression up
to ca. 22 GPa, at which point some reflections disappear with
only those assigned as (101), (200), (021), and (022) remaining,
thus aligning well with the behavior observed by Raman
spectroscopy. Increased background scatter is also observed
that may indicate partial amorphization/disorder. Upon
decompression, only the (101) and (200) reflections persist. Le
Bail refinements indicate a continuous decrease in unit cell
volume upon increasing pressure (Fig. 2C). Interestingly, the
structure appears to be more compressible along the a and b
lattice parameters than along ¢ (Fig. S6). The a axis features
4,4’-bipy molecules packed adjacent to water molecules where
no strong hydrogen bonding is apparent, while the » axis
corresponds to the direction of stacking for the aromatic
4,4'-bipy molecules. This lack of strong intermolecular interac-
tions along a and b may explain their relatively high compres-
sibility. On the other hand, the ¢ axis may be less compressible
due to the presence of stronger hydrogen bonding chains.
Fitting the unit cell volume as a function of pressure to the
Birch-Murnaghan equation of state corroborates a phase tran-
sition above ca. 7 GPa, indicating an increase in ambient-
pressure bulk modulus (K,) from 13(1) GPa to 26(5) GPa
(Fig. S7). We note, however, that the foregoing Le Bail analysis
only provides information on crystalline material featuring
long-range order and does not provide insight into the behavior
of any amorphous/disordered components.

To gain better insight into the hypothesized pressure-
induced reactivity of 4,4’-bipy, we performed bulk compression
to 17 GPa using a Paris-Edinburgh (PE) pressure cell. Based on
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Fig. 2 Evolution of 4,4'-bipy-H,O under pressure. (A) Raman spectra upon compression to 27 GPa and decompression to ambient pressure with KBr as
pressure medium to better-resolve peaks. (B) Powder X-ray diffraction patterns during compression to 42 GPa and decompression to ambient pressure.
(C) Lattice constant and unit cell volume evolution derived from Le Bail refinement.
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our in situ measurements, this pressure—the maximum achiev-
able value within the cell—is not sufficient to fully convert the
sample to its highest-pressure state, instead yielding a partially
converted sample. We note that any post-compression analysis
therefore also contains a significant fraction of starting mate-
rial, whose compression-induced behavior appears to be at
least partially reversible below ca. 22 GPa. Indeed, an ex situ
PXRD pattern of the sample treated in the PE cell shows the
presence of 4,4’-bipy-H,O along with a peak disappearing at
13.6° 20 corresponding to (010) reflection (Fig. S8). The loss
and/or broadening of peaks again suggests partial amorphiza-
tion/disorder within the product. Raman spectra for post-
compression sample show the loss of a peak ca. 2900 cm™*
and the appearance of a peak at 1400 cm ™" corresponding to a
likely ring deformation (Fig. S9). IR spectra of the pre- and post-
compression sample show no significant differences (Fig. S10).
This is expected if the bulk of the sample consists of mainly
unreacted monomers.

We performed liquid chromatography-mass spectrometry
(LC-MS) for the pre- and post-compression samples (Fig. 3A,
B and Fig. S11). As expected, a peak is observed at 157.1 m/z
(mass to charge ratio), consistent with a 4,4’-bipy molecule
(156 amu) singly protonated in the instrument’s positive ion
mode. After compression we observe a unique 311.1 m/z feature
at a retention time of 8.2 min. A dimer resulting from a single
C-C bond formation via dearomatization and formation of sp®
centers would have a mass of 312 amu, yielding a peak at
313 m/z after instrument protonation. The presence of a peak at
311 m/z indicates dimer formation coupled with dehydrogena-
tion (loss of two H atoms)—similar behavior to that which we
have observed in 4,4"-bipy-templated hybrid metal oxides.'® We
also performed matrix-assisted laser desorption ionization
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Fig. 3 Analysis of pre- and post-compression 4,4’-bipy-H,O. LC-MS
extracted-ion chromatograms at (A) 157.1 m/z and (B) 3111 m/z. The
311.1 m/z peak observed at 9.8 min in all samples is attributed either to a
separate molecular dimer formed in situ within the instrument or a sample
contaminant. (C) MALDI traces.
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(MALDI) mass spectrometry on the compressed sample
(Fig. 3C and S12). We again observe a monomeric peak at
157.1 m/z, as well as at 311.1 m/z, corroborating the formation
of a dimer species accompanied by the loss of two H atoms. We
then observe peaks at higher m/z separated by a consistent
mass difference of 156 amu—features only observed in post-
compression 4,4’-bipy-H,0. We note that such oligomers may
not be observed via LC-MS if they do not pass through the
column. Additionally, the possibility of these signals arising
from MALDI-induced cluster ion formation between the dimer
and additional monomers cannot be fully ruled out. Never-
theless, this apparent oligomerization exclusively observed
post-compression may suggest that distinct higher-order oligo-
meric/polymeric species are formed under pressure without
dehydrogenation (see SI for additional discussion). Interest-
ingly, in addition to the main oligomeric series, a secondary
series of oligomeric peaks is observed, shifted positively by
16 amu, consistent with potential oxidation of the pro-
ducts—such as through reaction with nearby water molecules
or molecular oxygen.

We then investigated the optical and electronic effects of
pressure on the 4,4’-bipy-H,O system. In situ photolumines-
cence measurements using a 405 nm excitation exhibit an
overall decrease in photoluminescence intensity with increas-
ing pressure up to 17 GPa, prior to its complete disappearance
above 17 GPa (Fig. 4). However, three distinct regimes of
behavior are observed. At lower pressure, from ambient pres-
sure to 5 GPa, a redshift of the photoluminescence peak
centered at 2.51 eV occurs, shifting to ca. 2.47 eV (Fig. 4A).
Such behavior has been previously attributed to pressure-
induced structural planarization leading to enhanced molecu-
lar interactions such as n-n stacking.?® In agreement with our
Raman and PXRD results, a change is then observed from 5 to
11 GPa (Fig. 4B), wherein a new peak at 2.8 eV grows in intensity
with increasing pressure. Further compression shows the same
peak decreasing in intensity and eventually disappearing above
17 GPa (Fig. S13), thereby tracking with the disappearance of
Raman signals and apparent partial amorphization observed in
the PXRD data. Ex situ UV-visible diffuse reflectance spectro-
scopy on pre- and post-compression samples shows a new
feature appearing at approximately 3 eV (Fig. S14). Taken
together, these newly observed optical features may therefore

0-5GPa B[ 5-11GPa

12—
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Fig. 4 Normalized photoluminescence spectral evolution upon com-
pression for 4,4’-bipy-H,O. (A) 0-5 GPa (light blue to dark blue) and (B)
5-11 GPa (dark blue to green) and 12-17 GPa (green to yellow).
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relate to newly formed dimers and/or oligomers. No electron
paramagnetic resonance signal was observed in either pre-
compression samples or post-compression material that was
handled under air-free conditions (Fig. S15), suggesting the
absence of stable radical species in the recovered sample after
compression. However, we cannot rule out the mechanistic
possibility that radical species evolve during compression-
induced reactivity.

We note that upon compression of 4,4'-bipy-H,0, the metal
gasket in pressure cells appears to expand (Fig. S4). To confirm
this effect—and to better observe optical changes under pres-
sure—we measured the high-pressure behavior of 4,4’-bipy-H,0
both with and without a KBr pressure medium. The gasket
expansion was especially pronounced in the latter. The mecha-
nism behind this macroscopic behavior is unknown, yet intri-
guing, and could relate to the strong newly formed bonds. This
will be the subject of further investigation. Further, the role of
the water molecules in structural evolution during compression
remains to be fully elucidated and future studies on anhydrous
4,4'-bipy under pressure could provide valuable complementary
insight into the present work.

Conclusions

Based on these collective results, we propose that two pressure-
induced C-C bond formation mechanisms occur in 4,4’-bipy-
H,O: (1) dimerization coupled to dehydrogenation, thereby
retaining sp” hybridization of carbon centers, and (2) oligomer-
ization without hydrogen loss, leading to the formation of sp®
carbon centers. The dimerization process is similar to what is
observed in the hybrid (4,4"-bipy),.sM0O; system,"® though this
behavior appears more facile in the hybrid, with a lower
reaction onset pressure and a greater degree of bond formation
when compressed to the maximum pressure in a PE cell.
Meanwhile, the oligomerization process may be similar to what
is observed for benzene and pyridine, where evidence suggests
the formation of sp’-hybridized nanothreads.’*'*> Taken
together, we hypothesize that the dehydrogenative dimerization
in the compressed 4,4’-bipy-H,O may be facilitated by molecu-
lar planarization and/or decreased n-n distances. However, the
fate of the evolved hydrogen in this process is unknown and
requires further investigation. Oligomerization without H atom
loss is then likely enabled by the relatively numerous degrees of
freedom in the molecular solid. On the other hand, the
comparatively enhanced dimerization—and even minor sp’-
hybridized trimerization—in the hybrid metal oxide'® may
therefore be explained by the enforced proximity of 4,4’-bipy
molecules in the hybrid architecture and the presence of metal
oxide layers that can accept protons and electrons. The absence
of sp*>-hybridized oligomerization in the hybrid may result from
an inability of the confined molecular species to undergo major
structural rearrangement. Overall, the foregoing results suggest
exciting design principles for the control of pressure-induced
bond formation in molecular and extended solids.
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