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ABSTRACT 

 

Solid State NMR spectroscopy has taken a very prominent place among the many spectroscopic  techniques 

employed for the characterization of clathrate hydrates. Exceptionally high sensitivity of the spectra to the 

molecular environment and dynamic processes, together with the ability to provide accurate and 

quantitative data make NMR spectroscopy a highly desirable and versatile approach for studying hydrates. 

Application of the method to its full capacity, however, requires some extensive instrumental developments 

to adapt it to the specific experimental requirements of hydrate studies, for example, very low temperatures 

and high pressures.   

In this presentation we will give an overview of recent Solid State NMR advances in various areas of 

hydrate research. Examples will include analysis of the composition and structure of mixed gas hydrates 

prepared from multi-component mixtures of hydrocarbons, characterization of the natural gas hydrates from 

different sources, and evaluation of formation conditions and properties of mixed hydrogen hydrates. 
13

C 

NMR with Magic Angle Spinning (MAS) at -100C has been the main approach in the first two examples.  

We will discuss the requirements and the necessary instrumental developments to make the experiments of 

this type successful. The detailed characterization of mixed hydrogen hydrates required low temperature 
1
H 

MAS. Problems of quantification in these experiments will be discussed.  We expect that all these recent 

experimental developments will prompt wider application of Solid State NMR in hydrate research.      
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NOMENCLATURE 

 

BD Bloch Decay 

CP Cross Polarization  

CS Chemical Shift [ppm] 

CSA Chemical Shift Anisotropy 

HPDEC High Power Proton Decoupling  

I intensity of a signal 

I0 total intensity of a signal 

M nuclear magnetization 

M0 muclear magnetization in equilibrium 

MAS Magic Angle Spinning 

NMR Nuclear Magnetic Resonance 

ppm part per million 

PXRD powder X-ray diffraction 

RF Radio Frequency [Hz] 

THF tetrahydrofurane 

TBME t-butylmethylether 

t time [s] 

T1 spin-lattice relaxation time [s] 

T1 spin-lattice relaxation time in rotating frame [s] 

TCH cross-polarization time [s] 

T2 spin-spin relaxation time [s] 

 mixing time in CP experiment [s] 

 

INTRODUCTION 

 

Solid state NMR is a well established 

spectroscopic technique with numerous 

applications in different areas of material sciences. 

The very high sensitivity of NMR to the local 

environment, the capability to distinguish between 

different structural types of hydrates, its 

quantitative nature, and potential for  both in-situ 

and time resolved experiments, make it a very 

appropriate technique for hydrate research.  The 

applicability of solid state 
13

C NMR to hydrates 

was demonstrated some 20 years ago [1], but due 

to experimental difficulties the method has been 

used rather sparsely.  

 

The main challenges of NMR in gas hydrate 

research stem from the instability of the materials 

at ambient conditions. The experiments may need 

to be performed at a very low temperature (down 

to 77K ) with cold loading of the samples, and fast 

- 2 to 5 kHz – magic angle spinning (MAS [2,3,4]) 

of the samples, or/and at high pressure, as may be 

required by in-situ and time resolved experiments. 

The total number of publications with the use of 

high resolution solid state NMR in hydrate 

research remains relatively small and still in the 

low tens [4-29]. Most of the publications come 

from just four or five research group throughout 

the world. One may note, however, that in recent 

years the number of NMR studies of hydrates has 

been growing steadily. The studies have also 

become noticeably more complex [4, 7, 8, 10, 12, 

15, 29].  

 

Although the application of high resolution solid 

state NMR to gas hydrates has some very distinct 

experimental features, nothing has been published 

specifically on solid state NMR experimental 

details relevant to hydrate studies. The main 

purpose of this work is to illustrate the 

applications of solid state NMR for compositional 

and structural studies of hydrates with emphasis on 

experimental techniques and possible ways of 

overcoming the technical difficulties. First the 

quantification in the 
13

C spectra of hydrates will be 

discussed with examples from natural and 

synthetic gas hydrates. The problems of the signal 

assignments and quantification in gas hydrates of 

different structural types (Structure II and 

Structure H) will be exemplified on a number of 

mixed hydrates. Along the way we will discuss the 

effects of dynamics on quantification in C-13 

spectra. Experimental difficulties of 
1
H NMR and 

in-situ studies will be considered in relation to 

mixed H2/CO2 hydrates.  

 

EXPERIMENTAL CONSIDERATIONS 

 

Traditionally this part of the publication reports 

only experimental details relevant to a particular 

study. In this work we would like to use this space 

for discussion of general experimental 

requirements and the choice of an NMR 

instrument and probes. The first and most obvious 

characteristic of the NMR instrument is its 

operational magnetic field. Solid state NMR 

instruments can come in a rather broad range of 

magnetic fields, most commonly between 4.7 and 

14 T ( Larmor frequencies for protons 200 and 600 

MHz, respectively).  The selection of the magnetic 

field can be very important for a successful 

experiment.  

 

The sensitivity, signal separation and chemical 

shift anisotropy (CSA) all strongly depend on the 

strength of magnetic field (sensitivity ~ B0
7/4

, 

separation and anisotropy scale linearly with the 



field). All three parameters increase with field, but 

the increased anisotropy will require higher MAS 

speed to achieve complete averaging [2,3]. In 

some situations with large anisotropies (i.e. CO2 or 

CO) that could be a limitation. An incomplete 

averaging of the CSA results in a splitting of the 

signal into a comb of spinning sidebands [3], 

which effectively reduces the signal intensity and 

complicates the analysis. Due to increased spread 

of the proton frequencies, the higher magnetic 

fields will also require an increase in proton 

decoupling power. Application of a composite 

pulse decoupling scheme (i.e. TPPM [30]) is 

highly recommended and can be realized easily on 

any modern instrument.  

 

The most important requirement for the NMR 

probes is the capability of cold loading. The probe 

is generally expected to have a broad operating 

temperature range, usually between 163 and 293K, 

for at least several hours. In most experiments with 

gas hydrates, cold loading of the sample and MAS 

at low temperatures is required to prevent 

decomposition. Cold loading and the requirement 

for low temperatures favor instruments with wide 

bore NMR magnets (diameter of the probe is over 

60 mm). Since the best resolution and sensitivity 

can be achieved only with proton decoupling, the 

probes are normally expected to be double 

resonance. Not all probes are well suited, and 

some are better than others. In our opinion the 

probes with the top loading of a spinner (Bruker) 

are particularly well suited for work with hydrates 

since they can don‟t need to be removed from the 

magnet to insert the samples. This reduces the time 

of sample exposure to room temperature during its 

transfer to the probe.  To prevent accumulation of 

ice inside the probe during experiments, the use of 

dry nitrogen gas is necessary both for the spinning 

and cooling of the samples. 

 

To ensure preservation of the samples, the 

hydrates are commonly packed into the MAS 

spinners in liquid nitrogen and then heated to the 

required temperature inside the probe. A 

development of specialized tools to simplify the 

packing may be necessary.  Instead of plastic caps 

that are normally used in MAS experiments (to 

drive the spinner) the use of ceramic caps is highly 

recommended due to a reduced shrinkage at low 

temperature and better spinning stability. 

 

Generally in-situ and kinetic NMR experiments on 

gas-hydrate formation can not be performed on a 

spinning sample since pressurization of the sample 

and a continuous gas supply are required.  In 

isolated cases, particularly in studies of the 

decomposition of hydrates, the use of sealed 

samples may prove to be very useful [8]. One 

needs to keep in mind, however, that an explosion 

of a sealed glass container can lead to a severe 

damage of the probe and costly repairs.  

 

Due to the very high concentration of carbon-

containing substances in gas hydrates, it is 

expected that 
13

C NMR should be quite feasible 

even for materials with natural abundance of the 
13

C isotope (1.1%). In some situations, especially 

for in-situ studies and kinetic measurements, it is 

desirable to use 
13

C enriched materials. Most of 

the simple hydrate forming gases (CH4, C2H6, 

C2H4, CO, CO2, C2H4) are inexpensive and easily 

obtainable in C-13 enriched form, when more 

complicated molecules are needed, this may 

require a special order.  

 

In our work we use a Bruker DSX-400 instrument 

(magnetic field of 9.4T, wide bore magnet). All 

MAS experiments are performed on a Bruker BL7 

triple resonance probe (7 mm OD spinners). 

Spinning speed and the temperature inside the 

probe are controlled using standard Bruker 

equipment.  

 

Tetramethylsilane (TMS) is an accepted reference 

both in 
1
H and 

13
C NMR (0 ppm). In practice the 

signals of adamantane (29.51 and 38.56 ppm) and 

glycine (43.72 and 176.52 ppm) are often used as 

secondary standards.  

 

During processing of the experimental data it is 

often desirable to do some sort of fitting, 

deconvolution or simulation of the experimental 

spectra. Standard processing software from the 

instrument vendors often provides some tools for 

integration or deconvolution of the spectra. In 

many situations a more specialized NMR 

simulation or processing  software may be 

required. In our work we use DMFit [31], 

WinSolids [32]
 
and the NMRTools [33] add-on 

package for Origin
®
 plotting software. 

  

 

 

 



 

EXPERIMENTAL RESULTS AND 

DISCUSSION 

 
13

C MAS NMR in compositional and structural 

studies of gas hydrates. Using a set of examples 

from our laboratory practice we will discuss the 

variety of experimental situations arising in studies 

of gas hydrates by solid state NMR. 

The most common and straightforward application 

of NMR to gas hydrates is for structural and 

compositional identification (structural type of 

hydrate, cage occupancies / hydration number). 

Structural assignment is usually done based of the 

position of the 
13

C signals observed in 

experimental spectra and compared to those in the 

samples with known structure. 
13

C chemical shift 

of methane in the 5
12

 cages of Str.I, Str.II and Str. 

H hydrates are usually found between -4.1 and -

4.5 ppm, when the CH4 in 4
3
5

6
6

3
 medium cage of 

Str.H produces a signal at -4.7 to -4.9 ppm . Such a 

small range of the shifts requires rather good 

spectral resolution, but in most situations the 

signals can be separated reasonably well. 

Chemical shifts of methane in the large 5
12

6
2
 and 

5
12

6
4 
cages of Str.I and Str.II are better separated at 

-6.5 to -6.7 and  -8.1 to -8.2 ppm, respectively. 

 

As was already mentioned, NMR offers a 

possibility to perform quantitative measurements 

of hydrate composition. Two spectroscopic 

techniques are commonly used for acquiring the 
13

C MAS spectra: direct excitation and Cross-

Polarization (CP). The first method consists in 

excitation of the nuclei by applying a short 

radiofrequency (RF) pulse on their Larmor 

frequency (most often it is 
13

C, but can be any 

other nucleus), followed by a detection of the free 

induction decay accompanied by simultaneous 

irradiation at the proton frequency to remove 

(decouple) the line broadening interaction with 

protons. The detection scheme is commonly called 

Bloch Decay (BD) or Single Pulse (SP).  

 

The restoration of nuclear magnetization after the 

RF pulse is an exponential process with the rate 

defined by the spin-lattice relaxation time T1: 

 ]/exp[
10

TtII   (1) 

The BD signal is linearly proportional to the 

number of nuclei in the probe‟s coil only if the 

time between consecutive accumulations is long 

comparing to the spin-lattice relaxation time of the 

detected nucleus. If several sites are present, the 

acquisition delay for quantitative measurements 

has to be at least 3*T1 for the site with the longest 

T1.  Since the values of the 
13

C T1‟s are often 

between several seconds and some tens of 

seconds, the time required for a good quality 

quantitative 
13

C HPDEC MAS spectrum can be 

between just 30 minutes and 5-6 hours. 

 

A few examples of quantitative 
13

C {
1
H} HPDEC 

MAS spectra of synthetic and natural gas hydrates 

are shown on Figure1. The signals from methane 

in small and large cages are very well separated 

and one can easily see that only Str. I hydrate is 

present in all the samples.  
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Figure 1. 

13
C {

1
H} DEC MAS of synthetic Str.I 

methane hydrate (a) and natural gas hydrates from 

Cascadia range (b-d). The inset shows 

experimental saturation-recovery curves for 
13

C of 

methane in small and large cages and the T1‟s 

evaluated with Equation 1. 

 

Integration of the signals gives the relative 

occupancies of the small and large cages and 

provides the means of calculating the hydration 

numbers. From NMR and Raman measurements 

the hydration numbers were estimated to be on 

average 6.1 ± 0.2. Differences in methane content 

and lattice parameters for synthetic and natural 

samples are relatively minor. The fact that only 

Str.I is observed could be an indication on 

biogenic nature of the methane gas present in these 

samples of natural hydrates. 

 

A more complicated case of 
13

C  HPDEC MAS in 

natural gas hydrate from Barkley Canyon, 

Northern Cascadia Margin
 
is shown on Figure 2. 

The complete assignment of the signals is given in 



the figure caption, and it illustrates the systematics 

of encagement on the 
13

C NMR chemical shifts of 

hydrocarbon guests. 
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Figure 2.
 13

C HPDEC MAS NMR spectra of gas 

hydrate from Barkley Canyon, offshore Vancouver 

Island. Among the signals:  -8.17 ppm for methane 

in 5
12

6
4
 of sII hydrate; -4.87ppm of methane in 

4
3
5

6
6

3
 of sH hydrate; -4.37 ppm for methane in of 

5
12 

sII and sH hydrates; 6.12 ppm for ethane in 

5
12

6
4
 of sII hydrate; 16.69 ppm and 17.45 ppm for 

propane in 5
12

6
4
 of sII hydrate; 13.73 ppm and 

25.77 ppm for n-butane in 5
12

6
4
 of sII hydrate; 

23.59 ppm and 26.50 ppm for i-butane in 5
12

6
4
  of 

sII hydrate; 27.66 ppm for cyclohexane in 5
12

6
4
 of 

sII hydrate; 25.77 ppm, 35.15 ppm and 35.83 ppm 

for methylcyclopentane in 5
12

6
8
 of sH hydrate; 

23.59 ppm and 27.33 ppm for methylcyclohexane 

in 5
12

6
8 

of sH hydrate; 22.72 ppm, and 32.95 ppm 

for iso-pentane 5
12

6
8
 in of sH hydrate. 

 

Two important points need to be emphasized in 

relation to this spectrum. First, the spectrum gives 

a definitive confirmation of the existence of 

natural sH gas hydrate. Secondly, it reports n-

pentane and n-hexane as new sH gas hydrate 

formers, with both of them present in the natural 

hydrate (but only in conjunction with other sH 

guests suitable for the large cage). 

 

The main problem of the BD type of experiment 

such as 
13

C HPDEC MAS is the long 
13

C 

relaxation times resulting in lengthy experiments. 

In a Cross-Polarization (CP) type of experiment [ 

], which is another commonly used SS NMR 

technique in hydrate research, the detectable 

nuclear magnetization of 
13

C nuclei is produced 

indirectly by transferring nuclear polarization 

during a contact time  from more abundant 

protons to observed nuclei (i.e., 
13

C). The delay 

between consecutive accumulations in a CP 

experiment is thus defined not by a slow relaxation 

of 
13

C, but typically much faster relaxation of 

protons.  The techniques, however, has serious 

problems with quantification.              

The dependence of the intensity in the CP 

experiment with contact time  is described by 

equation (2) 


















 )exp()exp(

1 1

1

0

CHCP TT

T

T

I
I







 ,   (2) 

where the signal build-up is controlled by the 

cross-polarization constant TCH, and the proton 

spin-lattice relaxation in rotating frame T 

controls the signal decay[34]. The distance 

between protons and carbons and motion of the 

molecules will have a dramatic effect on TCP and 

T, causing vast variation of the intensities in the 

CP spectra for different molecules in different 

environment. Understandably this makes any 

reliable intensity measurements using CP very 

complicated.   

 

Figure 3 shows an example of the CP signals 

dependence in iso-C4H10/CH4 and neo-C5H12/CH4 

mixed Str. II hydrates. In-spite of the structural 

type and similarity of the guests, the dynamics of 

cross-polarization in these two hydrates are quite 

different and illustrates difficulties of 

quantification in CP spectra.     
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Figure 3. Intensities of the signals in the CP 

spectra of hydrates as a function of contact time in 

selected hydrates. 

 

In the first case reasonably accurate relative 

intensities can be obtained by measuring the 

spectra with  about 10-15 msec, when the 



intensities of all the signals change synchronously 

and vary only a little with . In the second case, 

however, finding a region with a weak or similar 

dependence for all signals is very difficult. When 

CP is used, the best approach to obtaining 

quantitative (or, perhaps, nearly quantitative) data 

would be to acquire complete  dependences for 

all the signals followed by a simultaneous fit of all 

the curves with the equation 2.  

 

For not very complex systems such as Str.I 

methane hydrate the results obtained from the CP 

experiments are usually quite similar to the 

quantitative data of the BD experiments, but they 

certainly required more effort. One should note 

that the accuracy can be significantly improved if 

T‟s are measured independently. To sum up, 

shortening of the accumulation time because of a 

shorter repetition time in CP experiment can turn 

into a fairly time consuming  relaxation time 

measurement, saving little if any time, if 

quantitative data are required. 

 

The CP experiment, however, has some other 

advantages. Because of the CP sensitivity to the 

mobility of the molecules, it can be used for the 

purpose of spectral editing. At short contact times 

only signals originated from carbon atoms in 

immobile molecules and in close proximity to the 

protons (i.e. encaged) are observed. The signals 

from mobile species such as free non-caged 

molecules will be completely filtered out. Such a 

spectral editing is demonstrated in Figure 4 for 

Str.II  mixed i-Butane/CH4  hydrate.  

 

sII (16S 8L 136H2O)

2
6
.5

2

2
3
.7

4

-4
.4

2

-8
.1

0

(ppm)
-14-10-6-226101418222630343842

CP MAS

HPDEC MAS

(1CH3)3
2CH

1

2

CH4(S)

CH4(L)

 
Figure 4. 

13
C CP MAS and 

13
C HPDEC spectra of 

Str.II  mixed i-Butane/CH4  hydrate. 

 

Three sharp signals at 25.1, 24.1 and -10.8 ppm 

found in the 
13

C HPDEC MAS are completely 

absent in the CP MAS spectrum, and assigned to 

free i-Butane and CH4  molecules adsorbed on the 

surface of hydrates.  

 

The variations in the guest and structural type of 

hydrate can have a very profound effect on the 

dynamics in the lattice of hydrates, causing 

dramatic changes in the spectra.  A certain degree 

of caution needs to be exercised when the CP is 

used in characterization of hydrates.  Figure 5 

shows 
13

C HPDEC and CP MAS spectra of a 

synthetic mixed hydrate prepared from TBME and 

methane. The HPDEC and CP spectra recorded at 

different conditions show some significant 

differences. 
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Figure 5. Cross-polarization (a – contact time 400 

s, b - contact time 4 ms) and HPDEC (c) 
13

C 

MAS spectra of synthetic mixed hydrate prepared 

with TBME and methane. Inset shows expanded 

region of CH4 signals in spectrum b and c. 

 

The cross-polarization spectrum recorded with a 

very short mixing time suggests that the sample is 

entirely Str.H mixed TBME/CH4 hydrate (trace a). 

The spectrum recorded at a moderate mixing time 

of 4 ms, however, shows absolutely no signs of 

Str. H. Instead, the spectrum demonstrates two 

signals at -4.2 and -6.6 ppm with a relative 

intensities ratio close to 1:3, a clear sign of Str.I 

methane hydrate. The observed HPDEC spectrum 

is in essence a superposition of two previous 

situations plus some minor signals from free 

TBME. Evidently we have here a mixture of Str.I 

methane hydrate and Str.H mixed TBME/CH4 

hydrate. 
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Figure 6. Signals‟ dependencies on the contact 

time for this Str. H mixed hydrate. The curves are 

fitted based on equation 2 with the parameters 

reported in Table 1. 
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Table 2.  T1 an TCH/T relaxation data at 173 K 

for Str.H TBME/CH4 and Str.I CH4 hydrates. 

 

Variations in the lattice dynamics in these two 

different hydrates produce a situation when under 

certain experimental conditions only one hydrate 

is observed with the total suppression of the 

signals from the second hydrate.  Figure 6 

illustrates the dependence of the signals in the 

cross-polarization spectra of the discussed sample. 

One can see that in Str.H hydrate the build up and 

decay of the signals are much faster than those in  

Str.I, resulting in a complete loss of the signals 

from Str.H at longer mixing times that are 

favorable in detection of Str.I. All in all, this 

example shows how easily the experimental 

results can be misinterpreted if an incomplete set 

of data is acquired.   

 

Requirement of a very fast spinning limits the 

experiments to structural and compositional 

studies in equilibrated samples. Most of the NMR 

studies pertinent to hydrate research were 

performed with spinners open to atmospheric 

pressure and representing open systems, although 

there were some recent attempts to use SS NMR to 

follow decomposition of hydrates in sealed tubes 

by increasing the temperature [8]. Inability to 

provide a constant supply of gas at elevated 

pressure to a fast spinning sample effectively 

limits applications of the SS NMR in studies of 

hydrate formation to a “stopped flow” type of 

experiment. Here, the reaction is allowed to 

progress for a certain period of time, after which it 

is abruptly stopped (i.e. by a very fast freezing) 

followed by the analysis of the products. 

 

We attempted this type of experiment studying the 

partitioning of the higher hydrocarbons during the 

formation of mixed hydrates of methane with the 

isomers of butane. In this experiment a small 

amount of ice (3g) was pressurized to 23 bar at -

3°C with the mixture of 2% isobutene, 2% n-

butane, and 96% methane in a 300 ml stainless 

steel reactor for a measured period of time 

followed by cooling in liquid nitrogen. The time 

development of hydrate composition was analyzed 

by 
13

C HPDEC MAS NMR.  
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Figure 7. 
13

C HPDEC MAS spectra (T=173K, 

2500 Hz) of hydrates formed from interaction 

between ice and the mixture of 2% isobutene, 2% 

n-butane, and 96% methane at -3
o
C for indicated 

periods of time. The asterisks above the spectra 

indicate the signals from free (un-reacted) butanes. 

The assignment of other signals is as shown.  

 



Some selected spectra taken at different reaction 

times are shown on Figure 7. The development of 

composition is summarized in Figure 8. NMR data 

indicate that only Str. II hydrate is formed under 

the given experimental conditions from the gas 

mixture used. A substantial amount of un-reacted 

butanes can be found at short times of exposure, 

which gradually disappear with increased reaction 

time. Both i-butane and n-butane occupy only 

large cages. Methane occupies mainly small 5
12

 

cages, nevertheless some small amount of methane 

also resides in the large cages of the hydrate.  
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Figure 8. Time development in composition of 

Str.II hydrate prepared from the mixture of 2% 

isobutene, 2% n-butane, and 96% methane (23 bar, 

-3
o
C) . 

 

Although the concentrations of butane isomers in 

the gas are the same, the concentration of n-butane 

comparing to i-butane in the hydrate is about half.  
Integration of the signals in the spectra 

demonstrates clearly that the composition of the 

hydrate at reaction times above 10 minutes is 

practically constant. This may be considered an 

indication of the relatively homogeneous 

formation of hydrate although this would need to 

be checked by localized measurements of the 

Raman spectrum.   

 
1
H and 13C MAS in mixed hydrogen hydrates. 

1
H 

MAS NMR studies of gas hydrates represent 

several specific challenges of different degrees of 

difficulty. First, due to a limited choice of material 

suitable for building the MAS stators, most of the 

probes have very strong proton background signals 

which in general will change with the temperature. 

The intensity of background signal can be so 

strong that it makes the BD spectra completely 

unusable. To a significant extent this problem can 

be alleviated by acquiring instead the spin-echo 

signals synchronized with the rotation of the 

sample. Acquiring of the echoes adds some extra 

difficulties in the spectral quantification. The 

intensity of the spin-echo signal decays with the 

echo delay  as  

]/exp[
20

TII  . (3) 

Any delay  >0.05*T2 will result in appreciable 

(though accountable) attenuation of the signal. In 

MAS spin-echo experiments  is to be set as a 

multiple of the inverse spinning speed n/MAS. 

With the large sizes of MAS spinners (6-8 mm ID) 

commonly used in the hydrate measurements, only 

relatively slow spinning speed of 2 - 5 kHz are 

usually achievable in low temperature 

measurements. Thus the shortest commonly 

achievable echo delay in MAS experiment is 

around 200-500 s.  The T2„s on the order of 

magnitude of 1 ms and shorter, however, are quite 

common for protons in molecules involved in gas 

hydrates. The result is a notable attenuation of the 

signal.  

 

This signal loss is not so important for the overall 

intensity of the signals since the sensitivity of 
1
H 

NMR is very high, but is critical for relative 

intensity measurements. Different protons in a 

molecule will often have different T2‟s, and for a 

quantitative intensity measurement this will 

require very accurate T2’s for each site. The 

limited spinning speed also results in incompletely 

averaged CSA and dipole-dipole interactions, thus 

broadening and only partially resolving the 

signals. While accounting for one dominating 

interaction such as the CSA in 
13

C can be done 

relatively well using simulation software, several 

interactions together can be very difficult to deal 

with.  

 

A situation requiring an account of the effect of a 

short T2 on signal intensity was encountered while 

studying the composition of mixed H2/CO2 

hydrate. Figure 9 shows a 
1
H MAS spectrum of 

such a hydrate recorded as a spinner-synchronized 

spin-echo. Three signals can be seen in the 

spectrum. The broader line at 6.59 ppm, based on 

its position and its presence in the spectrum of 

pure CO2/D2O hydrate, can be assigned to the 

residual protons in the D2O that was used in the 

hydrate preparation to reduce the total proton 

signal. 
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Figure 9. Spin-echo rotor synchronized 

1
H MAS 

(T=173K, 3000 Hz) of H2/CO2/D2O hydrate 

prepared from H2-CO2 mixture (3:2, 80 bar). Insets 

show the expanded region of the central signals 

and dependence of the signal intensities on the 

echo delay time.  

 

A prominent signal at 4.26 and a shoulder at 4.09 

ppm are from H2 molecules trapped in the hydrate 

cages. In addition to the chemical shift of the 

signals, which is close to the shift of molecular 

hydrogen, the assignment is also supported by a 

slow decrease of the signals with the time. The 

later is likely due to decomposition of hydrate at 

173K. In the course of three hours the combined 

intensity of the two signals reduces by about 30%.  

Because the T2’s of the protons in the sample are 

only 2 to 10 times longer than the shortest echo 

delay used, there is a notable attenuation of all the 

signals which has to be corrected. While the direct 

integration of the spectrum gives the relative 

intensities of the H2 signals as   2:1, the adjusted 

for T2 ratio is closer to 3:1. The absolute amount of 

hydrogen in the sample can be estimated by 

comparing the intensity with the spectrum of a 

reference with known concentration of protons and 

obtained in identical conditions. We found that 

THF/D2O hydrate is a convenient quantitative 

reference with sufficiently long T2‟s  for both 
13

C 

and 
1
H. In the H2/CO2 mixed hydrate studied, the  

total detected proton intensity corresponds to 1.24 

wt.%. In order to separate the contribution of 

residual protons in D2O, the experimental 

spectrum has to be simulated taking into account 

all of the spinning sidebands. Such a procedure 

results in a fraction of residual protons of 0.476, 

with 0.392 and 0.132 taken to be the fractions of 

the total intensity of the signals at 4.26 and 4.09 

ppm, respectively. If it were certain that all 

protons in the system contribute to the 
1
H NMR 

spectrum, the total of the two signals  would 

correspond to 0.65 wt.% . The uncertainty comes 

from the fact that the hydrogen molecule exist in 

the form of two spin isomers – ortho- and para-

hydrogen. These isomers result from parallel (spin 

1) or anti-parallel (spin 0), coupling of the nuclear 

spins, with only the ortho-isomer being observable 

by proton NMR.  

 

At room temperature different spin states have the 

same probability, but the spontaneous transitions 

between them are very slow. As a consequence, 

normal hydrogen behaves as a mixture of three 

volumes of ortho-hydrogen (parallel spins) with 

one volume of para-hydrogen (antiparallel spins).  

In the gas phase this ratio does not change much 

down to 150K. There have been very few studies 

regarding orto-/para–hydrogen in hydrates [29], 

and it is not entirely certain whether the ratio 

between orto- and para-states will be constant for 

hydrogen molecules entrapped in hydrate cages. If, 

however, the ratio is maintained, the total amount 

of hydrogen in the hydrate studied will be close to 

1 wt.%. Considering that this amount is preserved 

at ambient pressure, the result indicates a rather 

high stability of this mixed hydrate. We note that 

similar results were obtained for THF-H2 and CO2-

C3H8-H2 hydrates.  At this time it is not possible to 

say whether the signals at 4.09 and 4.26 ppm 

originate from H2 molecules in single and double 

occupied small (or even large cages of hydrate).  

 

From the PXRD the discussed hydrate is found to 

be Str.I, which has been confirmed by 
13

C MAS 

NMR (Figure 10).  
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Figure 10. 

13
C HPDEC MAS of H2/CO2/D2O 

hydrate prepared from H2-CO2 mixture (H2:CO2 = 

3:2, 80 bar). T=173K, spinning speed of 2500 Hz.  



The observed spectral pattern is characteristic of 

the CSA, as one may expect for CO2 molecules 

encaged in the 5
12

6
2 

cages of Str.I . Although only 

one signal can be resolved in the MAS spectrum, 

the observed pattern is likely not from a single site 

but a result of averaging over many possible 

orientations of CO2 molecules inside the cage, that 

are frozen at this low temperature. The total 

integral of the signal (again, THF hydrate has been 

used as an external quantitative reference) 

corresponds to 2.74±0.35∙10
21

 CO2/g, which is 

very close to a complete occupancy of the large 

cages. This leaves a large number of vacant small 

cages that can be filled with hydrogen. 

 

Conclusions. 
 

Applications of Solid State NMR have been 

demonstrated to a broad range of problem 

encountered in studies of gas hydrates. The 

technique can be a big help in solving many 

problems in gas hydrate research. This includes 

the analysis of the composition and structure of 

multi-component mixed gas hydrates, 

characterization of the natural gas hydrates, and 

evaluation of the formation conditions and 

properties of mixed hydrogen hydrates. The 

potential pitfalls of the method have been 

highlighted and sensible choices of experimental 

conditions and techniques that ensure accurate 

results are discussed. We expect that all these 

recent experimental developments will prompt 

wider application of Solid State NMR in hydrates 

research.      
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