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Tracking carbon dioxide adsorbate intramolecular
dynamics in pure silica zeolite Silicalite-1 by
in situ Raman scattering

Dimitar V. Tzankov 2 and Peter A. Georgiev (2 *

We report a series of high-quality Raman spectra of carbon dioxide (CO,) adsorbed at room
temperature and at various equilibrium pressures, sampling the corresponding adsorption isotherm up to
1, bar. The observed splitting in Fermi diad resonance lines, which were additionally split into two well-
resolved components, arising from at least two different CO, species, were compared to the same
quantity in high-pressure gas/solid/liquid CO, phases. Our studies provide material specific spectral data
that could be useful in the detection, identification, and dynamical characterization of CO, deposits,
inclusions, or other forms in remote locations and of various origins, e.g. geological, planetary, stellar,

rsc.li/pccp and deap-sea sediments.

Introduction

Carbon dioxide (CO,) is one of the most stable and long-lived
molecular species and is existentially important for life on
Earth. Its atmospheric concentration is directly responsible
for the temperature balance near the planet surface by reflect-
ing back the irradiated infra-red emission, ie. heat, thus
preventing freezing, while excess amounts can lead to undesir-
able temperature rises. It is also the main source of the vital for
life oxygen via green plants photosynthesis processes as well as
mammals’ internal respiration processes and blood pH level
maintenance. However, biological decrepitation processes,
including green biomass, also emit significant amounts of
CO,. While these emissions may stimulate green plants to
grow, which would convert excess CO, into oxygen, human
activities related to CO, release, mainly industrial, as well as
geological sources, like persistent volcanic activity, can severely
break this fragile equilibrium and are contributing to the
globally felt climate change.’™ Sectors such as power/energy
production, transportation, and industry have been identified
as the main contributors to the global anthropogenic CO,
release into the atmosphere.” Making the situation even more
complicated, it has been recently found* that CO, might be
much more stable and long living species in Earth’s atmo-
sphere than previously thought thus leading to severe irrever-
sible effects on the climate.

Along with that, most recent dramatic weather circum-
stances, like severe floods and fires, make it clear that apart

Faculty of Physics, University of Sofia, James Bourchier 5, 1164 Sofia, Bulgaria.
E-mail: pageorgiev@phys.uni-sofia.bg

3060 | Phys. Chem. Chem. Phys., 2024, 26, 3060-3068

from the urgent measures needed to drastically cut emissions,
human civilisation desperately needs to globally arrange
environment-friendly and efficient processes for pulling CO,
from Earth’s atmosphere. Consequently, various methods for
CO, extraction and storage have been considered,”® including
(i) geological and ocean injection,””® (ii) injection into deep sea
sediments® and depleted oil fields,">"" and (iii) physical
adsorption into microporous adsorbents.>™** Needless to say,
all must be supplemented by efficient, possibly non-destructive
remote methods for monitoring and dynamical physicochem-
ical analyses. However, CO, is abundant in space and inter-
stellar ices and gases comprising up to 30% mol,**'® usually
identified by IR signals, and is considered a possible source for
fresh oxygen for breathing and for rocket fuel in future space
missions. Indeed, near future Mars missions would need to rely
on CO, gas, ice deposits, as well possibly other specific forms as
the source of oxygen and henceforth CO, electrolysis-based
systems for clean oxygen production are already been devised."’
Clearly, technologies for oxygen extraction, purification, and
atmosphere monitoring and control will be necessary, along
with CO, resources identification and characterisation. Raman
spectroscopies are considered a valuable in situ remote diag-
nostic tool for the detection and characterisation of the state of
the corresponding CO, molecular species.’**' Notably, a
devoted Raman scattering spectrometer was designed for the
2018 ExoMars mission.””> While first proof of the long-anti-
cipated presence of zeolitic materials has been presented®® the
Raman spectra of water and CO, in natural zeolite chabazite
have so far been measured under laboratory-simulated Martial
conditions, by a Lidar-based Raman spectrometer specially
developed for space missions,** further illustrating the need
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for reliable high-quality reference spectra of the adsorption
characteristics of various materials species of interest.

As a linear trinuclear species, CO, has four vibrational
modes: a doubly degenerate bending mode (v,) predicted by
theory at about 665-670 cm ™" (IR active, Raman inactive), a
symmetric stretch, v, in the range 1300-1360 cm™* (4, Raman
active, IR inactive), and an antisymmetric stretch at 2300-
2370 em™ ' (Raman inactive IR active).”” IR ro-vibrational spec-
troscopic data-derived forcefield*® places the bending mode at
667.4 cm ™ ', the symmetric stretch at 2349.2 cm™ ', and predicts
the IR inactive but Raman-active Fermi diad at 1285.4 and
1388.2 cm ™', with the latter being a classical example of a
Fermi resonance, where the second order bending mode 2*v,
nearly coincides with the 1, mode. The resultant anharmonic
wavefunctions, separated in energy by the anharmonic cou-
pling constant, correspond to the Raman active Fermi diad with
the lower, v~, and higher, ¢, bands. In the gas phase, the
resulting lines are observed at about 1285 and 1388 cm >’
Furthermore, the intramolecular CO, dynamics has been stu-
died in the gas, liquid, and solid states, in broad temperature
and pressure ranges.”®° It has been observed that the diad
splitting is particularly sensitive to intermolecular interactions.
Consequently, useful polynomial interpolations have been
derived from extended pressure and temperatures ranges,
relating this splitting to the CO, density in the gas, liquid,
and solid phases, below and above the critical temperature.*®*
Based on these data, accurate contactless remote CO, pres-
sure’'° sensing in pure and inclusion phases as well as
temperature and salinity sensing methods have been devised.**
However, despite the urgent need for new CO,-storage technolo-
gies and materials, and the clear usefulness of Raman spectro-
scopy, experimental Raman studies on micropore-confined CO,
phases/adsorbates are rather scarce. Only a limited number
of metal-organic frameworks (MOFs) out of this vast family of
microporous materials with the potential for CO, capture and
storage have been tested by in situ Raman spectroscopy.”®™°
Among those tested, intriguing results include the Zn(BDC)-
(DMBPY), s MOF (BDC = 1,4-benzenedicarboxylic acid; and
DMBPY = 2,2’-dimethyl-4,4’-bipyridine), with a strong affinity
towards CO, and a corresponding high isosteric heat of adsorp-
tion of the order of 45 k] mol ' CO,.*° Only a weak feature due
to the adsorbed CO, was observed at 1379 cm™ ', while the
observed 9 cm ™' downshift with respect to the gas-phase value
was interpreted as being due to the strong interactions between
the adsorbate and the host structure.”” In Zn,(bdc),(bpee)
MOF, where bpdc = 4,4’-biphenyl dicarboxylate and bpee =
1,2-bis(4-pyridyl)ethylene, the computed binding energy of CO,
in the pore interiors is much lower, 34 k] mol ', suggesting
weaker host-guest interactions, yet the same feature, some-
what contraintuitively, was seen at an even lower energy of
1377 ecm '.** When CO, was adsorbed near the coordinatively
unsaturated Mg(u) centres of MOF-74-Mg (CPO-27-Mg), with an
isosteric heat of adsorption in the range 45-50 k] mol™* CO,,
the symmetric stretch was again found alone at 1382 cm™',*?
notably at the same frequency as for the Ni-analogue of
the same material,*® and only 6 cm™* red-shifted from the
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gas-phase value. These observations indicate that the sym-
metric stretch mode of the molecule alone is rather insensitive
to small variations in the local intermolecular interactions
or may suggest that there are inconsistencies in the measure-
ments in different laboratories and experimental setups.
Furthermore, in the fluorofunctionalized MOF Zn(SiF¢)(pyz)s,
with a heat of CO, adsorption of about 47 k] mol™*, both states
of the Fermi diad were observed at 1276 and 1380 cm *,
seemingly broadened.”® Then in the zeolitic imidazolate MOF
ZIF-8, in which the molecule is adsorbed relatively weakly,
presumably in the large cavity, with heats of adsorption in
the range 15-19 kJ mol',** the CO, diad lines appeared as a
broad complex feature in the range of 1270-1276 cm™ ", with an
upper band at 1379 cm™".* In the larger-storage-capacity ZIF-
69 representative of the ZIF family, yet again the two sides of
the Fermi diad were observed at 1280 and 1380 cm ™%, with a
significant broadening of 12 and 6 cm ™" accordingly. These are
again related to the relatively weak host-guest interactions, e.g.
17-23 kJ mol 1.***” while the relative insensitivity of the
symmetric stretch mode to the host-CO, interactions seem
plausible, bearing in mind the high strength of the CO bonds
in the molecule, the large broadening and in some cases
complete lack of the lower energy Fermi band, corresponding
to the bending of the adsorbed molecule, is intriguing and has
not been discussed yet. Notably, the rich vibrational spectra
and hence rather strong host scattering of the aforementioned
MOF materials may preclude clear observations of the mode,
but another possibility could be a coupling of the CO, mole-
cular bending mode to nearby lattice phonons, which would
lead to an intensity reduction and frequency shifts, in some
cases even decoupling the bending and stretch modes, thus
destroying the resonance completely. Indeed, in materials
where the host structure vibrational features are limited to
energies well below the Fermi diad, like for instance silica
polymorphs, e.g. zeolites, silica clathrates, and particularly in
the naturally occurring porous mineral melanophlogite, also
classified as a “clathrasyl”, the two bands of the naturally
encaged CO, are clearly resolved at 1283 and 1385 cm ',
including the hot bands at 1263 and 1406 cm™'.*® All the host
structure originating modes in this material have been
observed well below 1000 cm ™, though other small encaged
molecules like N,, CH,, are always present too.*®*° The latter
Raman study, performed on a melanophlogite sample from
different natural locations, confirmed the presence of cage
occupancy by CO, by detecting the corresponding Fermi diads
at 1277 and 1378 cm ™" again clearly resolved,*® however with a
significant broadening. Unfortunately, no data regarding the
CO, binding energy in this material has been published yet and
no relation between the peaks position and the host-guest
interactions can be inferred.

The present study is one of a series, including a number of
diverse microporous materials, and is focused on the Fermi
diad dynamics of CO, adsorbed in the pure silica MFI proto-
typic zeolite Silicalite-1. This material has very high structural
stability, storage capacity, and heat of adsorption for CO, com-
parable to those in the aforementioned MOFs. Additionally, it is
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a general pure-silica representative of the very wide-use
aluminium-containing zeolites, including various extra frame-
work charge balancing ions, namely ZSM-5. The three-dimensional
microporous MFI structure can be described as made of straight,
0.56 nm wide, channels along the b basis vector of the unit cell,
which cross similarly sized, e.g. 0.53 nm, sinusoidal(zig-zag) chan-
nels running along the c¢ basis vector, forming relatively small,
about 0.64 nm, cavities at the intersections. The corresponding
structure files are freely available at the International Zeolite
Association (IZA) web site. The channel openings are viewed
through 10-membered rings(-SiO,-, altogether 12 non-equivalent
in the structure) with walls comprising 4-, 5-, and 6-membered
rings that build up a rather smooth potential interior for diffusion
of the guest molecules that can only feel weak electrostatic and
dispersive interactions with the pure silica host.

Experimental

The sample, Silicalite-1, was synthesized following previously
published standard recipes®® from CAB-O-Sil M-5 and NH,F
98% as the silica and fluoride sources and TPABr, 98% as the
template, all obtained from Fisher Scientific. The MFI crystallo-
graphic phase and the phase purity were checked by measur-
ing the powder X-ray diffraction patterns in air, at room
temperature, using an URD-6 diffractometer, equipped with a
copper radiation source and a graphite monochromator on the
detector side. Raman spectra at different equilibrium pressures
and room temperature (299 K) were collected using a micro-
Raman HORIBA Jobin Yvon Labram HR 800 spectrometer with
He-Ne (633 nm wavelength, 5 mW) laser excitation. Some
spectra were measured using an external argon laser, 400 pW
power, providing an incident beam with a photon energy of
514 nm. A 20x objective was used to focus the beam on the
exposed surface of the micron-sized zeolite crystals and the
scattered beam was analyzed on a 600 1 mm ' diffraction
grating. The 520 cm ™' line of silicon was used for the spectro-
meter calibration on the energy scale. A Linkam pressure stage
type THMS600PS, with a temperature controller T96, was used
for the in situ gas adsorption Raman experiments. The gas
dosing was done by only controlling the equilibrium gas
pressure. The sample for these experiments was in the form
of a 10 mm diameter pressed tablet of the pure Silicalite-1
material. Prior to the measurements, the cell with the loaded
tablet was evacuated by using a turbomolecular pump, first at
room temperature for about 16 h, then for an additional 6 h,
and at up to 393 K. A control CO, adsorption isotherm at 299 K
was measured on a sample from the same synthesis batch, at
0.7 g dry weight, obtained after calcination at up to 973 K to
remove all of the organic template. A custom-built Sieverts-type
gas handling rig, equipped with two pressure sensors by Druck,
at 2 bar and 20 bar, with sensitivities of 0.04% of the full range,
was used for the sorption isotherm measurements. Because the
critical temperature of CO, is 304 K, subcritical vapour devia-
tion from ideal gas law was expected to be significant, and so
we used the NIST thermochemistry web book for calculating
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the corresponding compressibility at 299 K and up to 20 bar
pressure to calculate the real amount of CO, adsorbed in the
material.>® CO, gas of purity 99.995% from Messer was used for
all the gas experiments.

Results

The Raman spectrum of the evacuated Silicalite-1 material is
shown in Fig. 1a. As previously observed and assigned, in the
range up to 600 cm ™, the spectrum was dominated by the Si-
O-Si bending modes, with the most intense feature at about
383 cm™" due to those in the 5-membered rings (5MR).”* Larger
rings features appeared at lower frequencies, e.g. those of the
6MR at about 360 cm ', seen as a low energy shoulder of
the 383 cm ™' line, being next to the 294 cm ™" line due to the
10MR.> The Si-O-Si and 0-Si-O stretching modes appeared as
a band in the range 800-832 cm™ '.>>** While the spectrum
in Fig. 1a already confirms the expected microstructure of
the material, in Fig. 1b we further provide the powder X-ray
diffraction pattern of our sample, along with the theoretically
calculated one for the MFI structure in the space group
Pnma (#62).
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Fig.1 Raman spectra of the Silicalite-1 material used throughout the
present study in (a) and the corresponding PXRD pattern in (b).
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The Raman spectra of adsorbed CO, in the Silicalite-1
sample, at each pressure step, are shown in Fig. 2a and b,
clearly displaying the expected Fermi diad. At the lowest CO,
pressure in the present study, 0.2 bar, as shown in Fig. 2a, the
corresponding diad lines could be observed at 1280.5 + 0.3 cm™*
and 1383.1 + 0.1 cm ™', about 5 cm ™" below the gas phase values,
bearing in mind the ~1 cm™ " experimental resolution of the
spectrometer, which is to be added on top of the quoted least-
squares fitting errors. The corresponding line integral intensities
we denote as I~ and I,%, accordingly. Higher energy shoulders
could be seen at the next pressure step, 0.4 bar, which clearly
developed into a well-resolved new pair of lines in the 0.6 bar
spectrum, at 1285.8 + 0.3 cm™ ' and 1388.5 + 0.2 cm ™', whose
integral intensities we further label as I, and I,". The appearance
of this new pair of lines, possibly originating from the surrounding
gas-phase molecules or CO, molecules at a second adsorption site
in the pore interiors, did not influence the position of the first
Fermi diad, as verified by the least-squares fitting, remaining at
energies of 1280.3 + 0.1 cm ™" and 1383.1 + 0.04 cm ™.

An example of the peak decomposition for the data collected
at 10 bar CO, pressure is shown in Fig. 3, where each pair of

—— 3.5 bar CO2
a 2.6 bar
——2bar
B 1bar
——0.6 bar
—— 0.4 bar
——0.2 bar

Intensity, a.u.
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Raman shift, cm'1
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1
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Fig. 2 Raman spectra of CO,-loaded Silicalite-1 taken at 299 K and
variable pressures: (a) between 0.2 and 3.5 bar; (b) up to 12 bar, as
indicated in the figure legends.
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Fig. 3 Linear least-squares fitting of the experimental data at 10 bar CO,
using a series of pseudo-Voigt profiles. Green-coloured lines depict the
individual peak components and the red line is the total fit. The two pairs of
“hot” lines due to scattering from molecules in exited states could be
clearly seen and were also explicitly taken into account.

lines has its pair counterpart seen in the hot corresponding
bands too. Pseudo-Voigt profiles were used for better data peak
matching. Significant downshifts of the adsorbate lines were
seen in the 4.3 bar data: 1279.2 £ 0.06 cm ™" and 1382.5 =+
0.03 cm ™!, and 1285.5 + 0.08 cm ™! and 1388.2 4+ 0.07 cm ™ .
This latter dynamical trend of a downshift of the lines con-
tinued rather monotonically with the increase in carbon diox-
ide loading as evidenced by the spectral evolution up to the
maximum of 12 bar equilibrium pressure, as shown in Fig. 2a
and b, at which final pressure the two diads were positioned at
1277.5 £ 0.05 cm ™' and 1381.1 + 0.03 cm™ ', and at 1284.1 +
0.04 cm ™' and 1386.8 + 0.03 cm ™', showing a clear increase in
the higher energy diad intensity relative to the lower energy
counterpart. A small peak, seen near 1365-1370 cm ™', Fig. 2a
and b, was attributed to *CO, seen at 1370 cm ™" in the fluid
and solid pure CO, phases.>® In an attempt to better identify
the origin of the higher energy narrower pair of lines in the
observed spectra, CO, gas-phase Raman spectra, excluding the
sample contribution, were recorded by covering the sample by
10 pm thick commercial aluminium foil and recording the
spectra at a series of pressures up to 12 bar, at 299 K. These
data are shown in Fig. 4a. In Fig. 4b the pure CO, gas, 4 bar,
spectrum is overlaid on the spectrum corresponding to the
adsorbed in Silicalite-1 CO, at 4.3 bar pressure. The pure gas
vibrational features coincided within less than 1 em " toler-
ance to the higher energy pair of peaks of the CO,-loaded
Silicalite-1 spectrum, Fig. 4b, and displayed a very similar
shape. The detailed dynamical behaviours of the two Fermi
diads, derived from the fitting all the spectral data, including
the same parameters of the pure gas phase, are shown in Fig. 5
and 6. Consequently, we show the corresponding band inten-
sities in Fig. 5a and the diad splittings A,, i = 1,2, for the first
and second (higher pressure and energies) appearing diads in
Fig. 5b along with those of the pure gas-phase measurements.
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Fig. 4 Variable pressure gas-phase Raman spectra of CO, compressed
within a total flight path of about 4 mml(forward + back) (a); spectra at

about 4 bar equilibrium pressure in both the adsorbed and gas phases are
shown together in (b).

The individual peak positions upon CO, loading are shown
in Fig. 6a and b. The corresponding spectral lines widths, in
terms of the full width at half maximum (FWHM) are shown in
Fig. 5c. To the best of our knowledge, this complex nature of
the CO, diad has not been reported before. To rule out LASER
beam overheating effects, which could cause some of the CO,
molecules to leave their adsorption sites and scatter from the
gas phase, we measured some of the data using 10 times lower
incident powers as well as a different excitation energy,
e.g. 514 nm. A perfect match between the spectra recorded
using the 10 times different incident LASER powers can be seen
in Fig. 7a, while a comparison of the similar data recorded
using the two excitation wavelengths in Fig. 7b shows that the
higher incoming photon energy resulted in a somewhat lower
resolution and correspondingly asymmetrically broadened
lines in the observed spectrum, however well-matching the
data measured with the 633 nm incident wavelength. These
tests indicate that the LASER beam did not destroy the original
adsorbate structure and the observed scattering was mainly due
to CO, adsorbed in the adsorption sites within the open
framework structure of Silicalite-1.
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Fig. 5 Observed spectral lines integral intensities in the (a)-block, and the
Fermi diads splitting in (b). The (c)-block shows the corresponding line
widths denoted as Wi's. All sets of data as functions of the loading CO,
pressure, including those in the pure gas-phase data, as indicated in the
figure legends.

It is worth noting that the zeolite crystals themselves did not
absorb significantly to become overheated while the incident
photons, on the other hand, did not carry a high enough
momentum sufficient to kick the adsorbed molecules out of
their adsorptive potential wells - therefore, kinetic recoil effects
were not to be expected at all. Finally, to relate the in situ
loading pressures to the actual amount of CO, adsorbate within
the interiors of the Silicalite-1 material, we also present an
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Fig. 6 Variation of the positions of the higher and lower energy parts of
the two Fermi diads with the CO, equilibrium pressure.

adsorption isotherm, measured at the same experimental tem-
perature in Fig. 8.

Discussion

The complex behaviour of the observed Fermi diad bands of
CO, adsorbed in Silicalite-1 can be rationalized in terms of two
groups of adsorption sites: (i) one set more closely lying to the
internal surfaces of the material, and (ii) a second set of sites
formed by larger voids and other neighbouring CO, molecules.
The lower energy diad, appearing at the lowest loading pres-
sures, we assigned to molecules adsorbed in the stronger
(preferential) binding sites, i.e. those in which the adsorbate
directly interacts with the internal surfaces of the material.
As the equilibrium CO, pressure was raised and the overall
loading was increased, the higher energy sites, ie. group
(ii) became occupied. The adsorption energies of the two
groups of sites were clearly similar, causing the weaker set to
become significantly populated at relatively low total loadings,
e.g. 1/3 of the total capacity, and to become contentiously filled
with the increase of pressure, with the weaker site reaching
about 1/5 of the total scattering at the highest pressures, with
some signs of saturation, as shown in Fig. 4a. Using Raman
spectroscopy, a similar CO, heterogeneous site or rather
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Fig. 7 (a) The 2.2 bar spectrum of CO, adsorbed in Silicalite-1, measured
at room temperature using different incident LASER powers; the spectrum
recorded with no beam attenuation (DO0) is presented by the red line, and
the spectrum recorded using a 10 times lower incident intensity is pre-
sented by the * symbols after an arbitrarily constant scaling for a better
comparison; (b) similar CO, loadings in the same Silicalite-1 sample,
measured with the two different excitation wavelengths, as shown in the
figure legend.

multilayer adsorption has previously been studied in the meso-
porous glass Vycor.>® Broad complex signals, due to the mole-
cular fluid phase at the interior surfaces, were observed at the
applied pressures between 8.8 and 51 bar, while a better-
defined peak, with a shoulder at the low energy side, was
observed near the critical pressure at about 58 bar. Only the
higher energy branch, i.e. the ©'(1388 sm '), was monitored
and from the peak shapes the authors concluded that the
signals originated from single and multiple layer adsorbate
structures.’® More specifically, the adsorption of CO, in the
same system, Silicalite-1, was microscopically studied by in situ
single-crystal X-ray diffraction.’® Four adsorption sites were
localized: two similar binding strength sites in the straight
channel, then one adsorption site in the sinusoidal channel,
and a weaker site at the intersection of the straight and the
sinusoidal channels, at room temperature and 0.8 bar equili-
brium pressure.>” Recently, a synchrotron powder diffraction
study reinvestigated the same system in a broader CO, pressure
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Fig. 8 CO, adsorption isotherm of the Silicalite-1 sample measured at
299 K. The same data, up to a pressure of 2 bar, are shown in the inset.

range up to 21 bar,’® basically confirming the earlier observa-
tion. A maximum of 16 CO, molecules per unit cell were
determined, distributed over the same four adsorption sites,
confirming the preferential character of the straight channel
sites and the weakest site at the channels cross-section. High-
pressure in situ synchrotron XRD experiments® up to 13.2 GPa
also led to the observation of four adsorption sites, setting the
maximum CO, capacity of Silicalite-1 to 16 molecules per unit
cell. Our spectroscopic results agree with the above structural
picture, with the main Fermi diad at the lower energies
assigned to the preferential adsorption sites lying near the wall
of the channels, and the higher energy pair, appearing at
slightly higher pressures, originating from molecules adsorbed
in the larger voids formed at the channel intersections, sur-
rounded by other CO, molecules at the sides of the channel
openings.

This scenario agrees particularly well with the conclusions
drawn from the analyses of the CO, adsorption isotherm in
conjunction with the in situ diffraction results®® stating that at
the weaker adsorption sites, in the sinusoidal channels and
intersections, the adsorbate-adsorbate interactions become
significant, changing the nature of adsorption from Langmuir-
ian to Toth-like. According to our peak fitting analyses, about
one-fifth to one-quarter of the adsorbate molecules were located in
the weaker binding sites, at 12 bar and 299 K, Fig. 5a, presumably
at the sinusoidal channels/intersections.

For these presumably weak interactions with the zeolite
surfaces molecules, we observed a nearly constant Fermi diad
splitting, 4,, in Fig. 5b, with an average value of 102.7 cm™"
levelling out already at 1 bar, Fig. 5b, and typical for the gas
phase;**** however, indicating a compression level higher than
the external equilibrium pressure. According to the experi-
mental data in ref. 34, a diad splitting of 102.7 em "' corre-
sponds to a gas pressure of 10 bar at 293 K. Earlier estimates,
however, point to 31 bar’' and even higher’>*® still being
typical for the gas/vapour phase at subcritical temperatures.
The lower energy diad splitting levels out near 10 bar external
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pressure, at a value of about 103.7 cm™', which in the
pure CO, Raman density measurements corresponds to
57 bar pressure and supercritical mass densities between
0.57 and 0.65 g per cc.*>* A bit lower density, e.g. 0.5 g per
cc, was predicted by a more recent extended range (5 to 600 bar)
study®® unifying large sets of previously published data. It is
worth noting that this occurred at the subcritical temperatures
of our experiments, 299 K. Turning to the total adsorption
isotherm data presented in Fig. 8, one finds that the region at
10-12 bar pressures corresponded to about a 65 cc(STP) per g
adsorbed amount of CO,, which is in very good agreement with
the microscopic X-ray diffraction results’®*® as well as earlier
CO, sorption (volumetric) measurements® that also deter-
mined the corresponding isosteric heat of CO, adsorption,
Qs to be about 30 k] mol ' at low loadings, and slightly
dropping at higher adsorbate concentrations.

For the Silicalite-1 porosity, e.g. 30%, and an X-ray mass
density of 1.934 g per cc,”® our result of 65 cc per g corre-
sponded to an apparent adsorbed CO, density in the silicalite
void space of just above 0.8 g per cc, approaching the liquid-
phase density, under the effective long-range attractive inter-
molecular forces, notably enhanced by the zeolite framework.
Considering again the isotherm data in Fig. 8, upon comparing
with the Raman integral intensities in Fig. 5, it can be inferred
that at 0.4-0.6 bar absolute CO, pressure, the total CO,
adsorbed amount was about 20 cc(STP) per g, of which only
about 5% was located in the weaker adsorption sites, i.e. the
sinusoidal channels.® According to this earlier structural
study,®’ the adsorption site in the sinusoidal channels becomes
significantly occupied at 16 cc(STP) per g. We reached a similar
loading level at 0.3 bar absolute CO, pressure and saw the
appearance of the second site contribution in the next spec-
trum at 0.4 bar, Fig. 2a. Only at low pressures, e.g. 0.2 bar, did
we see just a single diad feature in our spectrum, Fig. 2a, again
agreeing well with the observed single site occupancy at 6
cc(STP) per g loading observed in the single-crystal XRD
study® transposed to approximately 10 cc(STP) per g in our
isotherm data at 0.2 bar, see the inset of Fig. 8.

One may note, however, that at these low pressures, pure
gas-phase scattering would also be negligible (the spectra taken
at 1 bar were very weak and noisy) and one thus had the chance
to observe the pure Silicalite-1 bound CO, scattering. That is in
line with a second possible interpretation of our data in which,
considering our supplementary Raman spectral data from the
pure gas-phase scattering from the atmosphere around the
sample, Fig. 4 and 5a-c, may on the other hand suggest that
the higher energy pair of lines in our CO,/Silicalite-1 data, Fig. 2
and 3, originated from the surrounding gas-phase CO,. More-
over, their shape, positions, and intensity increased with the
external pressure, as depicted in Fig. 5a-c and 6a and b, and
were all quite similar and followed the same trend as for the
lines of the pure gas-phase CO,. In this second scenario, only
the lower energy and more broadened pair of lines could
be assigned to adsorbed CO, molecules, which underwent
continuous compression as witnessed by the continuous
downward peak shift, increasing the diad splitting, as well as
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significant line broadening, following the compression in the
corresponding equilibrium gas phase. This continuous adsor-
bate compression presumably has a two-fold effect: (i) a closer
adsorbate-adsorbate distance and hence stronger intermole-
cular interaction, and (ii) compression of the adsorbate mole-
cules closer to the host framework structure, also leading to a
stronger influence on the molecular vibrational modes, how-
ever, not resolving the signals from molecules adsorbed in the
straight channels from those residing in the sinusoidal chan-
nels. Finally, we must note that the observed Fermi diad
dynamics of CO, confined in the micropores of the siliceous
zeolite Silicalite-1, representing a qualitatively expected beha-
viour and being subject to very similar strength adsorption
potentials, was considerably different to that observed so far in
all studied MOF systems.**™*® As a major difference, one could
notice the more complex character of the lower energy band
(v7) in MOFs, with a lowered intensity to complete disappear-
ance. This makes a point regarding the interpretation of the
Raman lines of CO, adsorbed in these materials — a Fermi
resonance or as an adsorption site perturbed, independent
from each other, by the internal molecular motions. The
magnitude of the red-shift in the observed symmetric stretch,
i.e. the v' line, on the other hand, in our case was about 5 —
5.5 cm™ !, with respect to the 1388 cm associated with a heat of
adsorption in the range of 30 to 25 k] mol ' CO, from the
lowest to higher loadings.®® This compared to a very similar
downshift of 6 cm ™" only under the conditions of nearly twice a
stronger heat of 45-50 k] mol~" in MOF-74-Mg (CPO-27-Mg),**
for instance, making it hard to take the v" line shift on its own,
as a direct microscopic measure of the adsorbate-adsorbent
interactions.

Conclusions

In summary, the intramolecular CO, dynamics in confinement,
within nanosized pure silica cavities, e.g. in Silicalite-1, differs
significantly from that in pure CO, compressed phases, as well
as from adsorbed phases in other inorganic minerals and
metal-organic frameworks. Most importantly, in the near per-
fect optically and vibrationally transparent zeolite environment,
we could clearly observe the expected Fermi diad, originating
from two different phases, manifesting themselves by two well-
resolved pairs of Fermi resonances. At the highest adsorbate
loadings, the symmetric stretch v* was downshifted by about
5cm™ " as compared to the gas-phase value of 1388 cm ™", while
the accompanying resonant line, v~, was lowered by about

~1, Both counterparts in this Fermi diad appeared with
1

6 cm
broadened spectral lines, e.g. 4-4.5 cm™ ", compared to 2-2.5 cm ™~
in the gas phase, as measured by us. This presumably adsorbed
and micropore-confined phase was continuously responding to
the equilibrium CO, pressure, and corresponded to a more
strongly bound adsorbed phase, showing a Fermi doublet splitting
characteristic for CO, at the critical density. Second, a compressed
gaseous-like phase was observed whose density seemingly
exceeded that of the external gas phase even at the lowest observed
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pressures, but remained rather insensitive to the loading and the
external pressure along the whole accessed pressure range, except
for the linearly increased intensity. In contrast, the density of the
first phase continuously increased, possibly driven by the increase
in the amount of the second phase along with the equilibrium gas
phase. While we are tempted to interpret our findings for the
dynamics of adsorbed CO, in Silicalite-1 as arising from two
different CO, adsorption environments, our detailed spectral data
did not allow us to unequivocally distinguish this well-resolved
second phase from the sample surrounding the CO, gas phase,
resembling very similar, although not identical, dynamical beha-
viours. Upon comparing our results to the earlier available intra-
molecular dynamics data, it became clear too that neither the
absolute vibrational feature position, nor the Fermi resonance
splitting could be simply and directly related to the strength of the
host-guest interactions, as represented by the corresponding
isosteric heats of adsorption. The above-described findings, how-
ever, add essential information about the intramolecular dynamics
of micropore-confined CO, species to serve as a reference for
future simulation/computational work as well as the remote
diagnostics of CO, deposits in minerals.
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