
crystals

Article

Ageing and Langmuir Behavior of the Cage
Occupancy in the Nitrogen Gas Hydrate

Claire Petuya 1, Françoise Damay 2, Sarah Desplanche 1, Christian Aupetit 1

and Arnaud Desmedt 1,* ID

1 Institut des Sciences Moléculaire-UMR CNRS 5255-Univ. Bordeaux, 351 cours de la Libération,
33404 Talence CEDEX, France; claire.petuya@u-bordeaux.fr (C.P.); sarah.desplanches@u-bordeaux.fr (S.D.);
christian.aupetit@u-bordeaux.fr (C.A.)

2 Laboratoire Léon Brillouin, UMR 12 CEA-CNRS, Bât. 563 CEA Saclays, 91191 Gif-sur-Yvette CEDEX, France;
francoise.damay@cea.fr

* Correspondence: arnaud.desmedt@u-bordeaux.fr; Tel.: +33-540-002-937

Received: 22 February 2018; Accepted: 16 March 2018; Published: 23 March 2018
����������
�������

Abstract: Clathrate hydrates are ice-like systems in which nanometric water cages encapsulate guest
molecules. Functionalizing clathrate hydrates is an important issue, accomplished by playing with
their chemical composition and their cage structure. In this issue, the cage occupancy and its kinetics
constitute key information for future developments. In many aspects, nitrogen gas hydrate represents
an interesting system not only for its applied relevance (e.g., gas separation and methane/carbon
dioxide exchange), but also for its fundamental interest (e.g., structural metastability and kinetics).
Thanks to the complementarity of neutron diffraction and Raman scattering, the vibrational signatures
of the so-called SI and SII clathrate structures of the nitrogen hydrates are reviewed. Moreover,
the investigation of the ageing of the SII structure is reported together with its interpretation in the
frame of the Langmuir behavior of the cage filling at low temperature. The cage filling is monitored
with the help of a time-dependent analysis of the Raman scattering signals (over several months).
The SII large cage filling decreases with a kinetic rate of 5.9 ± 3.3 × 10−3 h−1 at 77 K and atmospheric
pressure, so that equilibrium is reached after ca. eight weeks. Isotherm measurements of the guest
Raman signatures lead to revealing a Langmuir constant higher in the small cage than in the large
cage at 150 K. Such a behavior might thus be correlated with the nitrogen depletion with time,
observed in the large cage of the SII nitrogen hydrate.

Keywords: gas hydrate; ageing; kinetics; metastability; cage filling; Raman spectroscopy; neutron diffraction;
Langmuir constant

1. Introduction

Clathrate hydrates are crystalline compounds consisting of water molecules forming cages inside
of which guest molecules are trapped [1,2]. The water cages are stabilized by polygonal rings of
water molecules connected at their edges through hydrogen bonds. The 3D arrangements of the cages
lead to various nanoporous ice-like structures depending on the chemical nature of the encapsulated
molecules and on the pressure and temperature conditions. They may form with a large variety of
guest molecules and adopt various types of structures, the most common ones being the so-called
SI and SII structures [3]. More specifically, the SI structure corresponds to an ~12 Å cubic unit cell
composed of two 512 small cages (denoted SC; the 512 nomenclature refers to a cage formed with
12 pentagonal water rings) and of six 51262 large cages (denoted LC). The SII structure (~17 Å cubic
unit cell) is constituted of sixteen 512 SCs and of eight 51264 LCs. Their first synthesis goes back to
the early 20th Century, and their discovery was made in pipeline plugs and then on the ocean floor
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in the natural state [2]. Since these discoveries, research interests for gas hydrates have continuously
expanded not only for their fundamental interests ranging from physical-chemistry to astrophysics and
geosciences [4,5], but also for their applications in broad areas of flow assurance, chemical engineering,
technology, energy or the environment [2,6].

Functionalization of clathrate hydrates is an important issue for future developments. This can
be reached either through the water cage or the encapsulated molecules via their chemistry or their
structure. The cage-like structure of clathrate hydrate is by itself an intrinsic functionality through the
selective encapsulation (or not) of guest molecules; the ability of a chemical species to be enclathrated
plays a key role in many applications such as desalinization or gas separation, storage and transport
(see e.g., [2,7]). The formed clathrate structure depends on the size of the guest molecule, as well as
on its chemical ability to accommodate the water cavities [1,2]. Small guests are usually SII formers
because of the large number of SCs (2:1 SC to LC ratio), while the 1:3 SC to LC ratio of the SI structure
favors larger guest molecules to be encapsulated [1]. Controlling the guest chemical composition
of mixed gas hydrates (i.e., clathrate hydrates encapsulating two species at least) allows promoting
structural transition between SI and SII by playing with the steric hindrance of the guest molecules
for instance [8] or tuning their equilibrium curve as illustrated by theoretical calculations of the
thermodynamics stability of the mixed CO2/N2 hydrate [9]. Co-including guest molecules constitute
a functionalization opening new technological opportunities for storage and transportation under mild
conditions (close to atmospheric conditions) of natural gases [10] or hydrogen [11]. Hydrogen storage
in clathrate hydrates represents probably a flagship or prototype example. Storage within pure H2

clathrate hydrates can be achieved by using a high pressure of the order of thousands of bar [12–14].
The co-inclusion of organic promoter molecule such as THF allows the reduction of the operation
pressure by several orders of magnitude [15–17]. Another functionality of clathrate hydrate concerns
their anomalous heat conduction (“glass-like” behavior of clathrate hydrate crystals) [18], resulting
from the localized excitations of the guest molecules trapped in the cage structure and their complex
interaction with lattice phonons [19,20]. The addition of ionic species in the host substructure leads
to switching of the thermal conductivity from a “glass-like” behavior to a “standard crystalline”
behavior [21]. Besides, due to the ionic interaction between host and guest molecules, co-including
additives like strong acids, bases or quaternary ammonium salts in the cages promotes many specific
properties, such as discrete magnetic behavior, metal ion encagement, gas cohosting, improved thermal
stability, improved cage flexibility and superprotonic conduction [22–33]. These unique features make
them particularly promising for potential applications in various fields such as solid electrolytes, gas
sensor and energy storage [27,28].

Considering the problematic capture and sequestration of carbon dioxide, the idea of extracting
methane from the natural gas hydrates and simultaneously replacing it by its greenhouse gas product,
carbon dioxide, could be a two in one approach, which has been extensively studied over the last few
decades [34]. Nitrogen molecules are particularly relevant in this technology of methane replacement
by carbon dioxide in natural gas hydrates since they play a promoting role [35]. In addition to its role
played in many applications aspects, nitrogen gas hydrate represents an interesting system due to its
fundamental properties. Many studies have been done on this gas hydrate at equilibrium, especially
on structural properties [35–39] and cage occupancy using neutron and X-ray diffraction [39–41],
Raman scattering [35,38,42–48] or simulations [49–51]. Especially, it has been recently shown that the SI
structure is kinetically favored, while the SII structure is thermodynamically stable (the transformation
is completed with a time rate of 1.37 ± 0.17 × 105 s−1 at 100 K and at 1 bar), and the thermodynamic
conditions (pressure-temperature denoted P-T) drive the filling of the water cage by nitrogen
molecules [48]. In the case of the isosteric carbon monoxide hydrate [52,53], it has been shown
that the filling of the large cages, evolving with time and P-T conditions, is a key parameter triggering
the formed hydrate structure. The cage occupancy and its kinetics and time-evolution are thus key
properties for which information is requested in the case of the nitrogen hydrate. Neutron diffraction
(see, e.g., [54]) and Raman scattering (see, e.g., [55]) are complementary techniques for identifying
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gas hydrates’ structure, for analyzing their chemical composition and for investigating their time
dependency. In the following, recent results obtained in the case of the nitrogen gas hydrate will be
presented through the investigation of the ageing of the SII structure through the analysis of the cage
occupancy as a function of time for the nitrogen hydrate stored at liquid nitrogen temperature and
ambient pressure. Moreover, thanks to the isotherm measurements of the cage filling as a function of
pressure, the cage occupancy is discussed in the frame of the Langmuir model and correlated with the
observed ageing of the SII structure.

2. Materials and Methods

2.1. Sample Preparation

For neutron diffraction experiments, the sample was formed using a powder (grain size
typically of the order of 100–200 µm) of deuterium oxide ice (99.9% D) and applying a gas pressure
(purity > 99.997%) of 200 bar of nitrogen during 4 h and 3.5 days. The sample pressures were controlled
by a PM High Pressure pump (Top Industrie, Vaux-le-Penil, France), which can contain 100 cm3 of
gas up to 500 bar. The cell temperature was maintained at 260 K (±5 K) with a thermal bath, to
ensure the formation within the thermodynamic stability region (Figure 6). For Raman measurements,
the nitrogen hydrate was prepared according to the same procedure by using Milli-Q water instead
of deuterated water. In both cases, samples have been recovered under nitrogen atmosphere at 77 K.
The samples have then been stored into a nitrogen container (made of a porous material filled with
liquid nitrogen) at 77 K and at atmospheric pressure for several weeks.

2.2. Neutron Diffraction

The experiments were performed at Laboratoire Léon Brillouin (CEA, Saclay, France) using the
cold neutron two-axis powder diffractometer G 4-1. Measurements were done with a wavelength of
2.428 Å. Due to a better instrumental resolution at low scattering angle 2θ, the angular range 2θ < 60◦

has been considered. The samples (sealed in a cylindrical vanadium holder) were cold transferred into
the cryostat at 100 K, the temperature at which the diffractograms have been recorded for typically 1 h.
Diffractograms have been recorded with nitrogen hydrates for various storing times between 6 h and
4 weeks. To analyze the various phases of the samples (hydrate phase and ice phase), pattern-matching
of the powder diffractogram has been performed with the Le Bail algorithm [56] and the FullProf
program [57].

2.3. Raman Spectra

The spectra were recorded with a Labram HR confocal microspectrometer (Horiba Jobin Yvon,
Villeneuve d’Ascq, France) using a 514-nm wavelength laser as excitation source. A 50× objective
mounted on the confocal microscope permitted us to focus the incident laser beam and to collect the
Raman scattering. The high resolution Raman scattering was dispersed by a holographic grating of
2400 lines/mm and analyzed by a Peltier-cooled CCD detector (Andor, Belfast, UK). Thus, the spectral
resolution was 0.8 cm−1 (full width at half-maximum). The wavenumber calibration of the spectrometer
was done by using the 520.7 cm−1 mode of a silicon sample and the neon source excitation at
2348.4 cm−1. The Raman spectra have been recorded on nitrogen hydrates with various storing
times (between 6 h and 24.5 weeks) by cold transferring at 77 K the samples into a borosilicate capillary
under inert atmosphere. The sample temperatures were maintained at 77 K (±0.1 K) during the
acquisition thanks to a capillary temperature-controlled stage (Linkam Scientific Instruments Ltd.,
Tadworth, UK). Because of the occurrence of ice in the hydrate samples (the ice is not totally converted
into hydrate), particular attention has been paid to collecting Raman spectra in sample region where
the hydrate signal is maximized (thanks to the micrometer spatial resolution of the microscope) by
minimizing the Raman band at ca. 315 cm−1 (Figure 1), characteristic of ice [58].
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Figure 1. Raman spectra of the lattice modes (a) and the O–H stretching modes (b) of hexagonal ice Ih
(blue), nitrogen hydrate in the SI structure (black; Sample C in Figure 2) and nitrogen hydrate in the SII
structure (red; Sample A in Figure 2) at T = 77 K and P = 1 bar.

3. Results and Discussion

3.1. Coupling Neutron Diffraction and Raman Scattering to Access Nitrogen Gas Hydrate Signatures

For this study, nitrogen hydrate has been prepared by pressurizing powdered ice at 200 bar and
260 K. The formed hydrate is then stored at liquid nitrogen temperature and atmospheric pressure
(see the Materials and Methods Section for details). The Figure 2 shows the transition from SI to SII
of the nitrogen hydrate as revealed by neutron diffraction and Raman spectroscopy. According to
diffraction data, the SI structure (Sample C in Figure 2) is formed at the early stage of the hydrate
formation, while the thermodynamically-stable SII structure (Samples B and A in Figure 2) is formed
after 3.5 days of hydrate formation [48].

Figure 2. Observation of SI-SII structural transition with neutron diffraction at 100 K (a) and Raman
spectroscopy at 77 K (b). Both measurements have been performed at atmospheric pressure after cold
recovery (under nitrogen atmosphere) of the hydrates formed at T = 260 K and P = 200 bar. Samples C,
B and A have been pressurized 4 h, 3.5 days and 3.5 days (T = 260 K, P = 200 bar) and then stored at
liquid nitrogen temperature (T = 77 K, P = 1 bar) 3 days, 6 h and 4 weeks, respectively. On the neutron
diffractograms, diamonds and asterisks represent the SI and SII structure Bragg peaks, respectively.
The ice Bragg peaks are indicated with arrows. On the Raman spectra, the nitrogen molecules confined
in the cages give rise to Raman bands at 2323.7 cm−1, 2323.8 cm−1 and 2323.3 cm−1 for the large cages
(LCs) and at 2324.5 cm−1, 2324.6 cm−1 and 2324.4 cm−1 for the small cages (SCs) (for Samples A, B and
C, respectively).
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It is possible to identify the formed hydrate by analyzing the Raman signatures of the water
cages’ substructure, notably via the analysis of the intermolecular modes at low wavenumbers (cage
phonon or lattice mode) and of the O–H stretching modes at high wavenumbers. Figure 1 compares
the lattice modes and the O–H stretching modes in the cases of the hexagonal ice denoted Ih (in blue),
of the SI nitrogen hydrate (in black) and of the SII nitrogen hydrate (in red). The ice lattice mode
centered at 228.8 cm−1 is observed at higher frequency than the hydrate ones, observed at 224.8 cm−1

and 226.7 cm−1 for SI and SII structures, respectively. The reverse is observed for the O–H stretching
modes, i.e., the ice signature at 3091.9 cm−1 is at lower wavenumbers than the hydrate signatures at
3100.0 cm−1 and 3094.9 cm−1 for the SI and SII structures, respectively. These variations are associated
with the H–bonds directionality involved in the water sub-structure of the hydrates that is modified
compared to the ice. Indeed, the ice Ih possesses a hexagonal lattice consisting of water molecules
forming a perfect tetrahedral distribution of the water H–bonds. To form the water cage, the hydrate
H–bonding network is slightly distorted compared to that of ice, leading to a weakening of the lattice
mode and to a reinforcement of the O–H stretching in the hydrates; in agreement with previous
Raman experiments performed on various gas hydrates [58–62]. In addition, the lattice mode of the SI
structure is observed at lower frequency than the one of the SII structure; the reverse is observed for
the O–H stretching mode (Figure 1). The cages 512, which are slightly smaller in the SII structure than
in the SI structure [62], would be at the origin of these differences.

In addition, Raman spectroscopy provides structural information through the analysis of the guest
partitioning in the LCs and SCs. Figure 2 shows the Raman stretching modes of nitrogen confined
in LCs and SCs, together with the neutron diffraction data. The Raman bands of nitrogen molecules
located in the LCs and in the SCs have been obtained by fitting the spectra of two pseudo-Voigt
peaks to the experimental spectra, as described in [48]. The Raman band at the lowest wavenumber
is attributed to the nitrogen in LCs, while the one at the highest wavenumber is attributed to the
nitrogen in SCs [48]. The determination of the gas hydrate structure by Raman spectroscopy may be
achieved by analyzing the ratio, α = ILC/ISC, of the LCs to SCs Raman band intensities (denoted ILC
and ISC, respectively). Indeed, this ratio depends on the LC and SC guest fillings (denoted θLC and
θSC, respectively) of the hydrate struture:

α =
nLC
nSC

θLC
θSC

χLC
χSC

, (1)

where nLC and nSC are the numbers of LCs and SCs in the considered structure, respectively. χLC and
χSC are the Raman scattering cross-sections of the nitrogen molecules in the LCs and in the SCs,
respectively. For small molecules like nitrogen or carbon monoxide [48,53], the Raman scattering
cross-sections are assumed to be similar for confinement in the LCs and in the SCs, so that χLC/χSC ≈ 1.
Under the assumption of a single occupancy of the cages, α ≈ 3 then corresponds to the SI hydrate
structure (nLC = 6 and nSC = 2) and α ≈ 0.5 to the SII hydrate structure (nLC = 8 and nSC = 16),
as illustrated for various gas hydrates [48,53,55,63]. In Figure 2, Sample C (SI) and Sample A (SII) are
indeed characterized by measured ratio α = 3.06 ± 0.15 and α = 0.53 ± 0.11, respectively. Sample B
(SII) exhibits a ratio α = 0.97 ± 0.33, which is intriguing in the frame of this structural description.
The pressurization times of Samples A and B (both being SII structures) are identical (3.5 days at
200 bar and 260 K), and only the storing times of the samples differ: they are four weeks and 6 h for
Samples A and B, respectively. The measured evolution of the ratio is thus related to a time-evolution
of the SII nitrogen hydrate (ageing) at 77 K and 1 bar, and more specifically to the evolution of the cage
filling with time according to Equation (1).

3.2. Monitoring the Ageing of the Nitrogen SII Hydrate

The time evolution of the guest partitioning into LCs and SCs has been monitored in the SII
structure. For this analysis, nitrogen hydrate has been prepared by pressurizing powdered ice during
3.5 days at 200 bar and 260 K to ensure the formation of the SII structure. Raman measurements
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have then been performed after various storing times at liquid nitrogen temperature and atmospheric
pressure, from 6 h–24.5 weeks. The measured Raman spectra of the nitrogen stretching mode is shown
in Figure 3 at 77 K and atmospheric pressure. These spectra exhibit the SII profile in agreement with
the structural analysis, and a clear time evolution of the profile is observed. The Raman profiles have
been fitted by considering the LCs and SCs Raman contributions and the intensity ratio α, as well as
the LC and SC frequencies are shown in Figure 4.

Figure 3. Time evolution of the Raman spectrum of the nitrogen SII hydrate at 1 bar and 77 K.
The gas hydrate has been formed by pressurizing powdered ice Ih at 200 bar and 260 K for 3.5 days.
Fitting details of the LC and SC contributions are provided in the text.

Figure 4. Time evolution of the Raman intensity ratios α (left hand) and frequencies (right hand) for
nitrogen molecules encapsulated in the SC and LC of the SII structure at 77 K and 1 bar. The SII nitrogen
gas hydrate has been formed at 200 bar and 255 K during 3.5 days. The continuous line on the left-hand
graph represents the fit of Equation (2) to the measured ratio α(t), and the ones on the right-hand
graph are guides to the eyes. The error bars correspond to systematic errors.

The nitrogen stretching frequencies for LCs and SCs (Figure 4) exhibit a frequency difference
close to the one of the SII structure, i.e., 0.89 ± 0.12 cm−1 averaged value over all time measurements
(recall that the frequency difference between the LC band and the SC band is 1.1 cm−1 in the SI
structure [48], as seen in Figure 2). Moreover, both LC and SC frequencies slightly decrease with time.
This modification may be correlated with the cage occupancy: the Raman intensity ratio α is also
decreasing with time (Figure 4). Such a decrease is related to the evolution of the cage occupancy
(see Equation (1)): either the LC occupancy is decreasing or the SC occupancy is increasing (or both).
According to X-ray and neutron diffraction analysis, the SCs are singly occupied at the most [40,41].
It follows that the time evolution of the ratio α is most probably related to the decrease of the LC
filling. Such a release of the nitrogen molecule from the LCs would lead to more free volume in the
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cages’ structure. In the frame of the loose-cage tight-cage model [53,64,65], this modification would
induce a looser-cage case with the time for both SCs and LCs and thus a softening of the guest-cage
interaction. This evolution would be at the origin of the decrease of the stretching frequency for the
nitrogen confined in the SII hydrate structure as observed in Figure 4.

As shown in Figure 4, the ratio α decreases from ca. 1 for a short storing time to ca. 0.4 for a long
storing time. As previously mentioned, these measured ratios are in the range of those expected in
the SII structure by considering Equation (1): one obtains α = 1 for a double occupancy of the LCs
and a single occupancy of the SCs and α = 0.5 for a single occupancy of the LCs and of the SCs.
According to neutron diffraction Rietveld refinement of the SII nitrogen hydrate [40], θSC = 0.822 and
θLC = 0.996 at 273 K and at 200 bar in the SII structure, so that one obtains α = 0.61 at these P-T
conditions. Moreover, multiple occupancy of the LCs is indeed observed, depending on the formation
conditions: from synchrotron X-ray diffraction Rietveld refinement of the SII nitrogen hydrate [41],
θSC = 0.867 and θLC = 1.22 at 258.15 K and at 150 bar, i.e., α = 0.7. In the present measurements (77 K
and 1 bar), the nitrogen SII hydrate exhibits a ratio α greater than these diffraction-derived values for
a storing time below four weeks, while the ratio is slightly smaller after four weeks of storing time.
It should be noted that the Raman profile fitting with two contributions (LC and SC) does not take into
account the slight difference of the Raman stretching frequencies for a single occupancy of the LCs
and for a double occupancy of the LCs. Indeed, these two contributions are respectively observed at
2322 cm−1 and 2323.4 cm−1 at 2900 bar and 293 K, i.e., with a frequency difference of 1.4 cm−1 at this
high pressure condition [47]. Such Raman bands are difficult to disentangle in the present conditions of
measurements: their frequency difference at 1 bar and 77 K might indeed be significantly smaller than
the one measured at 2900 bar and 293 K (successful fitting of the present Raman profiles with these
contributions could not be achieved). Nevertheless, the quantitative analysis of the time dependence
of the ratio could be achieved by fitting a simple decaying exponential function:

α(t) = γexp(−kt) + α0, (2)

where k represents the kinetic rate of the cage filling, α0 represents the filling ratio at equilibrium
and γ is a scaling factor. In the fitting procedure, the free parameters were k, α0 and γ. A good
agreement is observed between the experimental ratio and the fitted function (see Figure 4): it is
obtained k = 5.9 ± 3.3 × 10−3 h−1, γ = 0.61 ± 0.16 and α0 = 0.4 ± 0.1. Thus, the evolution of α(t)
would be due to a nitrogen depletion in the LCs with the time, and the SII nitrogen structure takes ca.
eight weeks to reach equilibrated cage filling at 77 K and at atmospheric pressure.

3.3. Langmuir Behavior of the Cage Occupancy in the SII Structure from Raman Scattering

Modeling the cage occupancy is of particular importance for predicting the thermodynamics
stability and composition of gas hydrates, as reflected by the wide use of the so-called van der Waals
and Platteeuw models [2,4,66]. A prerequisite for such a modelling approach is the knowledge of
the LC and SC Langmuir constants, i.e., the knowledge of the “capacity” of the hydrate to store
a gaseous species in a given type of cage. Figure 5 shows the measured ratio α in the SII nitrogen
hydrate as a function of the gas fugacity f (obtained with the table available in the literature [67]) as
measured by Raman scattering at 150 K [48] and by Rietveld refinement of neutron diffractograms at
273 K [40]. The pressure ranges accessible along these two isotherms are complementary as shown by
the equilibrium region of the nitrogen hydrate in Figure 6.



Crystals 2018, 8, 145 8 of 13

Figure 5. Fugacity dependence of the LC to SC cage filling ratio α( f ) as measured by means of Raman
scattering at 150 K (filled black circles; data from [48]) and by means of neutron diffraction at 273 K
(filled blue triangles; data from [40]). The lines are the calculated ratios α( f ) according to Equation (3)
by using sets of Langmuir constants reported at 273 K (see the text for details): dashed blue line
from [40], continuous black line from [68] and dotted black line from [69]).

Figure 6. Phase diagram of the nitrogen hydrate (adapted from [9,60,70–72]). The two vertical lines
represent the isotherm measurements of the LC to SC cage filling ratio α( f ) by means of neutron
diffraction at 273 K [40] and by means of Raman scattering at 150 K [48].

The measured ratio can be rationalized with the help of the Langmuir model [39] through the
fugacity dependence of the cage fillings θSC( f ) and θLC( f ) (by considering nLC = 8 and nSC = 16 for
the SII structure):

α( f ) =
θLC( f )

2θSC( f )
with θSC( f ) =

CS f
(1 + CS f )

and θLC( f ) =
CL1 f (1 + 2CL2 f )

(1 + CL1 f + CL1CL2 f 2)
(3)

In these expressions, CS, CL1 and CL2 are the Langmuir constants for the single occupancy of the
SC, the single occupancy of the LC and the double occupancy of the LC, respectively. The ratio α( f )
obtained with the help of Equation (3) are reported in Figure 5 for various sets of nitrogen Langmuir
constants reported in the literature: CS = 24.7 kbar−1, CL1 = 205 kbar−1 and CL2 = 0.125 kbar−1

from [40], CS = 51.7 kbar−1, CL1= 37.5 kbar−1 and CL2 = 0 kbar−1 from [68] and CS = 32.4 kbar−1,
CL1 = 254.3 kbar−1 and CL2 = 0 kbar−1 from [69]. It should be noted that the reported Langmuir
constants in [68,69] do not take into account a double occupancy of the LC, as reported in [40].
Moreover, from Equation (3), Figure 5 and previous works dedicated to thermodynamic models taking
into account the double occupancy of the LCs [73–75], it clearly appears that:
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(i) the double occupancy of the LCs (CL2) impacts the high fugacity region of the ratio α( f ) (above ca.
400 bar),

(ii) the ratio α( f ) decreases with the fugacity when CS < CL1 (below ca. 400 bar),
(iii) the ratio α( f ) increases with the fugacity when CS > CL1 (below ca. 400 bar).

With the help of neutron diffraction [40], it is possible to probe CL2 due to measurements at
high fugacity values (Case (i)). In addition, the fitting of the diffraction-derived cage fillings θSC( f )
and θLC( f ) leads to CS < CL1 at 273 K, i.e., Case (ii) [40]. Thanks to Raman measurements along
the isotherm at 150 K (Figure 6), the fugacity region smaller than ca. 200 bars (the domain in which
a clear disentangling of Case (ii) and Case (iii) is accessible (Figure 5)) could be probed: Case (iii) is
clearly observed, i.e., CS > CL1. Nevertheless, the extraction of the Langmuir constants by fitting
the Equations (3) on the Raman-derived ratio α( f ) is not doable, in view of the three parameters to
be considered in such a procedure. Thus, according to neutron [40] and Raman [48] experimental
measurements in the SII structure, the nitrogen hydrate would exhibit a thermal evolution from
CS < CL1 at 273 K to CS > CL1 at 150 K. Such an inversion of the Langmuir constants has been
reported in the thermodynamical modeling of the SI nitrogen hydrate [9]: CS < CL1 in the temperature
range 125–250 K with different thermal dependence for CS and for CL1, so that CS would become
greater than CL1 for temperatures smaller than 125 K. Finally, the measurements of the SII ageing at
77 K (Figure 4) is characterized by a decrease of the ratio α with time, due to a nitrogen depletion in
the LCs: such an evolution corroborates CS > CL1 at low temperatures, i.e., a better nitrogen “affinity”
in the SCs than in the LCs.

4. Conclusions

The present paper reported the investigation of the cage occupancy in nitrogen gas hydrate on
the basis of Raman scattering coupled to neutron diffraction. The analysis of the SI and SII vibrational
properties has been first discussed with regards to the host lattice and the water stretching modes
and to the guest signatures in LCs and in SCs. Beyond the structural SI-SII metastability, the ageing
effect of the SII structure has been unraveled through the cage occupancy monitoring. With the help
of a time-dependent analysis of the Raman scattering signals (over several months), the kinetics of
the cage filling is interpreted as the LC occupancy decreasing with time to reach equilibrium after ca.
eight weeks at 77 K and 1 bar. Thanks to the analysis of the pressure dependence of the guest Raman
signatures, the observed evolution of the LC filling is discussed in the frame of the Langmuir model:
at 150 K, the SC Langmuir constant has been determined to be higher than the LC one. Such a behavior
might thus be correlated with the nitrogen depletion with time, observed for the LCs of the SII
nitrogen hydrate.
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