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a b s t r a c t

Low field (2 MHz) Nuclear Magnetic Resonance (NMR) proton spin–spin relaxation time (T2) distribution
measurements were employed to investigate tetrahydrofuran (THF)—deuterium oxide (D2O) clathrate
hydrate formation and dissociation processes. In particular, T2 distributions were obtained at the point
of hydrate phase transition as a function of the co-existing solid/liquid ratios. Because T2 of the target
molecules reflect the structural arrangements of the molecules surrounding them, T2 changes of THF in
D2O during hydrate formation and dissociation should yield insights into the hydrate mechanisms on a
molecular level. This work demonstrated that such T2 measurements could easily distinguish THF in
the solid hydrate phase from THF in the coexisting liquid phase. To our knowledge, this is the first time
that T2 of guest molecules in hydrate cages has been measured using this low frequency NMR T2 distri-
bution technique. At this low frequency, results also proved that the technique can accurately capture the
percentages of THF molecules residing in the solid and liquid phases and quantify the hydrate conversion
progress. Therefore, an extension of this technique can be applied to measure hydrate kinetics. It was
found that T2 of THF in the liquid phase changed as hydrate formation/dissociation progressed, implying
that the presence of solid hydrate influenced the coexisting fluid structure. The rotational activation mea-
sured from the proton response of THF in the hydrate phase was 31 KJ/mole, which agreed with values
reported in the literature.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Gas hydrates, also known as clathrate hydrates, are ice-like
compounds in which water molecules, under high pressures and
low temperatures, form structures composed of nano-scale poly-
hedral cages that host small guest molecules such as methane
and ethane [1]. The importance of gas hydrates has been realized
in many areas, including flow assurance [2], global climate models
[3], and potential future energy resources [4]. However, the knowl-
edge of molecular mechanisms of hydrate formation/dissociation
has been proven to be one of the continuing puzzles of physical
chemistry despite enormous prior research efforts devoted to this
subject [5–18]. Understanding at this fundamental level has been
hindered mainly by the lack of experimental tools that are capable
of directly observing the hydrate phase and sensitive enough to de-
tect rapidly changing molecular motions and environments.

Low frequency NMR spin–spin relaxation time (T2) distributions
have been routinely applied in the petroleum industry to charac-
terize rock matrix and measure downhole fluid properties [19].
Although many NMR studies on gas hydrates have been reported
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in the literature [20–23], most of those works focused on the solid
phase at low temperatures and high frequencies where the long
correlation time limit applies. Low field NMR techniques have
rarely been used for hydrate studies because of the lower signal
to noise ratio and because it was unclear that encaged molecules
would exhibit motional narrowing—even at these low fields. An at-
tempt by Schlumberger [24] to measure T2 distributions in meth-
ane hydrate using a 2 MHz Resonance Instruments (RI) Maran
spectrometer failed in obtaining methane T2 data in the hydrate
cages. Garg et al. [25] reported the proton line widths of THF in
D2O hydrate at various temperatures, which were measured by
wide-line spectroscopy at 16 MHz. It was suggested that THF mol-
ecules undergo rapid isotropic rotations in D2O clathrate cages.
Assuming Gaussian lineshapes, this data would indicate T2’s of
about 0.5 ms for THF at 207 K, which should be long enough to
be measurable by a 2 MHz RI Maran spectrometer that has receiver
dead time of 60 ls. Since T2 is an indicator of the local molecular
ordering around the spin-bearing molecules, the T2 distributions
of THF in D2O during hydrate transitions should provide a new
way of gathering information regarding hydrate molecular
mechanisms.

In this work, proton NMR T2 distribution measurements were
used to monitor THF/D2O hydrate formation and dissociation pro-
cesses. THF forms Structure II hydrate [25,26] and THF molecules
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occupy only the large clathrate cages in the solid hydrate lattice.
Results demonstrated that the T2 distribution of THF molecules
in D2O clathrate cages can be fully captured with a 2 MHz RI Mar-
an coincidently with the T2 distribution of THF molecules within a
coexisting liquid phase. To our knowledge, this is the first time
that the 2 MHz NMR T2 distribution technique has been success-
fully applied to study gas hydrates. The influence of a hydrate
phase on the coexisting fluid structure [27] was also suggested
by the change in T2 of THF in the liquid phase as the solid to liquid
ratio changed at the hydrate equilibrium temperature. Since the
area under the proton T2 distribution of the hydrate phase repre-
sents the population of the enclathrated THF molecules, an exten-
sion of this technique can provide information on intrinsic
hydrate kinetics.

2. Experimental

The schematic of the experimental setup was shown in Fig. 1.
D2O was chosen instead of H2O to form hydrate with THF because
D2O does not respond to proton NMR and therefore the proton re-
sponse of THF can be studied without interference. HPLC Grade
THF (99.97%) was obtained from Sigma–Aldrich in inhibitor free
form and it was supplied under a nitrogen atmosphere. T2 mea-
surements of the protons in THF in D2O (Cambridge Isotope Labo-
ratories, D 99.9%) were obtained with a 2 MHz RI Maran NMR
spectrometer using Carr–Purcell–Meiboom–Gill (CPMG) tech-
nique. This instrument has a receiver dead time of 60 ls. Data were
acquired using the RiNMR software and processed using the WinD-
XP program.

The temperature of the spectrometer has to be kept constant at
30 �C to maintain the stability of the system’s permanent magnet.
Therefore, a thermal insulation material was placed along the in-
side surface of the sample bore as an Air-Jet temperature control-
ler-supplied dry air to control the sample temperature. This
controller is capable of providing air temperature from �40 to
100 �C with 0.1 �C stability. A glass bottle with a cap that has a Tef-
lon liner was used to contain 20 ml of THF–D2O solution (molar ra-
tio 1:17) and was tightly sealed to prevent THF evaporating into
the environment. The sample was weighed and no THF loss was
detected after two weeks. A LUXTRON fluoroptic thermometer
was mounted into the glass container through the cap to monitor
the sample temperature with a resolution of 0.1 �C. A dummy
experiment was performed with everything in place but no THF–
D2O in the sample bottle to make sure that there was no unwanted
proton signal.

Since trace amounts of oxygen may alter the T2 of THF signifi-
cantly, pure D2O and THF liquids were deoxygenated separately
in a closed glove box with nitrogen environment. D2O and THF
were contained in two separate Teflon bottles. The gas phase above
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Fig. 1. Experimental schematic.
the liquid phase was periodically flushed with nitrogen gas and the
bottles were periodically shaken to facilitate the diffusion of oxy-
gen out of the liquid phase. After the gas phase had been flushed
six or seven times over a period of 12 h, THF and D2O samples were
accurately weighted on a precision balance from METTLER TOLEDO
in a nitrogen environment and mixed on a molar basis of 1:17 in
the glass bottle. This is the same concentration of THF as in the hy-
drate phase. Therefore, as hydrate forms, the liquid phase compo-
sition should not change. Moreover, it has been shown in
interferometric studies [28] of the growth of hydrate crystals from
THF/H2O = 1/17 molar ratio solution that the THF concentration re-
mains unchanged throughout the growth process. The sample was
then sealed and moved into the Maran for measurements. It was
carefully placed in the ‘‘sweet spot” of the magnet, the spot where
the magnetic field is the most homogenous.

Contrary to occasional assertions in the literature that a water/
THF solution is homogenous with any mixing ratios, a thorough
review of the broader literature revealed that such solution is
actually heterogeneous on a microscopic level and this heteroge-
neity has been established in many laboratories, [29–32] even
for water–methanol mixture. [33] Liquid THF is in the form of
small clusters dispersed in the water phase. In a recent paper
[34], we reported that the proton spin lattice relaxation time
(T1) of THF in D2O, after THF hydrate dissociation, was consis-
tently smaller than the fresh THF–D2O mixture before hydrate for-
mation. Because THF and D2O molecules are homogenously
stacked in hydrate structures, it was suggested that the THF–
D2O solution became more microscopically homogenous after hy-
drate dissociation compared to a freshly mixed THF–D2O solution
and it could be the cause for the T1 divergence. To ensure that the
THF–D2O solution was already homogenous and in its equilibrium
configuration before hydrate formation, in this study, the freshly
mixed THF–D2O solution was first turned into hydrate and subse-
quently dissociated. It was warmed up to 35 �C for about 2 h to
eliminate any possible remnant hydrogen bonding structure
[35]. T2 measurements were started as the sample was cooled
down in steps until the point of hydrate nucleation, which was
identified by the sudden rise of the sample temperature. The tem-
perature of the cooling air was then adjusted to slow down the
hydrate formation rate for better T2 measurements. After each
measurement, WinDXP program was executed to calculate the T2

distribution. This program utilizes the BRD (Butler, Reeds and
Dawson) algorithm [36] with zeroth order regularization to per-
form continuously distributed exponential fitting on the raw
NMR data. The more homogenous the sample, the narrower and
more symmetrical its T2 distribution peak will be. More details
can be found in the latest WinDXP user manual. Each experiment
required about 5–10 min to complete, depending on the number
of scans and the delay time between two consecutive scans. The
relaxation delay time should be longer than 5T1 to allow the spins
to fully recover before next excitation. After complete hydrate for-
mation, marked by the disappearance of the THF liquid peak in
the T2 distribution, the sample was further cooled down to mea-
sure the T2 behavior of THF in clathrate hydrate with regard to
temperature. Then the sample was warmed up to slowly dissoci-
ate the hydrate and the temperature was subsequently raised to
room temperature in steps.

3. Results and discussion

T2 distributions of THF in D2O during hydrate formation were
presented in Fig. 2, along with the T2 distribution before hydrate
formation at the THF/D2O hydrate equilibrium temperature
�7.5 �C, which was determined in this work. It is evident that
THF in the hydrate phase and the coexisting liquid phase can
be easily distinguished as two well resolved populations. The
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Fig. 2. T2 distributions of THF in D2O at different hydrate conversion percentages during hydrate formation, compared with the T2 distribution of THF in D2O before hydrate
formation at the hydrate equilibrium temperature. Y-axis is dimensionless.
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T2 of THF in the hydrate phase centers around � 2–3 ms, but its
distribution is broad and spans two orders of magnitude, which
is in agreement with the observation of THF behavior in the hy-
drate phase reported by Garg et al. [25]. T2 of THF in the liquid
phase changed from 4.2 to 3.5 to 2.0 s as the percentage of hy-
drate in the sample increased from 0% to 55% to 90%. The accu-
racy of the T2 data in this work is ±3.07%. The liquid THF signal
disappeared after complete hydrate formation, leaving only the
NMR response from THF in the hydrate phase, which confirmed
the good stoichiometric control of the THF/D2O solution. The
temperature across the sample was uniform at the hydrate equi-
librium temperatures, as confirmed by temperature readings at
various sample spots. As shown in Fig. 3, during hydrate forma-
tion, the hydrate peak area increased while the liquid peak area
decreased. The sum of hydrate and liquid peak areas was con-
served. This confirmed the technique’s ability of fully capturing
THF molecules in the hydrate cages. In Fig. 2, there was often a
small fraction of THF population between THF in the liquid phase
and in hydrate phase, indicating a possible intermediate structural
state. This phenomenon has not been thoroughly understood.

The dependence of ln(1/T2) on 1/T (T is temperature in K) during
cooling, hydrate formation, hydrate dissociation, and warming up,
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Fig. 3. Peak areas of THF in liquid phase and hydrate phase during hydrate
formation as a function of time. Lines were added to guide the eyes.
was plotted in Fig. 4. Garg et al. [25] concluded that THF molecules
undergo extremely fast isotropic rotations in D2O clathrate cages
when the temperature is higher than 250 K. Therefore, under the
conditions of interest in this work, THF proton spins in both the so-
lid and liquid phases should relax by mainly the same intra-di-
pole–dipole interaction mechanism [34]. According to NMR
theory [37], the rotational activation Ea can be calculated from
the slope of ln(1/T2) � 1/T if the rotational motion is in the extreme
narrowing region and Arrhenius equation sc ¼ so expðEa=RTÞ is as-
sumed. In this equation, R is the universal gas constant; sc—re-ori-
entational correlation time; so—time constant at infinite
temperature; Ea is a measure of local molecular ordering around
the NMR responding molecules. The ln (1/T2)�1/T relationship
changed its slope during cooling. The data could be fitted into
two different linear regions with each R-squared value better than
0.99. This slope deviation [15] during the cooling process was ob-
served previously. The deviation point was located 1–2 �C above
the hydrate equilibrium temperature. This deviation suggested
that the molecular environment around the THF molecules in the
liquid phase changed as the temperature was decreased below
the hydrate equilibrium point. The detailed mechanism is still to
be understood.
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Fig. 4. T2 behaviors of THF in D2O solution at different temperatures and conditions.
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Our earlier work [27] reported that T1 (measured at 85 MHz) of
liquid THF in D2O during hydrate transition varied as hydrate for-
mation or dissociation progressed. This implies the fluid structure
during hydrate transition was different from the fluid structure in
which hydrate was not present. T2 (measured with a 2 MHz mag-
net) results from this work also changed with the progress of hy-
drate transition at constant temperature. Fig. 5 presented the T2

of THF in D2O solution as a function of the liquid phase fraction
during hydrate transition—the less the liquid, the shorter the T2.
The combined observation of longer T1 [34] and shorter T2 in the
bulk liquid phase during hydrate phase transition strongly sup-
ports the proposition that the presence of a hydrate phase influ-
ences the hydrogen bonding network of the coexisting liquid
phase. Hydrate transition was held at certain solid-to-liquid ratios
for many hours. No T2 change with time was observed, which sug-
gested that this hydrate influence on the liquid structure was not
transient but stable. T2 during melting was slightly shorter than
T2 during forming (Fig. 5), but the difference was too small to yield
a definitive trend.

T2’s of THF in the hydrate phase were measured in the temper-
ature range of �260–275 K, plotted as ln(1/T2/ms)–1/T/K in Fig. 6.
Combined with the Arrhenius equation sc = so exp(Ea/RT) the slope
of ln(1/T2/ms)–1/T/K yielded an activation energy of 31 KJ/mol.
Considering that the temperature range in this work was limited,
this value fortuitously agreed with the activation energy given by
Garg et al. [25], �30 KJ/mol, and the value reported by Hayward
and Packer [38], 33 KJ/mol. Garg et al. [25] assigned this value to
the motion of D2O in the clathrate lattice.
Ea = 31KJ/Mole
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Fig. 6. T2 of THF in D2O clathrate cages in the temperature range of 260–275 K,
plotted as ln(1/T2/ms) vs. 1/T/K.
4. Conclusions

T2 of THF in D2O clathrate cages was obtained by the low field
NMR T2 distribution measurements, which gave a mean value
about 2 ms at �7.5 �C. It was demonstrated that the T2 distribution
technique is a valuable tool for investigating clathrate hydrate
mechanisms. It is capable of obtaining dynamic molecular infor-
mation of both hydrate phase and the coexisting liquid phase
simultaneously during hydrate transition. Due to its ability of di-
rectly measuring the extent of hydrate conversion in a timely man-
ner, extension of this technique can be potentially applied to
gather hydrate kinetic data.

As temperature decreased from higher to lower regions, the
slope ln(1/T2)–1/T shifted to a larger value, indicating the motion
of THF molecules underwent a certain transformation. T2 of THF in
D2O solution decreased as hydrate formation progressed. Com-
bined with previous observation that T1 became longer during hy-
drate phase transition, this shortening of T2 confirms that the fluid
structure changed as more hydrate was present. The activation
energy measured from the proton response of THF in hydrate
phase was calculated to be 31 KJ/mol in the temperature range
260–275 K, which agreed with the values reported in the
literature.
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