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Abstract. The tetramethylammonium hydroxide-water system has been studied by low-temperature
differential thermal analysis and X-ray powder diffraction. The melting diagram was constructed for
concentrations between 66.7 and 100 mol% H,O. It shows the existence and stability ranges of as many
as eight crystalline hydrate phases: «- and §-Me,NOH-2 H, O (phase transition at —85°C, decomposition
at ca. 105°C), Me,NOH-4 H,O (melting point 44°C, incongruent), a- and f-Me,NOH-5 H,O (phase
transition at 42°C, melting point 68°C, congruent), - and -Me,NOH-7.5 H,O (phase transition at 6°C,
melting point 16°C, incongruent), and Me,NOH-10 H,O (melting point —20°C, incongruent). The
structures of all these phases, except the already known one of 2-Me,NOH-5 H, O, were determined from
single-crystal MoKa diffractometer data. The decahydrate and the high-temperature p forms of the
7.5-hydrate and the pentahydrate are genuine polyhedral clathrate hydrates, the first ones reported of
a strong base. Their mostly novel three-dimensional anionic host structures, formed by the
hydrogen-bonded OH ~ ions and H,O molecules, are four-connected throughout, in spite of their proton
deficiency which is apparently leveled by disorder. Disorder also affects the enclosed cationic Me,N*
guest species. Like the low-temperature ¢ form of the pentahydrate, that of the 7.5-hydrate has a
clathrate-related, but not fully polyhedral structure, some of the oxygen atoms being three-connected only.
The tetrahydrate presents the rare case of both a hydrogen bond of the type OH~--OH, and a
(deprotonated) water-channe! structure. This is fully ordered and apart from that can be derived from the
polyhedral one of the f-pentahydrate just by removing the appropriate number of water molecules
from certain positions. The structures of a- and f-Me,NOH-2 H,O contain identical one-dimensional
spiro chains [HO~(HOH),,] with the hydroxide proton not participating in the hydrogen bonding. The
Me N ion is ordered in the a and disordered in the § phase.

Key words. Tetramethylammonium hydroxide, X-ray crystal structure, hydrogen bonding, clathrate
hydrates.

Supplementary Data relating to this article are deposited with the British Library as Supplementary
Publication No. SUP 82076 (66 pages).

1. Introduction

Tetramethylammonium hydroxide has been reported to form solid hydrates
Me,NOH» H,O with n=1,2, 3,4, and 5. They have been investigated using IR,
Raman, 'H- and ?H-NMR and DTA techniques [1-6]. The crystal structure of
«-Me,NOH-5 H,0 has been determined by single-crystal X-ray diffraction [7]. The
present work was directed at the whole multiplicity of solid phases and their
relations in the Me,NOH-H,O system, as well as their crystal structures. In these,

* Dedicated to Dr D. W. Davidson in honor of his great contributions to the sciences of inclusion
phenomena.
** Author for correspondence.
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the hydrogen bonding of the H,O and OH ~ species was of particular interest, since
it could be expected to be largely undisturbed by the low-charged, voluminous, and
sphere-like Me,N™* cations.

2. Experimental Section

All handling of substances was done under an inert Ar or N, atmosphere, with
Me,NOH-5 H,O (Fluka) as the starting material. Dehydration at 65-70°C in vacuo
(pressure <1 mbar) for three to seven days yielded white crystalline powders.
Titration with hydrochloric acid and NMR analysis (integration of the H,O and
OH™ against the methyl protons) led to total (average) compositions usually
between Me,NOH-1 H,0 and Me,NOH-2 H,0O. Dehydration below the composi-
tion of a monohydrate never took place. No impurities could be detected.

For DTA investigations (low-temperature differential thermal analysis), CO,-free
water was added to weighed amounts of analysed samples in glass ampoules. The
ampoules were sealed under vacuum and the exact water content was determined by
difference weighing. The samples were prepared for the DTA runs by melting and
rapid cooling. Samples of less than 66.7 mol% H,0O decomposed before melting.
For this reason, only the water-rich part of the whole system could be examined
under equilibrium conditions. The measurements were performed on a home-made
apparatus [8]. The lower limit of the temperature range was ca. —190°C. The
content of some of the ampoules was checked by titration after measuring.
Temperature-dependent X-ray powder diffraction was carried out as well, with the
samples sealed in thin-walled glass capillaries (diameter 0.3 mm). A Guinier—Simon
camera was used at temperatures above —150°C.

Single crystals of the hydrates Me,NOH» H,O with n =5 (8 form), 7.5 (« and
B), and 10 were grown on a Syntex P2, four-circle diffractometer equipped with a
modified LT-1 low-temperature device. A miniature zone-melting technique using
focused heat radiation [9] was applied, while the samples, prepared in the same way
as for the X-ray powder investigations, were kept in an adjustable gas stream at a
temperature somewhat below the relevant melting point or phase transition.
A single crystal of the tetrahydrate was obtained by cooling down its melt in a
glass capillary at a rate of 0.1°/min. For crystal growth of the dihydrate, a
larger sample of a melt of Me,NOH-5H,0 at 80°C was slowly dehydrated
under reduced pressure. With the onset of bulk crystallization, the temperature
was slowly decreased. Since the data crystal selected, of approximate size of
0.5 x 0.35 x 0.15 mm®, survived the phase transition at —85°C, the structures of
both a- and f-Me,NOH-2 H,O could be determined from it.

Most of the intensity measurements were done on the Syntex diffractometer with
a variable w scan and monochromatized MoK# radiation (4 = 0.71073 A). Only for
B-Me,NOH-2 H,0 a Siemens AED2 four-circle diffractometer was used (variable
-20 scan, monochromatized MoK# radiation). }

The structures were solved with direct methods and refined by the method of least
squares applied to the observed reflections (I > 1.96¢,) only. The function mini-
mized was Zw(|Fy| — |F,|)2, with the weights w = 1/(¢% + cF3).

All H atoms in the structures of «-Me,NOH-2 H,O and Me,NOH-4 H,O were
located in ordered positions in difference Fourier maps of the electron density and
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included in the refinement. In $-Me,NOH-2 H,O, with the Me, N* cation disor-
dered, only the H atoms of the H,O and OH~ species were refined. In the higher
hydrates, due to a more extensive disorder, no H atoms at all could be located or
refined. The situation is reflected by the relatively large R values obtained for these
structures and that of f-Me,NOH-2 H,O.

The crystallographic data and some experimental and computational details of
the structure determinations are assembled in Table I. The atomic parameters
determined are listed in Tables II-VIII. The equivalent isotropic thermal para-
meters were calculated from the refined anisotropic ones by U, =(1/3)
(Uya*?a*+ - -+ + Uyb*c*be - cos o). All calculations and drawings were carried
out on a Data General Eclipse S/140 computer using the program system
SHELXTL [10].

Table II. (CH;),NOH-10 H,O: fractional atomic coordinates and equiva-
lent isotropic thermal parameters

Atom x/a y/b z/c U
o) 0.3021(3) 0.25 0.7667(4) 0.097(2)
0(2) 0.2892(3) 0.25 —0.0077(4) 0.080(2)
o(3) 0.1238(3) 0.25 0.0564(4) 0.081(2)
O(4) 0.1438(3) 0.25 0.6930(4) 0.078(2)
o(5) 0.5328(3) 0.25 0.6324(4) 0.091(2)
O(6) 0.1142(2) —0.0033(4) 0.5607(3) 0.098(2)
o7 0.5396(2) 0.0981(5) 0.1272(3) 0.100(2)
O(8) 0.4120(2) 0.0179(4) 0.6820(3) 0.093(2)
N 0.3214(3) 0.25 0.3725(4) 0.054(2)
C(h* 0.291(1) 0.192(3) 0.474(1) 0.22(2)
c(2* 0.408(1) 0.192(2) 0.348(2) 0.21(D)
C(3)y* 0.356(3) 0.412(3) 0.375(3) 0.33(3)
C(4)* 0.267(1) 0.174(3) 0.294(1) 0.21(1)

* Half occupied position due to disorder.

Table OI. B-(CH;),NOH:7.5 H,O: fractional atomic coordinates and equivalent iso-
tropic thermal parameters

Atom Position x/a yib zfe Uy
o(1) 32m 1 0.0807(2) —0.1970(2) —0.3065(2) 0.074(1)
0(2) 16k m 0.1181(3) —0.0504(3) 0 0.073(2)
0(3) 16/ m 0.3667(3) xja—0.5 0.1304(7) 0.160(3)
0(4) 4b 42m 0.5 0 0.25 0.27(1)
N 8h mm 0.1519(4) xja—0.5 0 0.074(2)
C(1) 16k m 0.177(1) —0.434(1) 0 0.37(2)

C(2) 16! m 0.185(1) x/a—0.5 0.097(1) 0.33(1)
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Table IV.

a-(CH;),NOH-7.5 H,O: fractional atomic coordinates and
equivalent isotropic thermal parameters

Atom x/a y/b z/c Uy

o) 0.3674(3) 0.4096(2) 0.6526(2) 0.035(1)
0(2) 0.7958(4) 0.3134(3) 0.2340(2) 0.055(1)
0(3) 0.8945(4) 0.3365(2) 0.4226(2) 0.045(1)
0(4) 0.8293(4) 0.1379(2) 0.5011(2) 0.045(1)
o(5) 0.0807(4) 0.4770(2) 0.1844(2) 0.043(1)
o(6) 0.6898(3) 0.3998(2) 0.6518(2) 0.032(1)
o7 0.1707(4) 0.1362(3) 0.0665(2) 0.058(1)
o(8) 0.2555(4) 0.3810(3) 0.0800(2) 0.045(1)
o(9) 0.7839(4) 0.5050(3) 0.5035(2) 0.057(1)
0(10) 0.1421(4) 0.1865(2) 0.6383(2) 0.040(1)
o(11) 0.6994(4) 0.0707(2) 0.1976(2) 0.042(1)
0(12) 0.3278(4) 0.0335(3) 0.6422(2) 0.046(1)
0(13) 0.0899(4) 0.0186(3) 0.8835(2) 0.053(1)
0O(14) 0.5908(3) 0.4585(2) 0.1813(2) 0.040(1)
O(15) 0.6685(5) 0.1653(3) 0.6404(3) 0.071(2)
0O(16) 0.0099(4) 0.1874(3) 0.7883(2) 0.053(1)
o(17) 0.1647(4) 0.4035(3) 0.8926(2) 0.056(1)
N(1) 0.2990(4) 0.1952(3) 0.3545(2) 0.032(1)
c(11) 0.382(1) 0.1322(8) 0.2983(5) 0.108(4)
c(12) 0.226(2) 0.2783(7) 0.2963(7) 0.142(6)
c(13) 0.142(1) 0.1115(8) 0.3695(8) 0.139(5)
C(14) 0.415(1) 0.243(1) 0.4451(7) 0.223(9)
N(2) 0.6462(4) 0.2280(3) 0.9372(2) 0.031(1)
c(21) 0.6966(8) 0.1182(5) 0.9214(5) 0.075(2)
Cc(22) 0.5120(7) 0.2006(6) 0.9906(4) 0.070(2)
Cc(23) 0.8036(7) 0.3228(5) 0.9922(4) 0.072(2)
C(24) 0.5742(9) 0.2637(5) 0.8442(3) 0.087(3)

Table V. B-(CH,),NOH-5H,0: fractional atomic coordinates and
equivalent isotropic thermal parameters

Atom Position x/a y/b zfc Uy

(o} 12d 2m 0.25 0.5 0.154(4)
N 2a m3m 0 0.103(4)
C* 16f 3m 0.097(1) xla x/a 0.29(1)

* Half occupied position due to disorder.
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Table VL.
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(CH;),NOH-4 H, O: fractional atomic coordinates and isotropic

thermal parameters (equivalent values for the non-hydrogen atoms)

Atom x/a y/b zfe U

o(1) 0.2410(1) 0.5757(1) 0.4694(2) 0.0192(5)

H(1) 0.273(3) 0.628(3) 0.387(4) 0.022(6)

H(2) 0.160(3) 0.556(4) 0.472(4) 0.041(8)

0(2) —0.2544(1) 0.3143(1) 0.4843(2) 0.0193(5)

H(3) —0.305(3) 0.303(3) 0.382(4) 0.024(6)

H(4) —0.176(4) 0.376(4) 0.469(5) 0.057(9)

0(3) —0.2695(2) 0.0574(2) 0.4928(2) 0.0261(6)

H(5) —0.259(3) 0.133(3) 0.487(4) 0.024(6)

H(6) —0.303(3) 0.020(3) 0.599(4) 0.020(5)

0(4) 0.2847(2) 0.3525(2) 0.5269(2) 0.0260(6)

H(7) 0.268(3) 0.422(3) 0.498(4) 0.026(6)

H(8) 0.349(3) 0.386(4) 0.619(4) 0.048(9)

OH —0.0100(1) 0.5262(2) 0.4787(2) 0.0263(5)

HO 0.000(2) 0.568(2) 0.549(3) 0.008(4)

N 0.0006(1) 0.2921(1) 0 0.0168(5)

C(1) 0.1309(2) 0.4253(2) —0.0369(4) 0.0282(7)

H(11) 0.211(3) 0.419(3) —0.015(4) 0.038(7)

H(12) 0.129(3) 0.449(3) —0.170(4) 0.024(6)

H(13) 0.135(3) 0.492(3) 0.051(4) 0.027(6)

C(2) —0.1208(2) 0.3101(3) —0.0396(4) 0.0350(9)

H(21) —0.119(3) 0.336(3) —0.180(5) 0.045(8)

H(22) —0.200(4) 0.227(4) —0.016(5) 0.055(9)

H(23) —0.120(3) 0.378(3) 0.069(5) 0.045(8)

C(3) —0.0028(2) 0.2508(2) 0.2146(3) 0.0298(8)

H(31) 0.072(3) 0.238(3) 0.235(4) 0.031(7)

H(32) —0.084(3) 0.170(3) 0.231(4) 0.043(8)

H(33) 0.009(4) 0.325(4) 0.309(5) 0.053(9)

C(4) —0.0042(3) 0.1823(2) —0.1326(4) 0.0352(9)

H(41) —0.087(3) 0.098(3) —0.120(4) 0.032(6)

H(42) 0.075(4) 0.180(4) —0.118(5) 0.07(1)

H(43) 0.001(3) 0.211(3) —0.248(4) 0.035(7)

Table VII. B-(CH,),NOH-2 H,O: fractional atomic coordinates and isotropic ther-
mal parameters (equivalent values for the non-hydrogen atoms)

Atom Position x/a y/b zfe U

0o 8e 2 0.3062(6) 0 0 0.068(2)
H 16h 1 0.357(6) 0.019(4) 0.083(6) 0.04(1)
OH 4c mm 0.5 0.057(1) 0.25 0.075(3)
HO 4¢ mm 0.5 0.13(1) 0.25 0.11(6)
N 4¢c mm 0 0.1821(6) 0.25 0.066(3)
C(D 4¢ mm 0 0.0486(8) 0.25 0.073(4)
c(2)* 8fm 0 0.206(1) 0.060( 1) 0.098(7)
C(3)* 16k 1 0.144(1) 0.235(1) 0.296(1) 0.096(6)

* Half occupied position due to disorder.
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Table VIII. «-(CH;),NOH-2 H,O: fractional atomic coordinates and
isotropic thermal parameters (equivalent values for the non-hydrogen

atoms)

Atom x/a y/b z/c U

(0] 0.9862(1) —0.0543(1) 0.2403(1) 0.0287(3)
H(1) 0.914(3) ~0.110(2) 0.234(2) 0.041(6)
H(2) 1.067(2) ~0.116(2) 0.265(2) 0.036(5)
OH 0.7691(2) 0.25 0.6885(2) 0.0325(35)
HO 0.776(3) 0.25 0.622(3) 0.04(1)
N 0.7820(2) 0.25 0.0672(2) 0.0231(5)
(D 0.7442(3) 0.25 0.2000(2) 0.0315(7)
H(11) 0.624(4) 0.25 0.207(2) 0.049(8)
H(12) 0.787(2) 0.340(2) 0.235(2) 0.039(5)
C(2) 0.9643(3) 0.25 0.0512(2) 0.310(6)
H(21) 0.992(3) 0.25 —0.052(3) 0.051(8)
H(22) 1.009(2) 0.347(2) 0.096(2) 0.034(5)
C(3) 0.7149(3) 0.3901(2) 0.0088(2) 0.0445(6)
H(31) 0.762(2) 0.481(3) 0.048(2) 0.048(6)
H(32) 0.737(2) 0.388(3) —-0.078(2) 0.055(6)
H(33) 0.597(3) 0.384(3) 0.013(2) 0.061(7)

3. Hydrate Formation and Stability Ranges

The melting diagram of the system Me,NOH-H,O in the concentration range
66.7-100 mol% H,O0, as obtained by the DTA and X-ray powder investigation, is
depicted in Figure 1. It shows the existence and stability ranges of as many as eight
crystalline hydrate phases Me,NOHnH,O with n =2 (o and f), 4, 5 (« and §), 7.5
(x and B), and 10. Consistent results could not be obtained below 66.7 mol% H,O
(see the experimental section).

Hydrates with 10 and 7.5 mols of water have not been reported before. They melt
incongruently at 16 and —20°C, respectively. A solid—solid phase transition of the
7.5-hydrate was found at 6°C. The pentahydrate melts congruently at 68°C and
undergoes a solid—solid phase transition at 42°C. A thermal effect, interpreted as a
second phase transition [5], could be attributed to the peritectic decomposition of
the neighbouring tetrahydrate at 44°C. No indication was found for the existence of
a trihydrate (stable or metastable). A reported second-order phase transition of a
trihydrate [5] must rather be considered as that of the dihydrate at —85°C. The
dihydrate decomposes irreversibly at ca. 105°C.

The composition of all these crystalline hydrate phases as given was proved by
the determination of their crystal structures. The existence of a monohydrate was
corroborated only by X-ray powder diffraction and chemical analysis.

4. Structures of the Higher Hydrates (10 -5 Mols of H,0)

The decahydrate and the high-temperature § forms of the 7.5-hydrate and the
pentahydrate are genuine polyhedral clathrate hydrates, the first ones reported of a
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Fig. 1. Melting diagram of the system Me,NOH-H,O in the range 66.7-100 mol% H,O above
—120°C. Further (subsolidus) effects were not observed down to about —190°C.

strong base. In their mostly novel three-dimensional anionic host structures every O
atom of the H,O molecules and OH ™ ions is hydrogen-bonded to four others. The
larger of the polyhedral cages thus formed enclose the cationic Me,N* guest
species.

The host structure of the decahydrate contains two new kinds of cages: a
17-hedron accommodating the cation and a vacant nonahedron (Figure 2a and h).
With the usual notation of these by the kind (n-gonal) and number of the limiting
faces present (idealized as planar), the unit cell formula of the host structure is
4[4151°65)-4[4°5%]-40 H,O-4 OH~. The 17-hedron is the fundamental cage [11], i.e.
comprises all O atoms of the structure. It shares its hexagonal and four of its
pentagonal faces with neighbouring polyhedra of the same kind. In the resulting
polyhedral ensemble the open zig-zag channels parallel to the crystallographic y
direction are defined by the nonahedra, continuously linked to each other by
sharing two of their tetragonal faces (Figure 3a). The Me,N* cation was found to
be twofold disordered.

The host structure of the high-temperature f form of the 7.5-hydrate consists of
well known 15-hedra [12] and vacant decahedra (Figure 2b and g). The unit cell
formula is 8[5'26°]-4[4%5%]-60 H,O-8 OH ~. The fundamental 15-hedra are linked
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(a)

{e)

(h)

Fig. 2. Polyhedra in the higher hydrates of Me,NOH. The polyhedra are further characterized in Table
IX. (a) [4'519%°; (b) [5'%6°); (c) [(4)'5°(5)'6*(6)']; (d) [4*5%(5)?6%(6)7]; (e) [4°6%); () [4*(D?6%(6)7,
adopted from [7], but without the enclosed disordered Me,N* ion; (g) [4%5%]; (h) [4°5%]; (i)
[4%(4)!55(5)"]. Thermal ellipsoids for N and C atoms at the 25% probability level, arbitrary radii for O
atoms.
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Stereo plots of the host structures of (a) Me,NOH-10 H,O (viewed approx. along z);
(b)y B-Me,NOH-7.5H,0 (approx. along z); (¢) «-Me,NOH-7.5H,0 (approx. along x); (d)

Fig. 3.
B-Me,NOH-5 H,O. Arbitrary radii throughout.
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into sheets with quadrate holes at z =0 and 1/2 by sharing one of their hexagonal
and four of their pentagonal faces. The remaining hexagons and four more of the
pentagons are shared between polyhedra in consecutive sheets. These are rotated
relative to each other by 45° around the superimposed holes, which thus become the
common tetragonal faces of the decahedra, stacked into columns vertically penetrat-
ing the sheets (Figure 3b). The host structure is isostructural with the hypothetical
one for a clathrate hydrate called ‘tetragonal II’, which has been derived from the
crystal structure of (i-CsH;,),PBr-32 H,O [13]. The high thermal parameters of the
C atoms indicate that there is again a substantial disorder of the Me,N* guest
species, even though this structure could be refined without using split-atom
positions.

In the low-temperature « form of the 7.5-hydrate the host structure is no longer
fully four-connected. The structural difference between this and the f form is
pronounced. The 15-hedra are modified to two different polyhedra in general
positions, not all of the edges of which correspond to hydrogen bonds, a 16-hedron
(Figure 2c) and a 15-hedron (Figure 2d), each of them enclosing an Me,N ™ cation.
In addition there is a vacant nonahedron (Figure 2i), which is distorted, too,
but apart from this it is of the same type as the one in the decahydrate. By
analogy with the genuine clathrate hydrates, with the now improper n-gonal
faces in parentheses, the unit cell formula of the host structure can be written
as 2[(4)'5°(5)'6%(6)')-2[425%(5)%6%(6)?]-2[4*(4)'5°(5)']-30 H,0-4 OH~. A polyhe-
dral aggregate of this size with T symmetry is depicted in Figure 3c. Many of its
vertices are reentrant; all of the limiting edges are hydrogen bonds. The edges of the
constituent individual polyhedra, which fall inside the aggregate, are those which
are not hydrogen bonds, i.e. are without an H atom and therefore expanded. Since
there are four such edges, eight of the O atoms per aggregate and unit cell are
three-connected only.

The vacant cages in the structures described so far are large enough to enclose
noble gas (nonahedra) and O, or N, molecules (decahedra), but no electron density
was found at their centers.

The anionic host structure of the high-temperature § form of the pentahydrate is
isostructural to the cationic one of HPF¢-5 H,O-1 HF [14]. It can be derived from
the hypothetical gas hydrate structure VII [12] by a statistical substitution of 1/6 of
the H,O molecules by OH™ ions. Thus the unit cell formula for the host structure
is 2[4%°]-10 H,0-2OH . The framework consists of truncated octahedra only
(Figure 3d), every one enclosing a twofold disordered cation (Figure 2e).

The host structure is closely related, too, to that of the low-temperature « form
of the pentahydrate [7]. The main difference in the latter is an expansion, only, of
three edges of every polyhedron (Figure 4a) from bonding (2.880 Ain B, an average
of 2.783 A in «) to non-bonding (4.359 A) distances. Since every edge is shared by
three polyhedra, this amounts to making two O atoms per polyhedron (and formula
unit) three-connected. This relationship has been pointed out before [7] as one
between the structures of Me,NOH'5 H,O and HPF,-6 H,O (neither the correct
composition of the latter as HPF-5 H,0-1 HF [14] nor the existence of a second,
high-temperature phase of Me,NOH-5 H,0O were known at that time). A more
formal description of the relationship is given in the appendix.
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B-Me,NOH -5H,0 B-Me,NOH-5H,0
l (@) 1 (b)
a-Me;, NOH  5H0 Me,NOH  4H,0

Fig. 4. Structural relations between: (a) p-Me,NOH-5H,0O (projected along [001]) and «-
Me,NOH-5 H,0 (projected along [001]); (b) p-Me;NOH-5H,O (projected along [111]) and,
Me,NOH-4 H,O (projected along [001]). Only the O atoms of the anionic host structures and the N
atoms (black circles) of the cations are shown, arbitrary radii.

In spite of the similarity of the two pentahydrate structures, the single j crystal,
used for the X-ray measurements at 50°C, did not survive as such when cooled
below the transition temperature, but yielded the o phase as a powder only.

It has been shown that there is a high degree of rotational mobility of the
guest molecules in clathrate hydrates [5, 6, 15], which cannot always be described
sufficiently by determining atomic thermal parameters from diffraction data in the
usual way. Correspondingly, the thermal parameters of the C atoms, especially of
split atoms in the high-temperature forms, appear to be very high and the cation
geometry in some cases significantly distorted. Generally, the N—C bonds were
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Table IX. Characteristic data of the polyhedra in the higher hydrates

Polyhedron® (a) (b) (© (d (e) ® (®) (h) (i
present in hydrate 10 758 75  7.5()  S5(B) 5(° 758 10 7.5(x)
no. of faces 17 15 16(3) 15(4) 14 14(4) 10 9 9%2)
(with ext. edges)

no. of edges (ext.) 45 39 42(2) 39(3) 36 36(3) 24 21 21(1)
no. of vertices 30 26 28 26 24 24 16 14 14
max. symmetry mm 6m2 I 1 m3m m3m  8m2 6m2 6m2
cryst. symmetry m mm 1 1 m3m  mm 422 m 1
occupied yes yes yes yes yes yes no no no
approx. volume, A> 340 300 300 300 270 270 100 80 80
N--O, A

min. 4502 4473 4129 3955 430 3.261 2.963 2.784
max. 5.028 4825 5152 5207 4.97 3.657 3439 3.521
mean 4780 4.673  4.668 4671 455 4.61 3.459°  3.207°  3.229°
C~0<4A

min. 3.36 3.46 3.27 3.20 3.17

max. 3.98 3.86 3.99 3.96 3.78

mean 3.87¢  3.62¢ 3.70 3.66 3.52¢ 351

2 The letters refer to Figure 2.

b Reference [7]. *Distances from calculated center.
4 N—C bonds found to be too short.

¢ Corrected for N—C =1.50 A.

found to be directed towards the centers of hexagonal or pentagonal faces of the
enclosing polyhedra. Some more details of all polyhedra described above, together
with that of «-Me,NOH-5 H,O [7], are summarized in Table IX.

S. Further Aspects of the Hydrogen Bonding, Disorder, and Clathration

In a genuine clathrate hydrate, e.g. a gas hydrate, the host structure is composed of
water molecules only. Each water molecule is tetrahedrally coordinated by four
others, as in the structures of the ices, donating and accepting two hydrogen bonds
each. Thus, a three-dimensional hydrogen-bonded framework of n O atoms needs
2n H atoms to be fully four-connected. Substituting one H,O molecule by an OH—
ion, i.e. introducing the deficiency of one proton, should result in the loss of one
hydrogen bond and thus make two O atoms three-connected. The hydrates
Me,NOH-10 H, 0O, -Me,NOH-7.5 H,O and -Me,NOH-5 H,O are the first exam-
ples of polyhedral clathrate hydrates with proton-deficient, yet fully four-connected
water host structures. This description is based on the O-atom positions. It was not
possible, from the X-ray data, to locate the H atoms in these structures. A similar
situation was encountered in the hydrate «-Me,NOH-7.5 H,O. Although there were
a lot of maxima in difference Fourier maps which could be attributed to H atoms,
it was not possible to work out a consistent picture of the proton distribution in this
structure either. It is concluded that there is a proton disorder in the anionic water
structures of all these higher hydrates.
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Under these circumstances, the classification of an O--O distance as a hydrogen
bond was not always totally unambiguous. In the crystal structure of a-
Me,NOH-7.5 H, 0, the reason for considering a distance at 3.071 A (two equivalent
ones per unit cell and inside the polyhedral aggregate, as described in Section 4) not
to be a hydrogen bond was that no residual electron density had been found
between the O atoms involved (O(15) and O(16)). The other non-bonding O---O
distance in this structure, making up for the remaining two open edges inside the
polyhedral aggregate, is between atoms O(7) and O(11) and at 4.630 A unmistak-
ably long. On the other hand, in the structure of f-Me,NOH:-7.5 H,O sixteen
equivalent distances O(3)--O(4) per unit cell at 3.19 A and eight O(3)--O(3) at
3.25 A were interpreted as hydrogen bonds. Only when these are included does the
well known 15-hedron [5'26°] emerge as a self-contained unit of the structure, and
the total number of hydrogen bonds per unit cell (136, twice as many as the number
of O atoms) does not fall below that of the (disordered) H atoms (128).

Table X shows the distribution of the O---O distances of the presumed hydrogen
bonds in the higher hydrates. First, it can be seen that most of these O---O distances
are relatively close to their mean values, which in turn are close to the O--O
distances in ice (2.752 and 2.765 A [16]). Secondly, the particular configuration of
a four-connected OH™ ion, viz. three quite short O--O distances (ca. 2.6 A) and a
longer one (ca. 3.1 A), as known from the crystal structure of Me,NOH-4 H,O (see
Section 6), was found in none of the clathrate hydrates, These observations lead to
the conclusion that the OH™ ions, as part of the proton disorder, are statistically
distributed over all the H,O molecule positions in the crystals.

A certain exception is presented by S-Me,NOH-7.5 H,O. Here the rather long
distances of the hydrogen bonds O(3)--0(4) and O(3)--O(3) (see above) can be
explained on the assumption that the eight OH ™~ ions in the unit cell are distributed
together with only twelve of the H,O molecules over the sixteenfold position of
O(3) and the fourfold one of O(4). This results, as a simplified calculation shows,
in only 80% averaged H-atom occupancy of the respective hydrogen bonds.

Table X. Distribution of hydrogen-bonding O--O distances in the unit cells of
the higher hydrates. The o form of the pentahydrate [7] is also listed for

comparison

Hydrate phase 10 7.5(8) 7.5(x) 5(8) 5(e)
2.5-26 A 4

2.6-2.7 12 12

2.7-2.8 48 96 44 44
2.8-2.9 24 16 8 24

2.9-3.0

3.0-3.25 24

mean O--O 2.751 2.757* 2.749 2.880 2.783

2.960°

2 Hydrogen bonds except O(3)--O and O(4)--O.
b Hydrogen bonds O(3)--O and O(4)--O only.
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Another low proton density of 91.7% is apparently responsible for the likewise
rather long O--O distance of 2.880 A of the one type of hydrogen bond in
f-Me,NOH-5 H,O. Thermal expansion as the main reason for this elongation — the
intensities were measured at 50°C - could be excluded by powder diffraction over a
large temperature range, albeit of the a phase.

The f forms of the pentahydrate and the 7.5-hydrate exist in a small temperature
range only, close to their melting points. This suggests that their fully four-
connected host structures, with more hydrogen bonds than H atoms present, are
stabilized by (dynamic) disorder above some critically high degree. In the corre-
sponding low-temperature forms, on the other hand, the disorder obviously is not
high enough for the proton deficiency to be compensated here, too. Consequently,
the number of hydrogen bonds in these structures is reduced to that of the H atoms
present. The matter as discussed is particularly well illustrated by the close similarity
of the structures of the two polymorphs of the pentahydrate (see Section 4).
Detailed studies of the NMR and dielectric behavior of the host structures in
non-ionic clathrate hydrates and of the ices reveal a high reorientational mobility of
the H,O molecules [15]. There are only a few such studied of ionic clathrate
hydrates (e.g. [17]), which suggest that the reorientation of H,O molecules is
particularly accelerated in the presence of OH~ ions. Rapid motions of the cage
molecules (rotational and diffusional) in Me,NOH-5 H,O are confirmed by an
NMR study [18], which is published elsewhere in this issue.

Within each pair of « and f§ polymorphs the volumes of the occupied cages are
about equal (Table IX). This suggests that in the g structures proton densities in
hydrogen bonds of less than one are not the only reason for their being elongated,
but that the space required to enclose the guests in fully four-connected host
structures is also an important factor. In the structure of the f-pentahydrate, due
to its high symmetry, the elongation is spread equally over all edges of the one
polyhedron present. The eight statistically half-C atoms, used to describe the
disorder of the enclosed Me,N ™" ion, lic on the threefold axes of the space group
and thus point to the eight hexagonal faces of the cage. In the B form of the
7.5-hydrate, the very long hydrogen-bonding edges of 3.19 and 3.25 A, as well as the
O atoms involved (see above), belong to the occupied 15-hedron only. In the
decahydrate, because of its very high water content, the fundamental polyhedron
present is large enough to enclose the guest without a significant elongation of
hydrogen-bonding edges being necessary. At the same time, of course, this is the
hydrate in which the overall proton deficiency of the fully four-connected anionic
host structure is least pronounced.

6. Structures of the Lower Hydrates (4 and 2 Mols of H,0)

In the structure of the tetrahydrate, the water content is not sufficient to allow the
formation of polyhedra around the cations. Instead, the anionic water structure
presents the rare case of a system of fused channels, in which the ordered cations are
enclosed (Figure 5).The channels are parallel to the threefold screw axes of the
space group. All H atoms of the water structure participate in the hydrogen
bonding in ordered positions. Two of the independent H,O molecules are four-
connected and the other two three-connected, donating two hydrogen bonds and
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Fig. 5. Crystal structure of Me,NOH-4 H,O. Projection down the ¢ axis, OH~ ions as black circles,
arbitrary radii, H atoms not shown.

accepting one. Of special interest is the four-connected OH~ ion (Figure 6), which
at angles much distorted from tetrahedral geometry accepts three quite strong
hydrogen bonds and donates a rather weak one. This rare instance of a hydrogen
bond with a hydroxide H atom donating to a H,O molecule is clearly revealed by
the X-ray data. Another case in point was recently confirmed in the crystal structure
of «-NaOH-4 H,0 [19].

303503
0l4)

0(3)

Fig. 6. The OH~ ion in Me,NOH:4 H,O with all hydrogen bonds, including one of the type
OH~ - - -OH,. Thermal ellipsoids for O atoms at the 50% probability level, arbitrary radii for H atoms,
O--0 distances in A.
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There is a strikingly close relation (Figure 4b) between the structure of
Me,NOH-4 H,0 and the polyhedral one of §-Me,NOH-5 H,O. Starting from the
latter and disregarding its disorder, the non-H atom positions of the former can
very nearly be approximated by just removing the appropriate portion of H,O
molecules from certain positions.

In the very similar crystal structures of the two forms (¢ and f) of
Me,NOH-2 H,O the OH~ ion accepts four hydrogen bonds from four water
molecules and donates none. This is not consistent with the result of an IR
investigation [2], which showed that all water and hydroxide H atoms of the
structure should participate in the hydrogen bonding. The four H,O molecules form
a planar rectangle with the bonded OH - ion slightly away from the plane (0.678 A
in a, 0.62 A in B). Every H,O molecule donates hydrogen bonds to two OH™~ ions
and accepts none. Thus spiro chains of the kind ,[HO~(HOH),,,] are formed with
the OH ™ ions alternately protruding to both sides (Figure 7). In the p form, all the
H,O molecules of one and the same chain are exactly coplanar, while in the low
temperature o phase this is only approximately so. All chains are parallel to only
one direction in the respective structure (x in «-, z in f-Me,NOH-2 H,0).

The essential difference between the polymorphs concerns the cation only, which
is orientationally ordered in the o and disordered in the f form (a constrained
model with twofold disorder was used in the refinement). The phase transition,
accordingly, was observed to be of second (or higher) order. A formal comparison
of the two structures is given in the appendix.

2
£
5
i

e

/ /
4 d

Fig. 7. Crystal structure of a-Me,NOH-2 H,O with the spiro chains &[HO~(HOH),,].



156 DIETRICH MOOTZ AND REINHARD SEIDEL

Appendix: Group-Subgroup Relations for Three Pairs of the Crystal
Structures

A useful tool for comparing similar crystal structures (arrangements of atoms in
space) is a study of the group—subgroup relations between their space groups [20].
The lower symmetric structure is generated from the higher symmetric one by a
symmetry reduction in minimal steps, so that the respective space group is always
followed by a maximal subgroup. The similarities within each of the pairs «/f-
pentahydrate, -pentahydrate/tetrahydrate, and a/f-dihydrate are expressed in the
following schemes. The maximal subgroups are denoted by one of the letters k£ or
t for ‘klassengleich’ (class-equivalent) and ‘translationengleich’ (lattice-equivalent),
respectively, followed by the index.

Im3m Cmcem
B-Me,NOH-5 H,0 p-Me,NOH2 H,O
[
r |
t3 t4 k2
~a+b, —b+c¢ Ha+b+c) c,a,b
14]/mmm 530
R3m d
(hexagonal setting) Pnma
t2
a—b,a+b,¢c 2 2-Me,NOH-2 H,0
Fmmm R3m
k2 2
0,4, 1
d R3
Cmcem
«-Me,NOH-5 H,0 k3
0, —1,0
P3,

—~1H,0: | Me,NOH-4 H,O

Multiple-step symmetry reductions are necessary within the pairs o/f-
pentahydrate and f-pentahydrate/tetrahydrate, while an immediate group—maximal
subgroup relations holds for the «/B-dihydrate pair. The schemes are useful for the
systematic conversion of atomic coordinates from the reference frames of the higher
symmetric structures to those of the respective lower symmetric ones. The conver-
sions numerically substantiate what has been said and depicted about the structural
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relationships in a more qualitative way above (see Sections 4 and 6). Finally, the
group—subgroup relations as established allow the phase transitions of both the
pentahydrate and the dihydrate to be of second (or higher) order. This was actually
observed for the dihydrate only. Presumably in the pentahydrate dimorphic pair the
change from the non-bonding O--O distances in the a form of 4.359 A to the
bonding ones in the § form of 2.880 A (see Section 4) is too great to take place
continuously. A further investigation on this subject, and also of deuterated phases,
is in progress.
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Note added in Proof

In the meantime it became apparent that the tetramethylammonium hydroxide—
water system on some points is yet more complex than herewith described. The
results will be reported in due course.
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