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The structure and composition of bromine clathrate hydrate has been controversial for more than 170 years
due to the large variation of its observed stoichiometries. Several different crystal structures were proposed
before 1997 when Udachin et al. (Udachin, K. A.; Enright, G. D.; Ratcliffe, C. |.; Ripmeester,J].Am.

Chem. Socl1997 119 11481) concluded that Biforms only the tetragonal structure (TS-1). We show
polymorphism in Bs clathrate hydrates by identifying two distinct crystal structures through optical microscopy
and resonant Raman spectroscopy on single crystals. After growing TS-I crystals from a liquid bromine
water solution, upon dropping the temperature slightly betosw’C, new crystals of cubic morphology form.

The new crystals, which have a limited thermal stability range, are assigned to the CS-II structure. The two
structures are clearly distinguished by the resonant Raman spectra of the enclathyardddBrshow long
overtone progressions and allow the extraction of accurate vibrational parameters321.24- 0.1 cnt?

andweXe = 0.824 0.05 cnt in TS-l andwe = 317.54+ 0.1 cn! andweXe = 0.70+ 0.1 cnTtin CS-II. On

the basis of structural analysis, the discovery of the CS-II crystals implies stability of a large class of bromine
hydrate structures and, therefore, polymorphism.

Clathrate hydrates are a ubiquitous class of crystalline TS-I, consists of & (D), 51262 (T), and 3%° (P) cages, in a
inclusion compounds with nonstoichiometric composition, 10:16:4 ratio, in a unit cell comprised of 172 water molecules
consisting of guest molecules trapped in a lattice of polyhedral (Figure 1a).
water cage$.The resurgence of interest in this fascinating class  Here, we report that this conclusion is not quite correct. When
of solids is, in part, motivated by the recognition of the vastness tetragonal bromine hydrate, in equilibrium with its mother
of natural deposits of methane hydrdtesmd their potential liqueur, is slowly cooled through-7 °C, a phase transition
global implications with respect to energy and the environ- occurs. New crystals are formed on the surface of the tetragonal
ment34 Understanding the stability and structures of clathrate Crystals, which grow at a much faster rate than the original. On
hydrates remains a challenge since they are controlled by athe basis of morphology and resonance Raman spectra, the new
delicate balance of hydrogen bonding within the lattice and weak ¢'yStalline phase can be identified to have a cubic type-ll
interactions between the water lattice and the guest molecule..StrUCture (C.S'”.)’ Wh'c.h consists O?ZS(D) and 3% (H) cages
Bromine hydrate was one of the first clathrate hydrates in a 16:8 ratio, in a unit cell comprised of 136 water molecules
discovered and played an important role in the development of (F|g_ure 1b).
models describing thermodynamic stability and physical proper- _ Single crystals of Brhydrate of the known TS-I structure
ties of clathrate hydratésNevertheless, since its discovery in @) were grown frqm a saturated solution ofBmd d'St'"?d
1828 by Lowig® the structure and composition of Brydrates ther n-a two-window cell at #C. The cr_ystals, which
has been controversial. The reported hydration numbers, Whi(:hp”rln.arlly bglon?ed too the tet_ragonal_l%lpﬁramld;al_l class_, ha(fj a
varied between 7 and 122 were previously assumed to arise -Tg ;[IEQ point © 5.8°C, consistent with the meflng point 0

) ' -I bromine hydrate. Cooling the sample belew °C initiated
from polymorphism, that is, more than one crystal structfre. a rapid growth of new crystal@) with very different morphol-
In 1997, the mystery of the bromine clathrate structure was ygies (Figure 2b). Single crystals grew either as thin plates,
believed to be resolved through single-crystal X-ray diffraction needles, or regular octahedra bound bg1} faces. This crystal
studies by Udachin et &t They concluded that “... different  hapit is characteristic of CS-II clathrate hydratesych as those
crystals of distinct compositions (#8.62H0 to Br,/10.68H0) of THF314and Kr15 In analogy with these known structures,
and morphologies showed that there is just a single structureit is suggested tha? belongs to the same symmetry group,
(tetragonal, the structure originally proposed by Allen and namely,Fd3m. After the crystals reached dimensions of-50
Jeffrey) with considerable variation in the degree of occupancy 150 um, the surrounding liqueur was frozern {17 °C), and
of the large cages!t The identified tetragonal crystal structure, the temperature was dropped @45 °C to record resonance

Raman (RR) spectra. Once frozen in idesurvives cooling

* To whom correspondence should be addressed. E-mail: kerensk@down to =45 *C. In contrast,2, which has a RR spectrum
uci.edu. P ' -9 distinct from1, slowly converts to a polycrystalline mass with

T E-mail: aapkaria@uci.edu. the same RR spectrum as thatlofWhile we do not know the
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Figure 1. Parts of the polyhedral network in the TS-I (1a) and CS-lI
(2b) bromine hydrate structures. D, T, P, and H are standard notations
for the convex polyhedra formed by hydrogen-bonded water molecules.
Since the unstrained tetrahedral angle-d09 is closest to the interior
angle of a regular pentagon, T08naximally hydrogen-bonded water
networks are obtained in polyhedra having the maximum number of
pentagonal faces. The dodecahedron with 12 pentagonal face¥) D (5
is optimum; however, dodecahedra alone cannot pack into a 3-D lattice,
They must be supplanted with polyhedra of larger cavities, such as the
14-polyhedron, T (56%), 15-polyhedron, P (36°), and 16-polyhedron,

H (5%%6% having 12 pentagonal and 2, 3, and 4 hexagonal faces,
respectively. Effective diameters of the cages are 8.0 A (D), 8.6 A (T),
9.2 A (P), and 9.4 A (H).

exact temperature at which these new crystals become unstable, ' " ' J
we do know that they remain stable (and grow) down to the 0 1000 2000 A
freezing point of the liqueur of-17 °C. It is notable that the Raman shift, cm

formation temperature of the new crystals closely corresponds Figure 2. Single crystals and resonance Raman spectra of two different
to the freezing point of neat BrGiven the stoichiometries of  structures of Brhydrate, (a) TS-I, with space grolg,/mnm(1) and

the TS-1 and CS-II structures, B8.62H0 versus Bi#/17H,0, (b) CS-Il, with space groupd3m (2). The spectra were recorded using
the freezing out of Brcan, in principle, provide a thermody- a confocal Raman spectrometer with laser excitation at 532 nm, resonant

namic force to favor the formation of CS-1l. However. under with valence electronic transitions of BiShown are the experimental
! v : -Il. HOWever, u spectra of the single crystald)(n red and 2) in green, the background

the experimental conditions, we see no evidence of solid Br  gpectra recorded in the vicinity of the crystals (in blue), and the synthetic
The RR spectra ofl and 2 are shown in Figure 2. A spectra using the extracted parameters (in black; see text). The effective
progression of Brvibrational overtones up to= 9 is observed, temperature of the sample in the focal spot was approximatéy
allowing an accurate determination of the harmonic frequency, °C due to heating of the sample with the excitation laser. The broad
we, and first anharmonicitygexe, of the molecule trapped in feature at~3200 cm! is the OH stretching band of the water lattice.
the two different crystal structures. Birg&poner plots con-
structed from the observed peak maxima are shown in Figure
3. The spectra are fitted, taking into account the isotopic
abundance of Brand thermal population of the vibrational 3154
levels. The latter consideration allows for correction of the
parameters obtained from the Birg8poner plots of the
observed maxima. The refined values ##Br, arewe = 321.2
4+ 0.1 cnT! andweXe = 0.82+ 0.05 cntlin 1 andwe = 317.5
+ 0.1 cnttandweXe = 0.70+ 0.1 cntin 2. These should be 305
compared to the parameters of the free mole&ide, = 323.3
cm ! andwexe = 1.06 cnrl, and of the molecule in aqueous 0 2 ; & 8 10
solution, where the fundamental appears at 306camd no
progression is observed. The RR spectra place the octahedral, .

: : - igure 3. Birge—Sponer plot of the RR progressions observed in the
platelet, and needle crystals (see Figure 2b) in one class, distinc S-1(a) and CS-Il (7) obtained from the peak maxima and their linear

from the tetragonal structure. The spectral changes are clearlyis  The extracted values of the harmonic frequencies and first
the result of differences in the cage structure and the-€age anharmonicities, which are reported in the text, are corrected for the
guest relative orientation, dictated by induction and dispersive thermal occupation of vibrational states (which skews lines).

interactions. We note that the 317.5 chfrequency of the
bromine in2 is, in fact, a significant shift toward a lower containing the bromine molecule in the new structure is larger
frequency from that irl. This strongly suggests that the cage than either of the occupied cages irt” The only common
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clathrate hydrate structure consistent with this observation is 2T-2P)(4D-2H),-148H,0. Topologically, clathrate hydrates

CS-ll, with the bromine molecule occupying the H cage. This belong to the class of tetrahedrally close-packed (TCP) struc-
further supports the structural assignment made above basedures, with which they share many physical properties. Our
on growth characteristics of the thin plates and regular octahedra.analysis could be useful in a search of possible polymorphs of
The red shift of the vibrational frequency in the H cage relative TCP compounds of not only clathrate hydrates but also of such

to the smaller cages of the TS-I lattice is due to dispersion and
induction, the latter principally governed by the polarization of

the molecule when eccentrically trapped in a loose-fit multipolar
cage’® In 1, according to X-ray analysi<,Br, occupies P and

T cages in a 1:4 ratio. Yet, we observe a single progression in
the RR spectrum, which evidently does not distinguish between

species such as clathrates of semiconduéfors.

In conclusion, we have identified two stable structures of Br
hydrate and, on the basis of our structural analysis, believe that
other structures are likely, making Bhydrate a fascinating
example of polymorphism.

these cages. We note that the spectra make it clear that the Acknowledgment. This work was supported by the National

molecular rotation is completely quenched in all structdfes.
We defer the quantitative analysis of the spectra to the future;
here, we suffice by noting that the RR spectra clearly identify
at least two distinct crystal structures. The observed spectral
signature (red shift) along with the crystal morphology strongly
suggests that Brforms CS-Il atT < —7 °C.

Given the identification of two structures, which must have
very similar free energies even though the/BpO ratios are
quite different, we surmise that others could also exist. The
argument is direct. Most known clathrate frameworks contain

only D, T, P, and H cages and can be constructed using three

fundamental building blocks, 3RT-2P, 2D6T, and 4D2H20:2
(3D-2T-2P)(2D-6T),(4D-2H),

wherei, j, andk are integer numbers with some restrictions on
the possible combinations. A variety of frameworks having
different combinations of these units exist. For examplgk)

= (2,2,0) corresponds to structue and two combinations,
(i,j,K) = (0,1,0) andi(j,K) = (0,0,4), generate cubic structures
CS-I (primitive) and CS-Il (face-centered). It is then possible
to classify the relative stability of the building blocks under
the assumption that Bmolecules occupy all larger cages. At
temperatures above7 °C, the stable form of Brhydrate isl,
TS-I. The 3B2T-2P block must be responsible for the stabiliza-
tion of TS-I; otherwise, Brwould form CS-I122 Accordingly,
the stability of CS-Il in the range 6f17 < T < —7 °C signifies
that Br, stabilizes the larger H cavities and that the 2B block

is the most favorable in this temperature range. Therefore, the

combination of the 3E2T-2P and 4DB2H blocks could also give

stable or metastable structures since barriers for the transforma

tion between phases are expected to be high. Dyadin %t al.
proposed that Brforms hexagonal and orthorhombic structures
with hydration numbers of 10 and 12. Indeed, the unit cell
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