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Detailed Study of Ice Clathrate Relaxation: Evidence for the Existence of Clathrate
Structures in Some Water—Alcohol Mixtures
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Dielectric relaxation technique (16-10"2 Hz) and differential scanning calorimetry are used to study the
existence of clathrate hydrates in aqueous solutions of a number of alcohols and non hydrogen-bonded liquids.
The aqueous solutions studied are those of methanol, ethanol, 2-profibltyl alcohol, acetone, and
p-dioxane. The corresponding sotitiquid phase diagrams are also determined to support the dielectric results.
Evidence for the existence of clathrate hydrates in 2-propandestidutyl alcohol is provided. The clathrate
hydrate of 2-propanol is metastable. No clathrate structure is found in methanol mixtures. The composition
of the new clathrate found in 2-propanol atedt-butyl alcohol is suggested to be around ABHA. 6H,0.

The clathrate hydrate relaxation (including that of the two hydrates of ethanol) has been studied down to its
kinetic freezing temperatur@; and is analyzed in terms of the Arrhenius equation. Also studied are the
relaxation rates of the clathrate hydrates of acetone, tetrahydrofurap;@dogane down to their respective

Tgs. The nature of the dielectric relaxation is discussed.

Introduction The voids in the clathrate hydrates are subject to attractive

The study of physicochemical processes in mixtures of water forces_ which will cause them to collapse unless the_vc_)ids_ are
with a variety of organic and inorganic liquids is of immediate ©ccupied by the “guest” molecules. Because of the limitations
relevance to many branches of chemistry and chemical technol-On the size of voids, all sufficiently hydrophobic molecules with
ogy. Apart from the work done on this front (for a review, see S1Z€S less than 6.6 A form clath_rates (prowde_d the molecule is
refs 1-4), the study of aqueous solutions is currently receiving Not t00 small). Apart from the size, the chemical nature of the
a lot of attentiofi® in view of the suspected micelle-like ~guest molecules also plays an important role. Approximately
structures on the water-rich side which are considered as100 clathrate hydrates are kn_owr) so far, .and interestingly, the
reference systems for more complicated agueous systems sucguest molecules do not contain either a single strong hydrogen
as surfactants, emulsions, and biopolymers. With this in mind, (H-) bond functional group (e.g., alcohols) or multiple H-bond
a lot of measurements have been reported in the past few yeardunctional groups (e.g., ethylene 9|y%ﬁ- Among the alco-
on the dielectric relaxatidf 26 and thermodynamfg 1720 hols, e_thanciF*?7 is the only alcohol which is found to be an
properties. Also of interest in these systems on the application €Xception to this rule. There is some ambiguity in the case of
front are the phase studies involving binary and ternary solvent Methandi® and intert-butyl alcohol, although the solidiquid
systems which are of immense use in various analytical phase (_jlagraﬁﬁ mphcateg a clathrate structure which is yet to
technique and also in the low-temperature preservation of be confirmed by either dielectric spectroscopy or X-ray analysis.
biological sampled!22As is well-known, the solid water formed There are seven predicted structures for the clathrate hydrates,
during the freezing of these systems at ordinary pressures carwhere there is no H-bonding interaction between the guest
also exist in a cubic form in the form of clathrate hydrates | species and the host framewdfkWith three exceptions, all
(or ice clathrates) besides the hexagonal jc¢&12° This area known clathrate hydrates have either structure | or Il or both.
of clathrate hydrate research is again receiving attention becauséccording to the survey conducted by Davidgdmolecules
of its astrophysicaf2” and biological implication&—1517-23.28-32 of diameter exceeding 5.8 A are not known to form structure |
It is interesting to see that the experimental results in the aqueousclathrate hydrates. Ethanol, which has a free diameterG6
solutions of alcohols which are of biological significance are A forms two hydrates; the stable one is found to be type Il and
interpreted in terms of a clathrate (like) structure of composition the other is found to be metastable whose composition is
of hexahydrates or pentahydrates. Hence, it is tempting to look suggested to be closer to that of type | (however, a different
at the corresponding solidiquid phase diagrams which should  view also exists on the exact nature of the stable clatHrée
reveal the presence of the clathrate structures. However, thebut no details are available on the exact composition of type |
existing experimental data on alcohols are not able to give the clathrate. Similarly the suggesf&ctlathrate structure of the
required information because of long crystallization times (see hexahydrate ofert-butyl alcohol cannot be justified to be a type
the Results section for details), and lamentable gaps exist inl clathrate in view of the large size of thert-butyl alcohol
the study of these systems. molecule. It appears that we cannot rule out the possibility of
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structures other than type | or Il in the case of alcohols, but technique’* Although, the DSC technique is very widely used
more information is required. (Sometimes the type |l clathrate for the determination of the sokdiquid phase diagram (PD)
hydrate suggested by Potts and DavidS8amreferred to as an  of aqueous solution®;*44” some researchers still have some
“improper clathrate® as the enclathrated molecules are not free reservations about the use of this technique for the PD study.
to rotate inside the voids.) Our earlier work* has shown that with aqueous solutions it is
Hence, a necessity is felt to critically examine the solid phase accurate tat0.5 K for the onset of melting (eutectic or clathrate
of the aqueous mixtures of alcohols using dielectric spectros- hydrate melting) but is less accurate for the liquidus melting. It
copy, for the possibility of clathrate hydrate relaxation. In this is with this limitation that the DSC results have to be examined
context, it is interesting to note that in some of the recent in addition to DSC’s known drawback as a dynamic technique.
articles34%the kinetic freezing of the clathrate hydrate relax- For the equilibrium PD studies we have used the dielectric
ation corresponding to some non H-bonding guest molecules method®* where the completely crystallized sample is heated
is referred to as glass transition and the clathrate hydrates (aboveat an approximate rate of 0.2&in during which the static
this transition temperaturg,) are referred to as plastic crystals dielectrice (—¢' at 100 kHz test frequency) is monitored as a
because of disorder in the host lattice. In view of these reports function of temperature from which the transition temperatures
we wish to critically examine the relaxation process of the are measure#.In our experience this method gives an accuracy
clathrate hydrates to see whether there are any commonalitieof melting to +1 K in most of the cases. There are some
in the relaxation of clathrate hydrates and that occurring in advantages with this technig&®(i) complete crystallization
plastic crystalé! We propose to do this by extending the can be ensured wherey falls to 1.05 n’r on complete
measurements to ultralow frequencies in the dielectric relaxation crystallization; (ii) the stability of the phases can be monitored

technique. by annealing the sample at intermediate temperatures; and (iii)
the appearance of the liquid phase can be identified as a high-
Experimental Section frequency dispersion.

ed Even with the above-said limitations of these techniques in
d the accuracy of the measured transition temperatures, the amount
" of information one gets with these techniques is so much that
they have become indispensable for the present study.

The water used in this study is of reagent grade deioniz
water and is obtained from M/s. Reckon Diagnostics Pvt. Lt
India. The water obtained from M/s. E. Merck, of HPLC grade,
is also used. Following are the details of the other liquids used
in this study: (1) 2-propanol or 2POH (HPLC, M/s. E. Merck,
India); (2) ethanol or EOH (AR Grade, M/s. E. Merck,
Germany); (3) methanol or MOH (HPLC; M/s. S. D. fine Chem. It is well-known that the dielectric relaxation process of the
Ltd., India); (4) 2-methyl-2-propanol aert-butyl alcohol or clathrate hydrate has a typical Cel€ole behavid® which is
tBOH (LR, M/s. S. D. fine Chem. Ltd.); (5) acetone or ACN given by
(AR grade, from M/s. S. D. fine Chem. Ltd.); (f)dioxane or
DXN (HPLC, M/s. CDH, India); (7) tetrahydrofuran or THF €(f) — e [ f\]e1
(HPLC, M/s. E. Merck, India). Te—e [1+ ' (f_)]

For the present work, a DuPont 2000 Thermal Analyst system

with q.uench cpoling accessory has been used for qlifferential wherefy, is the peak loss frequendhis the frequency is the
scanning calorimetry (DSC) study and HP 4284A precision LCR symmetric distribution parameter, arglande., are the low-
Meter (frequency range 20 to 16iz) has been used for the  and high-frequency limiting dielectric constants for the process
dielectric study. For the dielectric measurements in the ultralow- ynder consideration. The temperature dependenég iof the

frequency region of 10°% —107% Hz, a dc step response “intrinsic” region usually follow4® the Arrhenius form:
technique is usetf The DSC cell is calibrated for the temper-

ature using water and mercury, and for the cell constants at f = f g "ERD @)
different temperatures using naphthaleoderphenyl, water, m-— 0

mercury, and-pentane. Hermetically sealed sample pans made whereE is the activation energy, anfd is the preexponential

of aluminum weighing about 57 mg were used for DSC : e :
measurements (for further dgtails o_f the DSC m(_athod, the readergicéor:(%ﬁﬁ]négef tgrlleddt\r/]vgtr:/;rllueep(r&ogogbfgi?usegr?gylz‘.]/':gl \f/glrlue
may consulf[ ref 42). The dielectric C?” used in the study Is hexagonal icé? Using this as a guide, the relaxation behavior
made of nickel and is a tw_o-ter_mmal guarded_ electrode of the frozen samples is critically examined to determine the
assembly. The temperature calibration and controlllng, and the existence of clathrate hydrates. Sample-wise details of the results
accuracy of the cell, etc., are the same as detailed b&fore. are included here.

(1) Water—2POH. From the PD study of Rosso and
Carbonnet and Ott et aP8 it is not clear whether there is any

Although our main aim is to study the dielectric relaxation ice clathrate (like) structure in this binary system.
of the clathrate hydrates, a necessity has been felt to make a Figure 1 shows the DSC curves taken during heating for the
systematic study of the solidiquid-phase equilibrium to gauge  samples that were cooled normally (i.e., at a cooling rate of
the stability of various phases present during both the non- 5°—10°/min without annealing). One striking feature of these
equilibrium and equilibrium conditions, although at first glance DSC curves is that in samples with mole fractiap)(>= 0.1 an
it may appear as if we have been measuring the same thingadditional endotherm is seen at 232 K which grows in size with
that is already known. In our measurements we have taken carexy, but is diminished in size foky, = 0.19. The endotherms
of the time-dependent effects such as (i) crystallization, (i) shown at 175 and 222 K may be identified with the metastable
formation of clathrate structure for the hexagonal ice and eutectic and peritectic transitions given by Ott et®alsee the
remaining liquid, (iii) stability of the phases, and (iv) formation PD of Figure 1).
of the stable/unstable compounds. This has become possible Figure 2 shows the dielectric behavior of these samples in
by using the dielectric method in combination with the DSC the above concentration range in the form of Cdbole

Analysis of the Dielectric Spectra

1)

0 m,

Results and Analysis
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Figure 2. Cole—Cole diagrams showing the clathrate hydrate disper-
sion at different temperatures; in a sample of aqueous 2POH solution
with X, = 0.1107. (All the curves have the sagiende” scaling, but

only the origin of these graphs is shifted vertically along ¢ieaxis
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. ‘ [\ f\@ for the sake of clarity). Note the disappearance of the clathrate
— o) e z”/min. — dispersion at 236.2 K. The numbers along the curves are the frequencies

min. \) \/ in KHz.

168 168 758 378 TR 58 stable eutectic transition of Ott et #lshown in the PD given

T (K} in Figure 1. The details of our PD study are given in Table 1.
Figure 1. (Bottom) DSC thermograms taken during heating, for Figure 4 3h0W§ the temperature—dependence of the peak loss
aqueous solutions of 2POH which were cooled at a rate of abdit 10 frequencyfy, obtained by using eq 1, and the corresponding
min prior to the DSC run. The curves labeled correspond touEr parameters of eq 2 are given in Table 2, for the intrinsic region.

0.07 (sample weight= 14.7 mg); (2) 0.111 (9.1 mg); (3) 0.135 (9.4 Figure 5 depicts the temperature variation of the distribution
mg); (4) 0.148 (8.0 mg); (5) 0.191 (9.0 mg); and (6) 0.254 (10.5 mg). paramete

(Top) Also shown is the solidliquid phase diagram of ¥0—2POH. S
The thick lines are drawn through, what are believed to be, the (2) Water—EOH. Both the non-equilibriud?* and the

equilibrium points. Use is made also of the melting point data of Ott €quilibrium PDs of this system are known. This system exhibits
et al®® in drawing these lines. A vertical dashed line has been drawn two ice clathrate®-3” which are suggestétto be of the type |
atxm ~ 0.15, to show the clathrate hydrate existence in the metastable and Il. The clathrate of type Il is found to be staBland has
state. also been studied using dielectric spectrosctpgyowever, the
relaxation of the type | clathrate has not been studied previously
(C—C) diagrams. They clearly demonstrate a dispersion of the gnd neither has the nature of the type Il clathrate relaxation
type given by eq 1. Note that this relaxation disappears for pear its freezing temperature. We have filled this gap by studying
temperatures above 232 K indicating that the 232 K transition the relaxation of both clathrates in detail. To ascertain ourselves
corresponds to a clathrate hydrate decomposition. about the stability of the clathrate structure, we have repeated
The stability of this clathrate structure was studied and the PD measurements for various cooling rates using the
represented in Figure 3, parts a and b. In Figure 3a the DSCcombination of dielectric and DSC methods. For this purpose
scan and the dielectric behavior of the sample cooled normally the samples were annealed for a few tens of hours for
is shown. Figure 3b gives the corresponding data for the samecrystallization separately in a dielectric cell and were then moved
sample annealed above 232 K for a few hours. Note that theinto the DSC cell at low temperature for the measurement of
clathrate structure is absent in the latter sample. Another featuretransition temperatures.
of interest in Figure 3a is that there is no sign of any liquid Figure 6a shows two DSC curves for the same sample, well
below 222 K as is seen fromy, of the clathrate dispersion-@.2) annealed and fast quench-cooled, respectively. The dominant
which is not too different from the value of 1.08, wherenp features for both the curves are three endotherms. The endotherm
is the refractive index. On the other hand, in the annealed sampleat 148.9 K is not present in the quench-cooled sample. In
shown in Figure 3b, some liquid is present above 179 K addition the endotherm at 200.7 K is diminished in size and
transition, which can be seen from the fact that there is a two more prominent endotherms have appeared at 210.8 and
dispersion above (not below) 179 K typical of Celbavidson 215.3 K. The endotherms at 244.9 and 255.7 K are the liquidus
type characteristic of liquid relaxation (see ref 41 for the details). temperatures above which the samples are completely liquid in
Thus, it is tempting to identify this 179 K transition with the phase.

Heat flow (w,/g)
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TABLE 1: Summary of the Main Features of the Dynamic Phase Diagram
details of the

details of the

Sl second ice clathrate  eutectic transition
No. component type Tgq(K) Te(K) Xeapprox. nature of the equilibrium phase diagram (PD)
1 2POH I(?)(M) 232.0 180.0 eutectic with peritectic transition at 222 K and 255 K
2 EOH II(IIS/IS)) 211909.45 150+ 2 0.850 eutectic with incongruent melting at 199.5 K
3 MOH 157+ 1 0.850 eutectic with unstable 1:1 complex with an incongruent melting at of 171.5 K;
no evidence of any ice clathrate
4 tBOH I(?)(S) 266.5 264.6 0.075 complicated PD with evidence of complex formatignea0.33; on the water-rich
side the PD is eutectic with incongruent melting transitiofat
5 ACN 1(S) 253.2 1775 0.98 eutectic with incongruent melting transitiofyaind transition at 258.2 K
which is probably a peritectic
6 DIO 1(S) 259.7 257.1 0.165 eutectic with incongruent melting transitiory atith solid—solid transition in

dioxane at 272 K

aS: Stable; M: Metastablefy = decomposition temperature of the clathrdige= eutectic temperature$e = eutectic concentration; ?: not
certain.
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2.0r w 1 3 -1
1000 T &
\7:1 s L T = Figure 4. Arrhenius plot off, corresponding to the ice-clathrate hydrate
x . F €’ ot relaxation in water2POH system, for different, values. Note the
. w o A0 =1622K “kink” on the curve.
< 1.0k 100, %" .
F 0 e ! g TABLE 2: Details of Clathrate Hydrate Relaxation
p =3
0.5 range of
intrinsic Ty type of log fo E
0.0k 107 min " 2%min relaxation (K) (K) clathrate (Hz) (kJ/mol)
1. 2POH 182-231 232 1(?) 15.15 36.42
2. EOH 107168 2104 1(?) 16.27 38.66
-0. ?68 s m 1 ZI:B 58 121-199 199.5 1] 14.38 39.29
z 28 3.tBOH 242261 2665  I(?) 13.34  46.98
T(K) 4. ACN 168-249 253.2 I 13.50 32.15
Figure 3. Water—2POH system witlx,, = 0.1679. (a) DSC curve for - (13.12") (27.20)
a sample (of weight 10.9 mg) taken during heating after the sample 5. DXN 214-256 259.7 I 13.373  39.63
was cooled at a rate of ¥nin. The inset shows the corresponding (200-256") (=) (38.10")

Cole—Cole diagrams showing the clathrate hydrate relaxation at
temperatures above and below the equilibrium eutectic temperature of
(6) DSC ourve for e sample which was very well annealed at diferent . -0 (1€ previous wo it i inferred that in the case of
temperatures prior to cooling. Given in the inset are the corresponding Well-anneale(_j sample_, the_e_ndotherm at 148.9 K is due to the
Cole—Cole diagrams above and below the eutectic melting temperature €Utectic melting and is split into two because of the presence
of 179 K. Note the presence of liquid dispersion at 180.5 K (above the Of @ small amount of hexagonal ice along with clathrate Il which
179 K transition in the DSC curve). forms a separate eutectic with EOH. The endotherm at 200.7

+ Literature valued>47.50
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Figure 7. C—C plots for water-EOH system withx, = 0.405. The
number along the curves correspond to the frequency in KHz.{&) C
plot showing the dispersion in the partially crystalline sample obtained
by cooling at a rate of approximately’/inin. Note the presence of
both the liquid and the clathrate hydrate dispersions. (b ®lot for

the same sample that was very well annealed for transformatitn of

(1) tole ().

lization along the eutectic temperature due to rapid cooling. The
exotherm around 175 K is due to the conversion of hexagonal
ice to either of the two or both clathrate hydrates. Also it is
noticed that the final melting (or liquidus melting) temperature
is much higher than in the case of slowly cooled sample. The
endotherm at 210.8 K is present only at higher concentrations,
where it becomes increasingly stable toward higher concentra-
tions. For concentratior, > 0.225, the endotherm at 200.7 K

is found to be absent in the DSC scans taken for samples cooled
at a normal rate. Appearance of an endotherm at 200.7 K
requires prolonged annealing at temperatures just below this
temperature. The endotherm at 210.8 K appears to be due to
the decomposition of the clathrate | structure. The metastable
transition around 223 K is noticed to be present in samples with
Xm in the range 0.20.4 (see Figure 6b). Also, two more
transitions, at 237.5 and 244.5 K, are observed in a narrow
concentration range aroungh = 0.15. (Similar observations
were also made by Boutron and Kaufmaéhnvhich were
ascribed to the disordered clathrate structures).

Figure 6b shows the PD for the watedEOH system which
also reflects the transitions that have just been discussed. The
stable transition temperatures were also confirmed by using the
dielectric metho# discussed in the previous sections and are
also shown in the PD. (However, the transition temperatures
corresponding to the disordered clathrate structure are not shown

Figure 6. (a) Effect of the sample history on the DSC curves taken N the PD as these structures are probably not intrinsic in nature).
for a heating rate of Bmin for water-EOH mixtures of concentration In Figure 7 are presented two—~C plots corresponding to
Xn = 0.1752. The sample labeled well-annealed is actually annealed two temperatures where the metastable clathrate | (top) and the

for crystallization in a cryostat before it was shifted to the DSC cell at staple clathrate (bottom) are in evidence in the sample with
100 K. (b) The phase diagram of watdfOH system. The pointsX different thermal histories. The top graph is typical of the

shown along the dashed lines correspond to the various metastabled. lectric behavi fth I led les in th
transitions in the DSC scans. The open circles refer to the transition ielectric behavior ot the normally cooled samples In the range

temperatures obtained (for partially crystalline samples) using the 0.25 = Xm =0.5, where two relaxation processes can be
dielectric method. (The literature values are taken from ref 35,52). The observed.

vertical dashed line a¢, ~ 0.15 refers to the existence of a metastable From the shape of the corresponding C diagrams and with
clathrate | hydrate. the help of the previous studies the higher frequency process is
K is due to the decomposition of clathrate Il hydrate to stable identified with liquid dispersion and the lower frequency process
liquid and hexagonal ice. The quench-cooled sample does notwith clathrate | dispersion (Figure 7a). (Clathrate | is found to
show the eutectic melting because of lack of time for crystal- be stable enough for measurements to be taken downTg)its
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Figure 8. Arrhenius plot offy, corresponding to the clathrate hydrate
dispersions in watefEOH system. Also shown is thig (II) data of
Potts and Davidsof?.

However, at higher temperatures the two relaxations shown in
Figure 7a merge with each other making the measurement of
fm difficult. Hence, the relaxation frequency corresponding to

clathrate | could not be measured above 167 K. When the same

sample is annealed around 199 K for 6 to 7 h, the dispersion of
clathrate | disappears due to the collapse of clathrate | structure
and a new dispersion appears in its place which may be
identified with that of clathrate 1l (Figure 7b). The lower

frequency spur shown in Figure 7b decreases in magnitude at

lower temperatures, thus, facilitating the measuremert,of
without much problem.
Figure 8 depicts the temperature dependence dfthelues

thus measured for both the clathrates, and the corresponding

parameters are given in Table 2.

(3) Water—MOH. The available PE#52data on this binary
points to a 1:1 compound formation, but what is not clear is
whether there is any clathrate formati®or not. It is also not
clear whether the existing PD data refers to an equilibrium
situation or not. No dielectric relaxation measurements have
been made so far to clarify the existence of clathrate hydrate.

Figure 9 (upper curve) shows the typical DSC scan for a
completely crystallized sample of aqueous mixture of MOH on
the water-rich side. The dominant features of the curves are
the three endotherms.

Figure 9 (lower curve) depicts the temperature-variation of

T (K)
210
T

190 230 250 270
T T T T

Heat flow {w g )

720 %0 780

TIK)
Figure 9. DSC curve for Water-MOH mixture of,, = 0.1354 for a
heating rate of ¥min (upper curve). The dashed line is the sigmoidal
baseline set by the software for the calculation of the transition
temperatures. (The sample was crystallized in the dielectric cell before
shifting it to the DSC cell at 100 K). The lower curve is the
corresponding variation of the dielectric constantat 100 kHz
(approximately equal to the static dielectric constant of the liquid
dispersion) in a constant rate of heat experiment.
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the static dielectric constant for the same sample. The threeFigure 10. H,O—MOH (a) Variation with temperature of the dielectric
transition temperatures can be identified with the three endo- constante[= €' (100 kHz)] corresponding to the dipolar part, for
therms of the DSC scan. Note the sample in Figure 9 is completely crystallized and equilibrated samples in a constant rate of
completely crystalline below 161 K transition, as can be seen heat experiment in the region of the eutectic temperature. The curves

from the fact that the dielectric constant is approximately close correspond to different concentrations, as shown in the figure. Note
to the rigid crystalline value pp y the absence of eutectic melting at 161 Kfgr< 0.5. (b) The complete

phase diagram. The points shown by the symbgl¢orrespond to the
Figure 10a represents the stability of the phase below the DSC and those shown by the symbe) ¢orrespond to the dielectric
lower endotherm at 161 K, where the partially molten sample (equilibrium) method. In the diagram S(1:1) corresponds to the 1:1
was annealed around 167 K for a few-8) hours. For samples ~ compound; corresponds to the solid MOH, and L stands for liquid.
with x,, < 0.50, the samples again crystallize completely (as This probably refers to the equilibrium situation. From Figure
can be found from the correspondiggvalues in Figure 10a).  10a, the absence of the melting transition at 161 K for samples
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Figure 11. The phase diagram of Water-tBOH system shownxfpr 5,
< 0.48. The points shown correspondstdSC, °: dielectric method. 1% ©
The thick lines shown for liquidus lines correspond to the melting point g > 5 n m 4100
data given by Ott et & The vertical line atxy ~0.15 refers to the €’
approximate composition of the stables hydrates. Figure 12. C—C plots obtained in the solid phase of wat¢BOH

system of differentx’s. The numbers by the side of the curves
with x, < 0.50 may be noted. It is inferred that the lower correspond to the frequencies in kHz and the thick line corresponds to

endotherm at 161 K in Figure 9 corresponds to a non- the fits to eq 1. The curves numbered correspond togy 0.015,T

equilibrium situation. Figure 10b, gives the complete details of = 225.2 K,a.=0.311; (2) 0.0578, 224.7 K, 0.156; (3) 0.100, 221.2
our results in the form of PD. K, 0.194; (4) 0.143, 225.7 K, 0.156; (5) 0.167, 227.2 K, 0.244; (6)

. L. . . 0.25, 225.8 K, 0.290.
Thus, it appears that the transition at 161 K is the eutectic

temperature and that at 170.5 K is the incongruent melting g, \ve are not very sure whether this change is really significant
(decomposition) temperature of the 1:1 compound. [For mixtures 4 it js comparable to the experimental uncertainity. This needs
with Xm > 0.3, another endotherm in the DSC scans is observedy, e confirmed by other accurate measurements. It is also
du_rlng thg_course of investigation at temperatures around 175.5,i~ad in our DSC scans that for samples with> 0.1, an

K'in addition to the incongruent endotherm at 170.5 K. The gpqotherm at 266.5 K develops which increases in magnitude
former is found only in the rapidly cooled samples wighabove toward ¥ ~ 0.143-0.166, beyond which it decreases and
0.3 (and hence is not shown in Figure 10b). The origin of this gisannears altogether fer, = 0.33. The eutectic transition at

transition could not be ascertained]. . 264.6 K decreases in magnitude fgr > ~0.1 and disappears
We have critically examined the dielectric spectra of these zround 0.1430.166. At a concentration of, = 0.33 only one
mixtures at various concentrations and for non-equilibrium as engotherm located around 2734 0.5 K has been noticed
well as equilibrium conditions. We have failed to notice any indicating a stable 2:1 compound ob® and tBOH. Thus, it
relaxation in the frequency range®l® 1073 Hz, that can be  gppears that there is an incongruently melting hydrate corre-
ascribed to a _clathrz_ate hydrate. For completely crystallized sponding tox, = 0.143-0.166 in addition to a stable compound
samples, the dielectric loss showed low-frequency spurs char-atx = 0.33. These observations are in general agreement with
acteristic of space-charge or MaxweWagner polarization. those of the earlier reporg4s
There was no sign of clathrate hydrate dispersion. Using the dielectric relaxation technique, the samples at 10
4. Water—tBOH. This binary system assumes a lot of concentrations in the range of 0.0%5xy, < 0.33, have been
significance in view of the reports of the existence of clustering critically examined after proper annealing and thermal recycling
of molecules in the liquid state. Two critical regions are pelow 265 K. Very broad €C arcs are obtained for the
identified: forxy, < 0.05, a cluster of the type tBOH ¢B), is relaxation in the solid phase. For a comparison, the shape of
suggested,and change in the mixing scheme is proposed for these plots at the same temperature (of around 225 K) but for
Xm > 0.05. However, there is a disagreenteft3! about different concentrations, are shown in Figure 12. For lower
whether these clusters are of a fixed value ffioto have a concentrations, especially fof, < 0.055, the G-C plots are
clathrate-hydrate-like structure or not, and there is also a found to be slightly flatter than what is expected based on eq
suggestiot? of clustering of the type§H;0),1 tBOH} for 0.05 1, and in order to gef, values we had to force-fit the
< Xm < 0.16. The dielectric relaxation study of these solutions experimental values to eq 1. It appears as if theQplots for
by Mashimo and Miur¥ also reveal two critical concentrations  x. < 0.143-0.1665 are a superposition of two relaxation
of 0.03 and 0.17 which are again attributed to different types processes of nearly the same relaxation frequency. A significant
of clustering. These reports have tempted us to study thefeature of our study is that fox, > 0.143-0.166, all the
dielectric relaxation of the solid phase of these mixtures to verify dispersion is found to be associated with the 266.5 K transition
the existence of a clathrate hydrate (like) structure. To facilitate (see Figure 11), above which the dispersion was found to
our interpretation of the dielectric results, we have also critically disappear. Another significant feature of our study is that the

examined the PD for the regiog, < 0.44 using both the DSC  magnitude of this clathrate (like) relaxation disapppearsfor
and dielectric methods although the information on PD is already > 0.33, confirming a 2:1 compound formation of water and

available?845 tBOH. Thus, it appears to us that the transition at 264.6 K is
Figure 11 shows the results of our DSC and dielectric method due to the eutectic melting of water and the incongruently
in the form of PD. melting clathrate hydrate.

During the course of the investigation using DSC, we have  Figure 13 shows the temperature-variation unresolved relax-
noticed a slight change, by about 0.4 K, in the onset temperatureation frequency; it clearly shows that all the curves converge at
of the lowest transition at 264.6 K for concentratiops< 0.058. higher temperatures (we believe this to be the intrinsic region)
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Figure 13. Arrhenius plots of,, measured for the solid phase at several ) TIK)
concentrations of the system wat¢BOH. Also shown in the curve 30
are the high-temperature data corresponding to hexagor&{deshed i
line). 20 500 KHz
which is closer to that of hexagonal ice. The Arrhenius jol > 1000KHz ) . )
parameters for this relaxation are given in Table 2. We have 248 253 258 263 268
also noticed that the kinetic freezing of the relaxation processes T (K)

shown in Figure 13 corresponds to a small steplike change in Figure 14. Water—ACN system. (a) The solidliquid phase diagram.

the DSC curve, similar to that observed for the secondary The open circles are for very well annealed samples as in (a). The

relaxations in organic glassés. closed circles correspond to the less-annealed samples. (b) Variation
5. Water—ACN. The complete PD was determined by of ¢ at various frequencies with temperature in the region of the

. . . . . - clathrate hydrate melting for a well-annealed samplepf= 0.055.
Wilson and Davidsoff using thermal analysis and dielectric  gnown in the inset is the corresponding DSC scan for a heating rate of

technique. However, the details of the thermal analysis are not 1°/min for the same sample taken from the dielectric cell of the cryostat.
given clearly. In this study the thermal behavior of these The transition temperatures in the dielectric property are indicated by
mixtures is critically examined over the entire concentration arrows on the curves.
range.
Figure 14a shows the summary of the DSC results of the samples, and these values are found to be in good aggrement
annealed samples in the form of PD. (In addition to the with the corresponding data by Davidson et
endothermic transitions shown in Figure 14a, a small exothermic It may be noted that the dispersiondhdoes not disappear
peak with an enthalpy of transition 6f2.5 J mol was noticed  totally above 253.2 K corresponding to the clathrate Il decom-
during the first heating of the samples in the DSC cell. This position (see Figure 14b). Because of this feature, we have
feature was not found during subsequent runs of the annealedcritically examined the dielectric behavior of the samples at the
samples. This feature is clearly due to the conversion of concentrations betweexy, = 0.0154 to 0.350. We have not
hexagonal ice into ice clathrate. found evidence for any relaxation process other than the one
The endotherm at 177.7 K is not seen for concentrations lessthat can be ascribed to clathrate 1l and, hence, it is believed
than 0.055 in well-annealed samples. This value of 0.055 for that the transition shown at 258.2 K corresponds to an event
Xm refers to the clathrate hydrate 1l composition whichAis other than a (different) clathrate decomposition.
17H,0?2 (whereA is the second-component molecule). These  (6) Water—DXN. The PD of this system was published for
observations are similar to that given in ref 47. However, some the water-rich side by Nakayarffavhich clearly revealed the
additional features are observed for samples annealed for muchexistence of a clathrate Il hydrate. The dielectric relaxation of
longer time. At this point our PD is very similar to the one this hydrate was also studiéd? However, these measurements
suggested by Wilson and Davidsénexcept for a small were not extended to the lower-temperature side.
additional feature at 258.2 K (Figure 14b). In the samples that We have studied the PD of this system over the entire
are cycled between 163 and 213 K for about 6 to 7 h, one concentration range using both DSC and dielectric methods.
additional peak around 258.2 K is found in the DSC thermo- These results are entered in Table 1 and are similar to those of
grams (Figure 14b). Shown in the same figure is the corre- Nakayamd® (However, Nakayama did not study the PD on
sponding dielectric behavior which clearly shows both transi- the DXN-rich side).
tions. Given in Figure 16 are ouiy, values corresponding to the
Shown in Figure 15 are thi, values obtained using eq 1, clathrate Il dispersion down to its kinetic freezing temperatures.
corresponding to the clathrate Il dispersion found in the annealedThe corresponding parametexsare given in Figure 5 along
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with that of the other systems. The other details of the hydrate T K
relaxation are given in Table 2. Figure 16. Arrehenius plots off, of clathrate hydrate relaxation

Out of curiosity, the clathrate Il relaxation of the water measured at concentrations corresponding to the clathrate composition
THF system was also studied at a concentration correspondingin non H-bonded systems. Also shown in the figure are the points
to the clathrate composition down to its freezing temperature Coggezp?ggingkt_ol;fh? enttzamy relaxation S%%Ltemperatu)rs_i below

; ; L~ . (The “kinks" on the curves are shown by arrows.) The curves

gﬁl’p;g?urgeptﬁgisf?(idtr\}gfrg&::gessho(vﬂ?ir;lgFgS?e t1h6e ag(ljgtf;] e cqrrespond to the clathrate hydrate of (a) ACN, (b) THF, (c) DIO, [the
- . o points (x) correspond to the data taken from ref 55(b)], and (dj¥D
correspondingx value is entered in Figure 5. The curves (b), (c), and (d) are shifted along the flggxis by +2,

In addition, included in Figure 16 are the clathrate relaxation —2, and+4 units, respectively, for the sake of clarity.
data of ACN discussed in the previous paragraph and also that
of ethylene oxide studied by Davidson and WilSt@long with
the dielectric daf® on THF and the enthalpy relaxation d&t&
of others for comparison purposes.

molecules are too large to fit into a clathrate | structure. Thus,
it appears that the clathrate structure referred to as type | above
is probably different from both | and Il hydrates.

(2) H-Bonding Capability and Clathrate Formation.
Interesting correlation between H-bonding capability and clath-
rate formation can be noticed in our study. MOH which is

(1) Composition of the Clathrate Hydrate. It appears that capable of forming stronger H-bonds with water than EOH
the composition of the clathrate hydrate of 2POH and tBOH (because of its size and lesser steric hindrance to—téd
lies aroundx,, = 0.14-0.17 corresponding to that of penta- or group), does not form clathrates; instead it prefers a 1:1
hexahydrates. This can be seen from the fact that the strengthcompound formation with water. In this context, we have
(e0 — €«) Of the dielectric dispersion of the hydrate reaches a investigated the behavior of 1-propanokat= 0.143 and 0.33,
maximum around these concentrations (see Figures 2, 3, andcbut found no evidence of clathrate structure (this is a preliminary
12). To assign an exact hydrate composition based on our studyinvestigation); whereas 2-propanol with #©H group blocked
is not possible for the case 2POH and EOH (hydrate |) becauseby the neighboring-CHs groups forms slighty weaker H-bonds
of the unstable nature of these hydrates which interferes with with water as compared to 1-propanol which, interestingly, is a
the accuracy in the measured dielectric strength of the clathrateclathrate former. Similar correlation exists among the ACN
dispersion. These clathrate hydrates have.amalue of 3.2- ((CH3)2C=0) and dimethyl sulfoxide ((C§).S=0O) where, in
3.5 (Figures 2, 3, and 12) which is not too different from the the latter molecule, the-S=O group is known to form stronger
rigid lattice value of~1.05n?p, indicating that the guest alcohol  H-bonds than the-C=0 group with water moleculeg:3*ACN
molecule is probably H-bonded to the host lattice and, hence, forms structure Il hydrate (Figure 14b) whereas clathrate
cannot rotate independently of the host lattice molecules. (This structure does not exist in the latter, and in fact, DMSO forms
was shown to be the case with the structure Il hydrate of ethanoltwo compounds with waté¥34in the solid phase. Similarly the
which was studied in better detail by Potts and David3on clathrate-forming capability of EOH vanishes if one H atom is
The largea -values for alcohol hydrates shown in Figure 5 are replaced by a-OH group. This is the case of ethylene glycol
probably a result of a large number of def&&t&! introduced which forms a 1:1 compound with water in the solid ph#s¥.
by the guest molecules which are believed to be responsible (3) Dielectric Relaxation and the Shape of lodny, vs 1/T
for the reorientation of the water molecules. However, if the Curves. The most successful mechanism proposed to account
sizes of 2POH and tBOH are taken into consideration, these for reorientation of water molecules in ice is that of BjerfrsP-61

Discussion
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and is adopted for ice clathrate relaxation as V&P In this 17-20 and the ice-clathrate structure in the solid phase. This does
model, the defect generated intrinsically by thermal excitation not seem to be true for MOH.

of the normal water molecule affects the reorientation of many
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