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A mesoporous germanium oxide with crystalline
pore walls and its chiral derivative

Xiaodong Zou', Tony Conradsson', Miia Kll'ngstedtl. Mike 5, Dadachov” & Michael O'Keeffe®

Microporous oxides are inorganic materials with wide appli-
cations in separations, ion exchange and catalysis', In such
materials, an i ant determinant of pore size is the number
of W (where M = 5i, Ge and 50 on) atoms in the rings delineating
the channels'. The important favjasite structure exhibits 12-ring
siructures while those of zeolites™, es™* and other®
materials can be moch karger, Recent attention has focnsed on
mesaporons materials with barger pores of nanometre scale™ 'y
hivwever, with the exception of an inorganic—organic hyhrid',
these bave amorphous pore walls, Hnaiting many applications,
Chiral porows oxudes are particulardy desirable for enantioselec-
tive sorption and catalysis™, However, they are very rare in
microporons'' and mesoporons"™ materials. Here we describe o
mesoporous germanium oxide, SU-M, with gyroidal channels

by crystalline walls that lie about the & {gyroid)
imenimmal sirface as in the mesoporons MOM-A8 (rel. 91 11 has
the largest primitive cell and lowedt framework density of any
inawganic material and channels that are defined by 30-rings. One
of the two idal channiel systems of SUM can e filled with
additional oxide, reslting in s al (SU1-ME) with

We first describe the framewnrk structure of SU-M, which was
prepared by standard Insdvothermal methods without using surfac-
tants, but with an oeganic amine as the structure-dirocting agent,
similar to cormentional zeolite smthesis (see Methods), SU-M s
oubic and has 2 unit cell of @ = 51.3 A Similar to MCW-48, S
hias symrnetry Lrid—the mest compdes: cubic ﬂgnmm‘r cluractir-
ined by non-intersecting rotation axes, and glide sather than mivror
Pl structures with this semmeny ane notorioushy hard o
illitrate!™. The vedume of the primitive cell is 67,600 A%; serches of
the Cambridge Crystallographic (hitp:!fwwiweccdecamac.uk) and
Inorganie Crystal (hatpe!csdiveb. fa-karsnche.de) Structure Data-
bases found only one inorganic material, 2 molybdenum oxide
cluster componmd ™, with a larger p’rimiriw cedl,

SU-M |5JF|"|.-|||I| from a unique Ge, o0y, 00H}, cluster (Fig, 1a) with
O atoms singly conrdinated o Ge comresponsding to OFL The duster
ennsists of a central core of four octahedrally coordinated Ge atoms
and six tetrzhedrally coondinated Ge atoms. Each cluster is linked to
five other dusters (Fig. 1h) via Ge-0-Ge bonds to fonm 2 three-
dimersionel framework with eserall stodchiometry Ge, Oy, <[ OH),,
Thereare % 1y LOH) custers per unitcell that baild crystalline
walls ahout the G minime] sofee, and that oorvespend 1o the
armerplions swalls i MCM-480 A (111 slab of the stroctuee shion
in Fig. e demorstrates a complex system of linked Ge, (O, OH),
lusters foirrming big cavities | =204, see Fg. 1e) The big cavities are
2l posations Lk (with eoordinates 18, 18, 18 and ther symmetry
eqquivalents ). Fach cavity is connected bo three ather cavities thimugh
windows af M) Ge(, \Gel), palybedra {30-rings) {Fg. 1d] o fomm
giant gyroidal channels, SU-M contzing two such channels of
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opposite chirality (see Supplementary Video 1 the largest opening
begween the two chanmels 1s a | 2-ring formed by six Ge, o0 OH
cluasters that are located around the positions 16a {the orgin of the
unit cell and its spmmetry equivalents) (Fg. Lol

Thwe gyroidal chanreds can be described 5 three-conrdinated nets
with vertices at the centres of the big cavities and edges connecting
the rearest cavities of the channels, as shown in Fig. 22, Fach channe
fowms such a threv-coordinated net, well known as the net of the S

Figure 1| Linkage of GewO200OH by clusbers in SU-M. a, The Geapl s (HH s
ahister built fram dix Gedly tetrabedea (green) and lour GeOly,

actakadea (red ). The whitle leurahedran belungs i oan adjscenl duster.

b, A G gl g €4 1y cludter s in @ linked bo five neighleuring duilers. £ A
31 h-rwicds slab with a big cavity at the conire. The yellow ball represents an
ohlair spheraid a the conire of the cavily thal dees nod beudh the cenbre of
any framework atom. [t has an equatorial diameter of 262 A and a polar
digmeier of 186 4 and & volume equal to thai of a sphere of diameier23.4 A
d, A 30-ring windew fermed by ten Gyl OF ) clusters. The free
dismeter of the Mring bs 100 % 224 &, sssuming the van der Waals
dlameter of awygen 2.7 A The big caviey ar the cenre n € s connected o
three sther iy cavities (uppes-left, wpper-right and helme s through the
Mg, windees.
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atoans i the Se5i, structure, with sypmbal ses (for a databose of nets,
see ref. 19, The repeat unit (‘tile’) of the srs nee i compased of
thiree 10-rings {the red writ in Fig, 2b). This net is one e\d!,.r.:m five
I'\.‘ELI'.‘I' thuree- ru'riruiic nets™ it is the nnly chiral ame {with space
growp 14) 323, The srs net has the property that it can intergrow with
s erantiomorph in such a way that all the 10-rings of one net are
catenated with the 10-rings of the otler. The combined structure as
symmetry fa3d (Fig 2ah New imagine the nets uniformly inflated a5
suggested in Fig, 2o, until they meet at o swrface, This continuous
pennodic surface of megarive cuvarure is koo a8 the G (gyroid)
rrainiiral surface™ and s the wsd structure of the walls of
razan oo materials SU-M and MCM-48 (ref. 9.

The crystalline wall of SU-M can be desoribed as & S-eovrdinated
et withvertices at e centres of the G, o0, (OH); clustess. The net
i 2 two-dimensional | 213 tiling of the G surface, with vertex symbol
¥, forming an mfinite polybedron™, 2 shown i g, 2o This
el 1% knoien = fex' and can be described alen o terms of 2 30
tiling nf space™ by tiles 2 a “amall tile with face symbal®

[ 4% 10| {Fig. %a)and a tile with face spmbal [67 10| {Fg, 3hi.
The bag tiles { 146 per unit cell), with symmetry 22100, ) are qentred at
the vertices of the twn interpenctrating ss nets, and correspond in

Figura 2 | Hisrarehical daseriptian af th 1c3 net™. &, Teen interpeneirating
are™ netspositions 16b of faSd. b, A fragnaont of 8, The red wnit outlines 2
wile™ for one of the neis, g, The same as b but inflaied w0 ihe two paris
mezet ot @ comman surface, the G surface. d, The inflated red unit abone.
#, The net fox as an infinite polyhedron forming a 300 iiling 37436 of ihe
o wurfece f, The same fragmsent of the structire shown i an expladad
30 ulling of space by g and small ides, Notke that mot all the les are
shown—the lull set of tles comspletely Gl apace.
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Table 1| Comparisss of the laujasie, SU-1Z and SU-M structures

Stratere Het™  Clisss  Framewsd deasty  Laepest  Kesdable  Ouad pioble
[ [

(1544 0295

thie hig, cavitics in SUM (Fig. Ic and 3d}. The small tiles are at the
wcenties of the links and correspond to the 3-ring windrws of SU-M
(Fig, 1 and 3] The structure of SU-M can be built by replacing the
vertices of the ficz net with A OH s dusters, This last step is an
earriphe of "seale chemistry™, as illusteated in Fig. 4.

SU-BAR s o chiral derivative of SU-M, prepared in the presence of
Irydroflusric acid (see Methods belewl. [n the structure of SU-ME,
o half of the big tiles (big cavities) are filled with additonal {Ge, O
F clusters, These clusters, frmulated as GO, Fy, are famidiar from
ather germanium oxide rameworks™ induding ASU-16 (ref, 6} and
SU-12 (et 8). Six of these clusters | 144 additional atoms, Fig, 5h) fie
nesicle ome big tile 1, with three of them connected 0 each
12-ring window of the main framework through the temminal atoms
of the G,y | OH, clusters {Fig. Sa). The occupied big tile and its
comdents. {that is the unit shown in Fig. 521 now has compasition
GeypaaXaye (whiere X = (4 OH or ). The maost remarkable aspect of
S8 s, hemseve, the fact that oniby halfof the cavities are filled (see
Supplermentary Video 1), <[1~ciﬁc.1]l'\r ll these of ome hand, and the
symmetry is reduced o H4,52 The system of empty pores and
chamnnels is accordingly chiral and cormesponds to one of the red or
blue nets of Fig, Za: that is, the opology of the chiral net ses®, We
mote tat a diiral zeolite stucture, TOSB-7, with a
spstern Das boen seported ' bowever, in LSBT the o ;
insduced by condiering of thee framewsed atoms, vatlser than by Blodding

Figura 3 | Tha tiles of SU-M. &, & sl dile of Fig 2 and « the scams ke im
UM with each original vertes decorated with © oy O |y clusters. The
sharied ring around the perimeder in € involves 30 Ge aome [see Fig. 10.B.A
big rile of Fig, 2; di. the same tile in 81-b with the vertices similarly
decorated. The yelloe balls comrespond v the langes sphere that fies inslde
each vl The radius of the ball 5 131 A in € and 18.6.4 in d.
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o gt of channeds We note abio that the wiit-cell veluime of SU-
MEB (g =508 A) 15 over twenty times tat of UCSE-T (a = 186 A),
anad e poves are miuch larger. Ax marg ax 336 (Ge, Oy F) palyhedra
can be incorporated into ome of the gyrosdal channels per wme cell.
The chiral mesnporous silica'™ is alsn very different as it consists of
rifled parallel channels amanged as in MCM-41, At this point we
are unahle to accrunt for the formation of chival material in 5L
MA and note that it will be a sgnifcant challenge 0 produce
enantiopure material, presumably wsing chiml templates in the
aymithesis,

The germanium cocide frarmevenk is charged, with a formal charge
of —4 per Gy 0y (OH ) cluster in SU-Mand an additional change of

3 per Ge o F duster in SU-MB. The counter charge & provided
by a protonated aliphatic diamine ( 2-methypentamethylene-
alsamine, MPMI, althougl in the orystal stroctuses these amines
and included water are incompletdy resnlved because of disonder.
The chemical composition of SU-M s accordingly written
H, MEMIH, O, [5Gy O 4 OH) |, For SU-MB the eorre-
sponding formalation i |H,MPMIT, L HAO0, BIGe O 1OHR, -
[Ge: Oy Eo ]

Given the large seale af SUSM, i 18 interesting 1o eompare it with
other low-dersity materials. The faujasite framework™ (Fig. 5) is
often cited as. rhr]slra.eﬁgrn aof a lowdersity zenlite framewarke. ASL
16 {ref. @), ﬁfnll:,r in its lower density conformation SU-12
{ref. 8), ||.1c']IN| virus record for ko framework dersity for an
oxide material. Snrnc propertics related to dansity and I‘I’hl!‘wil‘}l’.‘lﬂ'
listed for these three materials in Table 1 We note that in SU-M enver
5000 of the okl volwme is acoessible to @ probe sphers of redius 154
{appropriate for & molecule like water), in contrast to fajasite, in
wiich bess than 305 of e total velume is sccesible.

Dottt presence of counterions and solvent, we lave shiosmn in
preiminury experiments on as-symthesized SU-M that the rmaterial
Tias peervranent poresity, a8 sl by the ohéervation of reversible
-1 nitrogen adsorption isotherm, with & pore diameter of 124
e by mombocal dersity functional theory™ (see Supplamen-
lary l:iy,, lI The BET (Brursuer—Emmett-Telkr) surface aren was
Hdm' g oot that because of the larger atomic weght of Ge
compared tn 5 this would mrmrpnrll to Mdm' g ' for a silicate),
Ome might also expect i ant increase when post-synthetic
treatment of the material is optimized. Fnergy dispersive spec
troscopy showeed that the MPMID cations in SL-M could be come
pletely exchanged by Cs*, K and Na™. The structure of the ion
exchanged SU-M was maintained, but with a slightly smaller unit
cell, as shown by both single-crystal Xoray diffraction and X-ray
powder diffraction. The crystallinity of SU-M was maintained when
heated wp to 320°C in air, indicated by the in site X-ray povsder
diffraction (see Supplerentary Fig, 210 Thermogravimetric ambsis
of SU-M in N, alsowed three steps of weight loss (see Sapplementary
Fig. 3], corresponding to swrface water {100, 20-100°C), crystal
waler (5%, 150-250°C) and partial decompasition of the protemated
MIPMID (6%, 320-450°C).

A mesopaross e, has recently been made by o surfactamt
templating method™; it has a thermal stzbility very smilar 1o that
of SL-B, but less than that of alica-hased matedals. Hosever, we

Figure 5| Cavities in SU-ME and faujasite. a, The filled hig tde in SU-ME
b, The six GeAd Tl clusters in the interior of 3; orange polvhedra are
irggonal Bipyramids. €, A fanjasice supercage on the same scale. Xote the
Tomm scale mirksr

luae previionsdy dhonnd® that replacerment of tetrahedral Ge in Ge
cluster oides by Sican significantly enlunce stability, and this & 2

worth prursising for SU-M s well, This mesoporous material
|u.1=l1Lug¢nmJ.mwfpmﬂddmndu\ﬂJw\1C'\’! A1 type bt i
otherwzse amorphous In contrast, the preperation of SU-M {see
Metlinds) imwvalves no susfactant, We believe o is sgnifcant that we
have also found (work 1o be published elsswtiere) that an ordered
crystalline germanium oxide of the MCM-41 type eonstrzced from
custers very similar to those in SU-M can also be made by
surfactant-free process. These observations open up the possibility
that there may be more general routes to ordered mesoporous
rnaterials, incuding ones with dhival dhanrned systers, of which the
omes, Feported here are just the first

Symtleedis. Bodh SU-M and SU-MB wese spmtheised ander hpdeothermal
condivins ooy o hessegeeeus s, of gensanives diecide, MPMIT asd
wiler wilh the miolid sati hdofacti acnd
il el ratin of Gl MR
The soluisons were heasad at Itn m Teflon-hined Parr ausoclaves umdar
antopesos presusre aind the symhisis time was seven days foe SU-M am d n
days for AL, Octabedral crystals, with sizes of 1604 160 160ue” for
SU-0d and #0380 % 8rwm”’ for SU-WE, were obtained 1s2e Sapplemessary
Fig.

Crystallagraphic iuﬂlm Horwy dilfeacion dara were oo:'..xluj a1 UT0E o s

the region 4,34 < 20 <2 #8187, The spe groep s fad and she o
Adimemions an o = FLIA A, F= 96, V= 135262141 A" All Framaenrk
atewns. all nitrogen and more bl of 8 carbow from MPMD cations
e located. Several water coygen atoes were also locaied. All non-Bydrogen
framsework aiomes were refin nisoaropically, By = 06744 for 6,519 retlec-
twass with 1 = Zol 1) and 0.1057 for all 3,922 reflectons, wify = 02367 and &
||hr pﬂn}dllcil. of 1 an Lo, Crysual dara and desails of srocvare

are given ¥ Tabe L Arcmic coeedin
il acement paramsten are given i Sapplemostiry

£, 34928 eflecices. of which 11 i wese nique, were collesed im
the regioe A 10 < 42

ralatieely crysal
Yess than 2ell), The
and some of the nitrogen and carbos from MPMEF Grions were locaied. Soveral
water ooypen avams were alss located. Only the garesnive atoms were refined
apisovopically. By = D838 For 6,80 reflec 2011} amd 10,1678 for
all 11,288 reflecsons, Wy = 023049 and 5 = “ryseal daa and deails of
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strneraned 1 s e in 7 Talsde 3. Al conndinatss

spiscamient poEameters are given i Supplementary

ard equiralent isoirop
Tabie 4,

in sitw K-ray powder difftacibon, o ste Xomy powder diffracion was
perioemd o 8 Huber Guisier camera 670 equipped winh am imoging, plate,
using synchrocron mdiaion s Beamlos 1711, Max-lab, Land Useversicy,
Swedeil. The s-synthesmed UM woe haated in s o 20 10 380°C with an
average et rie of 770 * Meray posder diffracrion dma were colleced
ar svery 350 ujs bo 200 and ey D lram 2060 10 34050

Ban exchange. The i cuchausge was peelvemed in salutives of C600 016, B0
T M} amd N0 My ai 20°C for 20h, The woe-exchamged crystals wees first
wathad with water, thoe sthanal, and fealy dried o BF°C for 2he

Adlsnrption study. Nitmogan adscepiaon and desarpion mntherm of as sm-
thericrad SU-B was mezasured w77 K oon a Microesenitics ASAF 2020 systens. The
sample was degassed firss at 295K for 3h and thes ai 357K for 3h.
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