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1 Introduction
1.1 General introduction

The borophosphates are intermediate compounds of system of M,0,-ByO3-P2O5-
(H20) (M = metal; special case: M replaced by NH4" or diamines). Though the
first borophosphate was synthesized by van Kloosters [1] in 1911, the systematic in-
vestigation on borophosphates only started from 1994. As a relatively young class
of compounds, borophosphate has already received much attention due to its scien-
tific and technological importance. Microporous phosphates can be used as catalysts,
ion exchangers and molecule sieves. Borates are good optical materials, e.g. nonlin-
ear optical properties and luminescence. One can imagine, borophosphates, with a
combination of borate-and-phosphate-characteristics, already may have the properties
both of phosphates and of borates. The following applications for borophosphates are

already established or considered to be potential candidates:

Catalysts

Molecular sieves

Ion exchangers, especially for Li-ion batteries

Optical materials (non-linear optical properties, luminescence, fluorescence)

Corrosion protector for metal surfaces

The catalytic properties of BPO, have been well established for a long time [2—
4]. It is widely used in the petroleum industry [5-7], such as for dehydration of 2-
methylbutanal to 2-methyl-1,3-butadiene (isoprene). The transition metal (Mn, Fe,
Co, Ni, Cu) substitutions on boron sites stabilized the structure to the orthorhombic
low-cristobalite type with average volumes per tetrahedral unit 30 % larger than that
in BPO,. This change in volume is expected to exhibit novel catalytic properties [8].

Open-framework materials, in general, have been intensively studied in recent years
because of their interesting chemical properties and potential application as molecular
sieves, and ion exchangers [9] due to their large cavities or channels [10]. Many zeo-
lites have shown these properties. The common motif of these zeolite building units is

based on the corner-sharing [SiO4] tetrahedra. From a crystal chemistry point of view,
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BPO, possesses the same dense structures as those of ”SiSiO,” and AIPO,. The crys-
tal chemistry of the borophosphate exhibits also over oxygen corners linked tetrahedral
borate and phosphate building groups as well as protonated species similarities with
that of the silicates. In relation to microporous and zeolite-analogous systems such as
alumosilicates [11], aluminium/alumophosphates [12,13], substituted variants [14, 15],
and gallium/gallo- [16,17] and zincophosphates [18,19], new open-framework struc-
tures based on boro- and zincoborophosphates have been successfully characterized.
A new class of compounds, A[ZnBP,Og] (At =, NH;", Rb*, Cs™) with tetrahedral
frameworks, has been realized, whose topologies display a close relationship to alu-
mosilicates (feldspar family [20] and gismondine [21,22]) [23,24]. A chiral tetrahedral
framework related to the CZP topology [25] has been observed in the crystal structures
of NaZn(H50),[BP,Og] - H,O.

It is well known that LiB3O5 (LBO) and f-BaB,O, (BBO) are two types of im-
portant Non-Linear Optical (NLO) materials [26]. KHyPO, (KDP) [26], as a phos-
phate, is also an important NLO material. Borophosphates, as a combination of the
characteristics of borates and phosphates, have also been detected containing non-
linear optical properties, e.g. SrBPOjs [27], $-Zn3BPO; [28], Mg,Zn;_,BPO; (z =
1.8) [29], Na5[B2P3043] [30,31] and Cry[BP3043] [32,33]. Among these, STBPO5 [27]
and Mg,Zn, ,BPO; (z = 1.8) [29] exhibit an optical SHG effect similar to that of
KDP (KHyPOy).

Some borophosphates doped with rare earth metals exhibit luminescence or fluo-
rescence effects. The compounds with composition of M"[BPO5] (M" = Ca, Sr [34],
Ba [35], Pb [36]) were widely used to investigate the luminescence properties by doping
with rare earth metals. For example, Eu?* doped SrBPOjs shows intense photostim-
ulated luminescence for UV and X-ray radiations [37]; Ce*" doping of CaBPOj also
shows luminescent properties [38]. Another example is given by Ce3*, Th** and Gd3*
doped rare earth borate-phosphate Ln(BOj3, PO4) (Ln = La, Y) [39]. It was observed
that La(BO3, POy): Ce, Tb, Gd phosphors absorb ultraviolet radiation and emit green
light with high purity and intensity under 254 nm excitation.

There are also some reports on the application of borophosphates as corrosion
protecting materials [40,41]. These studies show that borophosphates can be used as
coatings on metal surfaces, consequently acting as corrosion protectors [40)].

Hydrothermal methods and high temperature solid state reactions are commonly
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used for the syntheses of borophosphates. Only small amount of known borophosphates
were prepared from high temperature solid state reactions because of a number of
disadvantages: such as hard to get pure and single phase materials as well as single
crystal, BoO3 readily vapor at high temperature and form glass, and so on. Thus,
people have to search for new synthesis methods for borophosphates. The introduction
of hydrothermal syntheses on borophosphate preparation in 1996 made a breakthrough
in the development of this class of compounds and led to the syntheses of a large number
of new borophosphates with a wide variety of structural building units.
Hydrothermal synthesis utilizes water as a solvent in a closed system. By this
pressures and temperatures higher than 1 atm and 100°C are reached. In nature,
many minerals are formed under hydrothermal conditions. Using such methods, it is
often possible to obtain larger crystals in shorter periods of time, to grow pure crystals
of sufficient size for the measurement and utilization of their physical properties, and
even to prepare compounds with elements in oxidation states that are difficult to attain
using other techniques [42]. In addition, hydrothermal synthesis also employs relatively
mild temperature conditions which also means easy handling. Hydrothermal synthesis
is carried out in closed system under autogenous pressure. Temperature and degree
of fill are the variables influencing the pressure. Increasing temperature leads to rise
in pressure. pH values is an additional important factor affecting on the reaction
products. Acid conditions, in general, lead to borophosphates, while basic conditions

lead to phosphates as products.

1.2 Overview on borophosphates

In nature, two borophosphate-minerals are known: Mgz (H,0)g[B2(OH)g(POy)2] (Liineb-
urgite) [43] comprising {[B(OH)3(PO,)]>~} dimers as borophosphate anions; Mnz(OH),-
[B(OH)4][POy4] (Seamanite) [44] consisting of isolated B(OH),- and POy-tetrahedra.
Both of them were formed under hydrothermal conditions. Though the systematic in-
vestigations on borophosphates started not before 1994, during this short time to now,
a broad spectrum of new compounds has already been observed. The development
of borophosphates have been discussed in detailed in the dissertations of Hauf [31],
Boy [45], Engelhardt [46], and Schi fer [47]. Here I will discuss mainly on the struc-

tural chemistry of borophosphates.
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1.2.1 Systematic principle of a structural chemistry of borophos-
phates

Borophosphates contain complex anions built from BO,, BOj3, and PO, groups and
their partially protonated species. A first approach [48] to the development of a struc-
tural chemistry of borophosphates is based on water content (anhydrous and hydrated),
molar B : P ratio, and dimentionality of the borophosphate anions (linking principles of
the primary building units following the general line of silicate crystal chemistry). The
structural chemistry of borophosphate anions extends from isolated species, oligomers,
rings, and chains to layers and frameworks. In the known borophosphates, B : P ratios
of anhydrous borophosphates are in the range of 0.25-1; while B : P ratios of hydrated
borophosphates range from 0.25 to 6, boron are in both trigonal planar and tetra-
hedral coordination when B : P > 3. The anhydrous borophosphate anions consist
of isolated species, oligomers, and chains. The hydrated borophosphates, including
metallo- and templated-borophosphates, have rich borophosphate anions, which ex-
tend from isolated species, oligomers, rings, and chains to layers and frameworks. For
further details of the borophosphate anions please see Table 1.1.

Some characteristic principles in the crystal structural chemistry of borophosphates

can be emphasized:

1. No P-O-P linkages were observed in borophosphates known up to now.

2. The alkali metal and ammonium borophosphates containing boron in both trig-

onal planar and tetrahedral coordinations have the molar ratio of B : P > 3.

3. Additional characteristics are integration of planar BOj3 groups, preferred forma-

tion of 3-membered rings, and unusual branching of tetrahedral chains.

4. Templated vanadium and molybdenum borophosphates only consist of oligomers
as anionic borophosphates partial structures. Since vanadium and molybdenum
have a tending to form clusters built by vanadium- or molybdenum-polyhedra

and borophosphate groups.

5. Zinco- and beryllo-borophosphates have a molar ratio of Zn(Be) : B: P =1:1:2.
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Table 1.1: The borophosphates have been characterized so far.

Compound

Anions complex

Isolated
a—MH[BPO7] (M]I =
Co3[BPO;] [51]

L’I’l7OG[B03][PO4]2 (L’I’l = Pr, Nd [52],
La, Nd, Gd, Dy [53,54])

Mg, Zn) [49,50]

] (Seamanite)

isolated BOs-triangle and POy-tetrahedra

isolated BOgs-triangle and POy-tetrahedra

isolated B(OH)4- and POy-tetrahedra

Oligomer

CO5 [BP3014] [55]

CI‘2 [BPg 012] [32]
Pbg[PO4][B(PO4)4] [56]

Mgs(H20)6[B2(OH)6(POy4)2] (Liineburgite) [43]

NaMm[BP207(OH)3]

(M™ = Al, V, Fe, Ga, In) [57-61]
KGa[BP,0O7(OH)s] [62]
Mg>[BP>0O7(OH)s] [49]

CSV3(HQO)2[B2P4016(OH)4] [63]
(CQH10N2)2[Na(VO)IO{BP208(OH)Q}5] . 225H20
(64

(C2Hi10N2)2[(VO)s (H0){BP2010}] - 1.5H,0 [65]
(C4H12N2)6[(VO)2BP2010] . TLHQO

(n =2, 6, 14) [66]

Na14[Na{(VO)2BP2010}5] -nHQO [66]
A17[A{(VO)2BP2010}6] TLHQO

(A = NH4+, K+, RbT, CsT) [66]

(C H22N3)4H[M{(VO)QBPQOlo}ﬁ] ’I’lHQO
(M = NH,*, K*) [67,68]

(NH4) (03H12N3) [VQBPQO1Q]6 . 15HQO [69]
(NH ) (CQHloNQ)G—

(SI‘( ) ) [VQBP2012]6 . 10H20 [70]

(N ) (CSH12N2)6'

(Sr( ) ) [VQBPQOIQ]G 17HQO [70]
(NH4) (C4H14N2)4 5(ST(H20)5)2(ST(H20)4)—
[V2BP5012]6 - 10H,0 [70]

(NH4)5[V3BP3O19] -H50 [71]
(Co(en)s)(enH2){V3BP3019} - 4.5H,0 [72]

dimer {[OQB02/2P03]4_}
and isolated POg4-tetrahedra

tetramer {[B(05/2P0s3)3]°"}
pentamer {[B(0/2P03)4]°~}
and isolated POy4-tetrahedra
dimer {[03PO,/,B(OH)3}’"}

trimer

{{(HO)O2P0,,,B(0OH);0,,,P03]*~}

trimer {[03P02/2B(OH)202/2P03]5_
trimer

{[(HO)0O2P0,/,B(0)2045/,PO(OH))’

trimer {[03P02/2B(O)202/2P03]7’

}

-}
}

tetramer {[BO4(PO3)3]®~}
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Table 1.1 Continued

| Compound Anions complex
Oligomer

(C3H6N2)3,8(H3O)1,2[(VO)4(PO4)5(BO)Q] - 03H20 heptamer {[B2P5021]117}
[73]
(C6H14N2)2[VO(PO3OH)4(B303OH)] . 4.H20 [74.] heptamer {[(POgOH)4(B3030H)]67}
(C6H14N2)2[VO(HPO4)5BQO] - HQO . H3PO4 [75] heptamer {[BQO(HPO4)5]67}

and isolate H3PO —tetrahedra
(C3H5N3)g[MoY 5MoY1; 045 (BPOy )2 (PO4)s3- pentamer {[B(02/2P03)4]9’} and
(HPOy4)3] - nH20 (n = 4) [76] {[03P0,/5B(0,/,P02(0H))3]%" }
(CgH5N2)5[MOV5MOVI7030(BPO4)2(OgP—Ph)G] pentamer
. HQO [77] {[03P02/2B(OQ/QPOQ—Ph)g]IQ_}

Ring

AMIBP,0g(OH)] (A! = Na, K, NHy, Rb; 4-membered ring {[BP2Og(OH)]*"}
MM = Fe, In) [57,78-80] open-branched by two POg-tetrahedra
NayCus[B2P4O16(0OH)2] - 2HPO, [81] 4-membered ring {[BsP4015(0H)2]5~}

open-branched by two POy4-tetrahedra
and isolate HPO4-tetrahedron

(Niz_, Mg, )[B3P350:2(OH)g] - 6H, 0 unbranched 6-membered ring

(x~1.5) [82] {[B3P3012(OH)s]" }

Mg[BPO4(OH)s] - 2H,0 [83]

K¢Cuz[B4PgO25(OH)g] [84] 6-membered ring {[B4PsO025(OH)6]*% "}
open-branched by four HPO4-tetrahedra

Chain

MI[BPO;] (M = Ca, Sr [27,34], Ba [85], Pb [36]) loop-branched L {[BPO5]*>~}

M3 [BP3015] (M = Ba [34], Pb [36]) open-branched L {[BP3012]°~}

Na;[B2P3013] [30] loop-branched L {[B2P3013]° }

Li[B3POg(OH)3] [86] open loop-branched L {[B3POg(OH)3]~}

(NHy4)2[B3PO7(OH)2] [87] open loop-branched L {[B3PO7(OH)s]?>~}

K3[B5P010(OH)3] [88] loop-branched 1 {[BsPO10(OH)3]*~}

K[BsPO19(OH)4] [89] L{[BePO1o(OH)4]~}

Fe[ByP20O7(0OH);5] [90] unbranched 1 {[B2P207(OH);5]*>~}

Al[BoP207(OH)s5] o H,O [91]

ATMTBP,0g(OH)](A! = NHy4, Rb, Cs; open-branched 1 {[BP,Og(OH)]*~}

MT = V., Fe, Ga, In) [92-102]
Pby[BP,0s(OH)] [56]

tThe anionic borophosphate partial structures consist of boron both in trigonal-planar
and tetrahedral coordination.



1.2. Overview on borophosphates 7

Table 1.1 Continued

| Compound Anions complex |
Chain

MH(C4H12N2)[B2P3012(OH)] loop—branch é{[BQPgOlz(OH)]zli}
(M™ = Co, Zn) [103,104]
(CO(en)3)[BQP3011(OH)2] [105] loop—branch O:[o{[BQP:;Oll(OH)Q]Si}
{an(C6H14N2)3[B6P12039(OH)12)]} helical chain 010{[B6P12039(OH)12)]127}
- (CeH14N2)[HPOy4] [106] and isolated HPO4-tetrahedra
AIxMHy(HQO)Q[BPQOs] -zH50 helical chain 010{[BP208]3_}

(A! = Li, Na, K, NHy4, Rb, Cs;

M = Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd;
z=0.351,y =1-1.3, z = 0.2-1)
[45,46,107-115]

Layer

Naj_,Ag,[BP207(0OH)] 2{[BP20+(OH)]>~}
(x = 0 and 0.11) [116]
Rb2Co3(H20)2[B4P024(0OH)2] [117] 2 {[B4P024(0OH)2]3"}
MT(CyH19N2)[B2P3012(OH)] 2 {[B2P30;2(OH)]*~}
(M = Mg, Mn, Co, Ni, Cu, Zn) [118,119]

Framework
M![B,P205(OH)] (M! = Rb, Cs) [120] 3 {[B2P20s(OH)]~ } framework
Na[ZnBP,0g] - H,O [108] 3 {[ZnBP50g]~} framework!
M![ZnBP;0s] (M! = K, NHy) [23,24,45] 3 {[ZnBP50g]~} framework!
M![ZnBP;0s] (M! = NHy4, Rb, Cs) [23,46] 3 {[ZnBP50g]~} framework!
NH,[(Zn;_,Co,)BP50s] (0 < z < 0.14) [121]
M'[BeBP,0s] - HoO (M! = Na, K, NH;) [122] 3 {[BeBP»0s]~} framework?

1 Anionic partial structures include zinc-/beryllo-, boron- and phosphorus tetrahedra.

1.2.2 Oligomers and chains

About 80 % borophosphates contain oligomers and single chains as their anionic boro-
phosphate partial structures. Oligomers are presented in almost all the templated vana-
dium borophosphates and molybdenum borophosphates which include dimer, trimer,
tetramer, pentamer, hexamer to heptamer. {[BP,O;oH,]"~")~} trimers are the most
popular oligomers presented in the vanadium(IV) borophosphates as well as MY

borophosphates. Vanadium(V) borophosphates [71,72] and molybdenum borophos-
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phates consist of multinuclear of oligomers, such as tetramers, pentamers and hep-
tamers.

Single chains consist of loop-branched, open-branched, and unbranched single chains.
The hydrated borophosphates with a molar ratio B : P > 3 contain open loop-branched
single chains in which boron atoms are in 3-fold and tetrahedral coordinations. BOj
groups are exclusively linked to borate species. Terminal (nonbridging) oxygen posi-
tions of the BO3 groups are always protonated. All the corners of BO, tetrahedra share
common corners with neighboring units within the chains. The isotypic compounds
ALMT (Hy0)2[BP2Os] - 2H,O (A = Li, Na, K, NH,, Rb, Cs; M = Mg, Mn, Fe, Co,
Ni, Cu, Zn, Cd; x = 0.35-1, y = 1-1.3, z = 0.2-1) [45,46,107-115] contain infinite
61/65-helices loop-branched tetrahedral chains. The central chain is built of alternat-
ing borate and phosphate units; linking of two borate tetrahedra by an additional
PO, group along the chain leads to the formation of 4-membered tetrahedral rings.
Stretched and puckered loop-branched single chains, ! {[ByP3013]>"}, are presented in
Najs[B2P30;13] [30] and M"(C,H5N,)[BoP3O15(OH)] (M" = Co, Zn) [103,104], respec-
tively. Up to now, only one type of borophosphate consists of an unbranched single
chain, they are Fe[BoP2O7(OH)s5] [90] and Al[BoP2O7(OH)s5] o HoO [91] which contain

unbranched tetrahedral vierer single chains.

1.2.3 Zincoborophosphates

Zincoborophosphate is a special family of borophosphates in which zinc, boron and
phosphorus are all in tetrahedral coordination. Three different types of zincoborophos-
phates are known with three-dimensional tetrahedral frameworks structures. The
topologies of their framework structures exhibit zeolite-type structures (see Fig. 1.1):
K[ZnBP,Os]| [23] and NH4[ZnBP,Og] [24] (feldspar family, e.g. Anorthite Ca[AlySi;Og]
[123]), Al[ZnBP,Og] (Al = NHy4, Rb, Cs) [23,46,47] (GIS-type, Ca[Al,SiyOg]-4H,0
[21]), and Na[ZnBP,Og] - HoO [108] (CZP-type, Na[ZnPO,]-H,O [25]). In the crystal
structure of NH4[ZnBP,Og] [23], Zn was partially replaced by Co, bringing this redox-
active center that could lead to interesting catalytic characteristic. It is clear that
the known zincoborophosphates have a molar ratio of Zn : B: P =1 :1 : 2 accord-
ing to their formula. The known zincoborophosphates contain only inorganic cations
like alkaline metal and ammonium. Thus it is interesting to investigate the templated

zincoborophosphates with large cations.
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Figure 1.1: Topologies of three different types of zincoborophosphates: (a) K[ZnBP5Og]
[23,45] (feldspar family), (b) NH4[ZnBP,Os] [23] (GIS-type), (¢) Na[ZnBP,Og] - HyO
[108] (CZP-type).

1.2.4 Templated borophosphates

After the first organic templated borophosphate, Co(CyH;oN2)[B2P3012(OH)] [118],
was reported by Sevov et al. in 1996, several templated vanadium(IV/V) borophos-
phates [64-71,73,74,124] were reported mainly by the groups of Jacobson and Haushal-
ter in USA. Two molybdenum borophosphates [76,77] were also reported by Sevov’s
group. Some other transition metal (e.g. Zn, Co) templated borophosphates [103,106,
119] were reported by Kniep’s group.

The known templated vanadium borophosphates only contain vanadium in the va-
lence state of +4 and 45 in which vanadium atoms are either in square pyramidal (VOy3)
or distorted octahedral (54+1) and octahedral (VOg) coordinations. It is common that
vanadium polyhedra together with borophosphate oligomers form into oxovanadium-
borophosphate clusters. Fig. 1.2 shows three kinds of typical oxo-vanadium boro-
phosphate clusters. Two isotypic molybdenum borophosphates are with the same
oxomolybdenum-borophosphate clusters (Wells-dawson) which are built up by twelve
MoQg octahedra and two borophosphate pentamers. Other transition metals (e.g.
Zn, Co) are either in perfect octahedral coordination or in distorted octahedral (5+1)

coordination which are isolated by anionic borophosphate partial structures.



10 CHAPTER 1. INTRODUCTION

Figure 1.2: Three types of oxovandium borophosphate clusters are observed in
the templated vanadium borophosphates: (a) {{[(V202)(BP2010)]6}'* "} cluster, (b)
[VO(PO30H)4(B3030H)*~ cluster, (c¢) [V3BP3O49)°~ cluster.

Organic amines are often used as templates, which are bound to the main structure
or act as independent space-needing species (molecular or ionic) to direct the structural
arrangement of the framework. In the known templated borophosphates, all the organic
templates are diprotonated cations which either reside in the channels and cages or
around the clusters. Since the organic template is present as diprotonated cation to
balance the charge of framework, it is absolutely necessary for the crystal structure

building, it can not be removed by pyrolysis without breaking down the framework.

1.3 Motivation and objective for the present investigations

The goal of the present work was to synthesize and characterize new organo-templated
borophosphate with open framework structures.

As mention above, many organo-templated vanadium borophosphates with pure
44 or 5+ were reported. There is still no report on mix-valence vanadium borophos-
phate. One of our works is to synthesize and characterize the mix-valency vanadium
borophosphates. As a result, we obtained a new compound with new structure mo-
tif. Its crystal structure can be considered as ”intergrowth” of puckered vanadium(III)
borophosphate layers and planar vandium(IV) phosphate layers.

The term template means ”form-giving pattern” or "molding matrix”. This term

is also used for chemical compounds, which affect the structural building of crystalline
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solids during crystal growth. So depending upon the shape and size of the templates,
organic templates may be able to control the shape and size of cavities, channels
or layers in the framework structure. But there are still no good example to prove
this. For this reason, our aim is to study the role of template in the borophosphates.
It is our chance to obtain two manganese borophosphates with identical framework
conformation but difference in the shape and size of channels which are influenced by
the shape and size of templates (linear (H,DAP)** and cyclic (HoPIP)?*).

The known zincoborophosphates contain only inorganic cations like alkaline metal
and ammonium in their crystal structures. To study zincoborophosphate with large
size of organo cations become an interesting object. Here we obtain one organo-
templated zincoborophosphate. In this crystal structure, the organic template diaza-
bicyclo[2.2.2]-octane (DABCO) plays two roles in this structure: the diprotonated one
acts as pure template directing the ribbons, the mono-protonated one bonded to Zn po-
sitions at the border of zincoborophosphate ribbons. In addition, the thermal behavior
of (CeH14N2){Zn[ZnByP,0O15(OH)s] - (C¢H13N2)Cl} has been studied by temperature-
dependent X-ray powder diffraction and thermal analysis. The new phase occurring
during the decomposition has been identified as HT-NH4[ZnBP,Og).

Fluorine substituted borophosphates were the first time to be studied. Here we ob-
tained one fluorine substituted borophosphate whose crystal structure is closely related
to the pyroxene type structure.

To synthesize the templated borophosphates and metallo-borophosphates, hydrother-
mal method was employed. The products were characterized by powder X-ray diffrac-
tion and single crystal X-ray diffraction. High temperature powder X-ray diffraction
(HT-XRD) was applied to identify the intermediate phase during the decomposition.
Rietveld refinement was employed to refine the structure where single crystals could
not be obtained. ICP-AES, C-/N-/H-analysis and EDX were used to determine the
chemical composition of products. Thermal analyses (DTA-TG, DSC) were used to
investigate the thermal stability and decomposition process. IR-spectroscopy was per-
formed to confirm the functional groups (O-H, C-H and N-H) in the compounds. The
temperature dependent magnetic susceptibilities were measured for the compounds
containing transition elements. "F MAS NMR was applied to check the number of

fluorine positions in the crystal structure.
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2 Experimental
2.1 Preparation methods and chemicals

Hydrothermal syntheses [42,125] have been employed for preparation of new borophos-
phates presented in this work. The reactions were carried out in either Teflon autoclaves
(ROTH BOLA, reaction volume: 10 ml or 20 ml) (Fig. 2.1) or Teflon-lined stainless
steel autoclaves (BERGHOF, reaction volume: 25 ml) (Fig. 2.2) under autogenous
pressure. The reaction temperatures range from 140 °C to 220 °C. At reaction temper-
atures equal or lower than 170 °C, Teflon autoclaves were used; at higher temperatures

(>170 °C), Teflon-lined stainless steel autoclaves were taken.

Safety tube for releasing pressure

Screw Cap e
[T Teflon foil 1 L]
[~ | |

[™_ PE foil | |
' |
' |
' |
' |
—F—— Base \
S
Inling —————=_>=—

Figure 2.1: Teflon autoclave for hydrothermal syntheses below 170 °C (ROTH BOLA).

The general process of preparation was as follows: A mixture of the reagents was
added to water, stirred at room temperature or higher temperature for several hours.
37% HCI was added to adjust the pH value to acid conditions (pH = 1.0—3.0). The

mixtures were transferred into autoclaves with different filling degree (30—80%) and
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kept in an oven (140 — 220 °C) for 3—30 days. The solid products were filtrated and
washed with deionized water, and finally dried at 60 °C. Most of the products con-
tained crystals which were large enough for single crystal measurements and structure

determinations. Only few compounds were obtained as fine powders.

The pH value is an important factor to control the reactions, in most of cases, acid

conditions lead to borophosphates and basic condition lead to phosphates only.
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Figure 2.2: Teflon-lined stainless steel autoclave for reaction temperatures up to 220 °C.

The chemicals used for the reactions are listed in Table 2.1. As metal sources the

respective halides, as boron sources, H3BO3, BoO3, BF3 - CoH5NH; and other borates
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were used. The phosphorus sources were 85% H3PO, or other phosphates. Aliphatic

diamines were used as organic templates.

Table 2.1: Chemicals used for the hydrathermal synthesis of borophosphates.

‘ Formula Company Purity ‘
ZnCl, MERCK 99.99%
MnCl, MERCK 96%
VCl; ALFA 99%
FeCls - 6H50 MERCK 99.0%
B2Os3 ALFA 99.9%
H3BOj3 RoTH 99.9%

BF;3 - CoHsNHy  ALDrRICH  99.9%
K>B,07 - 4H,0 MERCK 99 %

KoHPO, MERCK 99 %
H3PO4 (85%)  MERCK  99.9%
HCI (37 %) MERCK  99.9%
CyHgNo ALDRICH 99%
C3H1gNs ALDpRrRICH 99%
C4Hi9No ALDRICH 99%
CeHi2Ng ALDRICH 99%

2.2 Characterization

2.2.1 Powder X-ray diffraction

Powder X-ray diffraction was primarily used to identify the reaction products by com-
paring with powder patterns from databases (as PDF format) or with powder patterns
simulated from single crystal data. X-ray powder patterns were also used for the precise
determination of cell parameters. The measurements were carried out on the X-ray-
powder-diffractometer of HUBER Image Foil Guinier Camera G670 (Cu K,;-radiation,
Germanium (111) monochromator; Cr K, -radiation, Germanium (111) monochroma-
tor; and Co K,;-radiation, Quartz (1011) monochromator). X-ray powder investiga-
tions were prepared by using glass capillaries or flat foils on aluminum rings. In general,
data were collected in the range of 3° < 260 < 100° with 0.005 degree per step. The
data were handed by using the STOE Winxpow software package (version 1.09) [P1].
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High temperature powder X-ray diffraction (HT-XRD) was carried out on a STOE-
diffractometer (STOE STADI MP, CuK,;-radiation, Ge monochromator, STOE-high
temperature attachment 0.65.3). Powder samples were filled in quartz capillaries of
0.5 mm diameter. The capillaries was kept open during the measurements. The heating

rate between two steps was 5 K/min and the scanning time was one hour per step.

2.2.2 Single crystal X-ray diffraction

Single crystal X-ray diffraction techniques were used to collect single crystal data for
determining the crystal structure. Suitable crystals were fixed on the tip of a capillary
by using two-component glue, and mounted on a four-circle-diffractometer equipped
with a Mercury-CCD detector (Ricaku AFC 7 CCD, Mo K,-radiation, Graphite
monochromator) and a RicAku AFC 8 diffractometer, equipped with curved R-axis
Rapid imagining plate detector (Mo K,-radiation, Graphite monochromator), respec-
tively. In some cases, the Laue method or a polarization microscope were used in order
to check for possible twining of crystals and to check the quality of single crystals.
The collected data were corrected for Lorenz, polarization corrections and absorption
effects. Initial model of crystal structures were obtained by using direct method and
refined by least-square method applying SHELXS-97 [P2] and SHELEXL-97 [P3] pro-
grams, respectively. The position of the light atoms were taken from difference Fourier
maps. The intensity were corrected by using multi-scan methods, in some cases, addi-
tional numerical correction based on the crystal shape was performed. To evaluate the
quality of structure model gives the R-value, which indicate the agreement of observed
(F,) and calculated (F.) F-values. R1 is defined by:

% 1Fo | — | Fell
Rl = (2.1)
> | Fol

hkl

The weighted R-factor wR2 base on F?2.

2 w(Fy — F2)?
wR2 = hklzw(FQ)Q (2.2)

hkl
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where the w-value is coming from

w = (2.3)

and

2F? + max(FZ,0)
3
Another important factor for evaluating the quality of crystal structure refinement

is Goodness-of-fit (GooF):

P=

(2.4)

> w(Fy = F2)?

GooF = S = \| & (2.5)
n—p

where n is the number of reflections and p is the total number of parameters refined.

A right structure model normally require the S value near to 1.

2.2.3 Inductively coupled plasma-optical atomic emission spec-
troscopy (ICP-AES) and combustion technique

The inductively coupled plasma-optical atomic emission spectroscopy (ICP-AES) [126]
was applied to analyze metals, boron, and phosphorus in the reaction products. The
analysis is carried out in the spectrometer VARIAN Vista (excited by Ar Plasma, radial
observation). Samples of arround 10—20mg were dissolved (by 37% HCI, HNO; or
their mixture) and diluted with water. The solution was injected into the Plasma. The
optical emission was detected by an optic spectrometer.

Organic carbon, nitrogen and hydrogen contents were analyzed in a LECO CHNS-
932, which applies the hot extraction method [126]. About 10—15mg of a sample was
encapsulated in tin foil, then exposed to high temperature combustion in an enriched
oxygen environment in the presence of WOj3 in which C, H and N were oxidized to CO,,
Hy;O and NO,. The gases pass through heated copper metal where NO, is reduced
and excess O, is removed. H;O and CO, are measured using independent NDIR
(non-dispersive Infrared Spectroscopy) detectors, Ny is determined via TC (thermal

conductivity) detection. The contents of C, H and N were determined quantitatively.



2.2. Characterization 17

2.2.4 Scanning electron microscopy (SEM) and energy disper-
sive X-ray analysis (EDX)

SEM (PHirLips XL 30 or Jeol JSM-6400 equipped with energy dispersive spectroscopy
EDX) was applied for examining texture, morphology and surface details of crystals.
EDX (PHILLIPS XL 30 with software package EDAX, sample sputtered with carbon)
was applied to half-quantitatively identify the elements present on the crystal surface
by detecting the energy of the emitted X-rays. The samples were placed on a substrate
(sample holder), sputtered with Au for SEM and with carbon for EDX to increase their
surface conductivity. In general, EDX allows elemental analysis for atomic numbers
(Z) greater than 10, therefore boron can not be detected in EDX.

2.2.5 Differential thermal analysis (DTA), thermogravimetry
(TG) and differential scanning calorimetry (DSC)

Thermal analysis (DTA/TG) were carried out under static air atmosphere (NETZSCH
STA 409 EP). About 30—50 mg of a sample was put into a corundum-crucible (empty
corundum-crucible as reference). The temperature ranges from 30 °C to 1000 °C with
the heating and cooling rate of 5 °C/min. The measurements were analyzed by applying
the program from NETzZSCH (Proteus 4.0 beta, NETZsCH-Gerdtebau 1999). Weight
changes in TG curves and temperature difference in DTA curves give information on
reactions, decompositions, phase transitions, recrystallizations, and so on.

Differential scanning calorimetry (DSC) was carried out in a DSC-equipment (NET-
zscH DSC 204, Pt-Pt/Rh-thermoelement). The sample was encapsulated in an alu-
minum corundum. This method is used to determine thermodynamic parameters such

as enthalpy and specific heat.

2.2.6 Infrared spectroscopy (IR)

Infrared spectra were recorded using a spectrometer from BRUKER (IFS 66v/S; Globar
(MIR), KBr, DTGS-Detector; Program Opus/IR 3.0.3). The tablets for IR measure-
ments consist of mixtures of 1.5 mg sample together with 150 mg KBr (MERCK, Uvasol
for IR-Spectroscopy). The investigated wavenumber range was 4000-400 cm . The IR

spectra were used to obtain either structure information or ”finger prints”. The coming
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out spectra were compared with the literature data from the known borophosphates.

2.2.7 Magnetic susceptibility

The magnetic susceptibilities of (C3HoNy)Fes(H,0)4[B4PsOs2(OH)g), (C3HyoNy)-
{Mn[ByP3015(OH)[}, (C4H12N2){Mn[ByP305(OH)]} and (C3H9Ny)o { VI, VIV 3By PsO35Hg }
were measured using a SQUID-Magnetometer (Quantum Design, MPMS XI1-7). The
powders or crystals (about 30 mg) were put in an quartz-glass tube (inner diameter:
4mm; wall thickness: 1 mm). The magnetic susceptibilities were measured in the tem-
perature range of 1.8-400 K and by applying external magnetic fields from 100 Qe to
70kQe.

2.2.8 YF MAS NMR Spectroscopy

The F MAS NMR experiment of (CyH;oNy)[BPO,F,] was performed with a BRUKER
AV 400WB spectrometer to identify fluorine sites. The *F MAS NMR spectrum was
acquired at a spinning rate of 35 kHz (2.5 mm rotor) under the following conditions: no
decoupling referenced to trifluoroacetic acid (—78.5 ppm); a simple one pulse acquisition
was used with a '%F 7/2 pulse of 3ms, an acquisition time of 16 ms, a dead time delay
of 4.5ms, and a recycle delay of 10s; resonance frequency of 376.5 MHz. A total of 64

scans was accumulated.
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3 Results and discussion
3.1 (CyH;oN,)[BPO,F,]

3.1.1 Synthesis

(CaH1oNy) [BPO,F5] was prepared under mild hydrothermal conditions from a mixture
of 0.81 g (13.5 mmol) ethylenediamine (CyHgNjy, en), 1.12 g (18.1 mmol) H3BOs3,
2.04 g (18.1 mmol) BF3 - CoH5NH, and 2.08 g (18.1 mmol) 85 % H3;PO,4 (molar ratio of
en:H3BO;: BF; - CoHsNH,y : H3PO, = 0.75:1:1:1) by adding 10 ml of deionized water
and stirring at 100 °C. Meanwhile, 0.7 ml of 37 % HCI was slowly added leading to a
highly viscous red-orange gel with a pH-value of 3. The gel was kept at 220 °C for three
days under autogenous pressure in a Teflon-lined stainless steel autoclave (V' = 25 ml,
degree of filling ~ 30 %). The solid reaction product was filtered, washed with deionized
water and dried at 60 °C. Only few colorless crystals of good quality were observed.
Fig. 3.1 shows the SEM micrograph of a single crystal. (CoH;oN2)[BPO,F3] can also
be prepared in the absence of H3BO3 (molar ratio of en:BF3-CyHsNH, : H3PO, =
0.75:2:1) at 170 °C within three to five days of reaction time. This result indicates
that the boron content in (CoHyoN2)[BPO,F3]| is originating from BF3 - CoHsNH,.

Figure 3.1: SEM micrograph of an elongated prismatic single crystal of
(CaH1oNy) [BPO,F,.

Phase purity for the reaction products was initially checked using powder X-ray
diffraction (HUBER Image Foil Guinier Camera G670, Cu K,;-radiation, germanium
monochromator). Fig. 3.2shows the observed and the calculated powder pattern from

the structure determination. The good fit indicates a high purity of the sample.
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Figure 3.2: Powder X-ray diffraction patterns of (CoHyoN2)[BPO,F3], (a) observed, (b)
calculated from structure data (see chapter 2.2.1); Cu K,;-radiation.

Boron and phosphorus were analyzed using ICP-AES, while a hot extraction method
was applied for carbon and nitrogen. The fluoride content was determined semi-
quantitatively using a fluoride sensitive electrode (Microprocessor-Hochleistungs-pH-
Ionen-Meter, pMX 3000/ION, Wissenschaftlich-Technische Werkstétten GmbH). Re-
sults of the chemical analyses are given in Table 3.1. The presence of the elements,
except for boron and hydrogen, were also confirmed by EDX measurements (Philips

XL 30 with software package EDAX, sample sputtered with gold).

Table 3.1: Results of the chemical analyses of (CoH1oNo)[BPO,F5].
Element | Obs.(e.s.d.)/mass-% Calc. /mass-% |

B 5.24(2) 5.25
P 14.43(4) 15.04
C 11.68(9) 11.67
N 13.82(9) 13.61
H 4.87(2) 4.89
F 16.9(2) 18.3
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3.1.2 Crystal structure determination

The crystal structure of (CoH19N2)[BPO,F3] was determined by using a colorless pris-
matic crystal (0.12 x 0.03 x 0.02 mm?). Single crystal data were collected on a
R1GAKU AFCT four-circle diffractometer, equipped with a Mercury-CCD detector (Mo
K ,-radiation, graphite monochromator) in the angular range 3.38°<26 < 56.14° (300°-
¢-scan, 60°-w-scan at y = 90°, 0.6° steps with 150 s exposure time per step, detector
distance: 40 mm; 20-offset: —10.00°). The data were corrected for Lorentz and po-
larization effects. A multi-scan absorption correction was applied. The structure was
solved in the space group P1 (No. 2) by direct methods using the program SHELXS-
97-2 [P2]. Fourier calculations and subsequent full-matrix least-square refinements
were carried out using SHELXL-97-2 [P3] applying neutral-atom scattering factors.
The crystallographic results are summarized in Table 3.2. After anisotropic displace-
ment parameters had been included in the refinement, all hydrogen atoms were located
from the difference Fourier map and refined without applying any restraints. Fluorine
positions were deduced according to rather short distance to boron and higher R-
values when replaced with oxygen. Atomic coordinates and displacement parameters
for (CoHyoN2)[BPO4F3| are given in Tables 8.3 and Table 6.3, selected interatomic
distances and angles in Table 3./ and Table 3.5. Displacement parameters and bond

lengths are consistent with an ordered distribution of O and F.

Table 3.2: Crystallographic data and refinement details for (CoHyoN2)[BPO,F].

| Compound

(CQHlONg)[BPO4FQ]

Space group
Cell parameters [pm/°]

V [10%-pm?]/Z
Calc. density p [g - cm 7]
Diffractometer

HMMoKa [mm_l]
Scan type

26 range [°]
Miller-index range

P1 (No. 2)
a = 451.85(5)/a = 86.08(1)
b= T710.20(8)/8 = 88.52(2)
¢ =1210.2(2) /vy = 71.74(1)
367.93(8)/2
1.859
Ricaku AFC7 CCD
Mo K,-radiation
Graphite monochromator
0.39
o/w
3.38-56.14
—4<h<5
—8<k<8
-14<i<14
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Table 3.2 Continued

Total data collected 3422

Unique data 1386

Observed data I > 20(I) 1121

Rini/ Ry 0.035/0.048

Number of refined parameters 150

R1 (F, > 40(F,))/R1 (all data) 0.059/0.082

wR2 (Fo > 40(F,))/wR2 (all data) 0.105/0.113

Goodness-of-Fit (on F?) 1.144

Residual electron density 0.294/-0.393

(max./min.) [e-10~%pm=3]

Programs DIAMOND [P4]
SHELXS-97/2 [P2]
SHELXL-97/2 [P3]

Table 3.3: (CzHloNg)[BPO4Fz] Atomic coordinates and equivalent/isotropic displace-
ment parameters (10-?pm?), e.s.d.’s are given in parentheses.

| Atom Site =z Yy z Ueq/ Ulso |
P12 0.3076(2) 0.20327(15) 0.73839(9) 0.0220(3)
Bl 2 0.6952(10) 0.5095(7)  0.7758(4)  0.0268(10)
Ol 2 09579(6)  0.3291(4)  0.7712(2)  0.0238(6)
02 2 0.3329(6) 0.3221(4)  0.6137(2)  0.0292(7)
03 20 0.4038(6)  0.4592(4)  0.7929(2)  0.0270(7)
04 20 0.4836(6)  0.0800(4)  0.7850(2)  0.0303(7)
F1 2 0.7194(6)  0.6195(4)  0.8634(2)  0.0467(8)
F2 20 0.6765(6)  0.6270(4)  0.6764(2)  0.0476(8)
N1 20 0.0702(8)  0.8874(5)  0.8622(3)  0.0252(8)
HI 20 0.114(10)  0.761(7) 0.841(4)  0.037(13)*
H2 2 -0.117(10)  0.954(6) 0.832(3)  0.021(10)*
H3 20 0.238(13)  0.940(8) 0.838(4)  0.062(16)*
Cl 2 0.0478(11) 0.8935(6)  0.9842(3)  0.0290(9)
H4 20 —0.104(10) 0.824(7) 1.012(4)  0.040(13)*
H5 20 0245(12)  0.817(7) 1.014(4)  0.052(15)*
N2 2 0.8598(9)  0.2779(5)  0.4907(3)  0.0266(8)
H6 20 0.667(12)  0.301(7) 0.540(4)  0.052(15)*
H7 20 1.032(12)  0.288(7) 0.532(4)  0.052(15)*
HS 20 0.804(11)  0.380(8) 0.430(4)  0.057(15)*
C2 2 0.0382(10) 0.9254(6)  0.5497(3)  0.0287(9)
HO 20 —0.150(9)  0.945(6) 0.600(3)  0.022(10)*
HI0O 20 0.206(10)  0.940(6) 0.591(3)  0.031(11)*

*refined with isotropic displacement parameters
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3.1.3 Crystal structure description

The crystal structure of (CoHyoNy)[BPO4F,] contains infinite chains L {[BPOFy)*>~}
which are built from alternating PO4- and BO,Fs-tetrahedra sharing common oxy-
gen corners (Fig. 3.3(b)). The chains can be classified as unbranched zweier-single
chains [20]. They are isoelectronic (48e~ systems) to the zweier-single silicate chains
L{[SioO06)*~} (Fig. 8.5(a)) which are characteristic for the pyroxene family (e.g. Diop-
side, (CaMg)[Si2Og] [127]). The essential structural difference between the zweier-single
chains (Fig. 3.3(a) and Fig. 3.3(b)) results from the relative orientation (conforma-
tion) of adjacent tetrahedra along a chain: In looking along the Sil---Sil (B1---P1)-
directions, adjacent tetrahedra are in an almost eclipsed (staggered) arrangement, re-
spectively. By this (staggered conformation), the terminal fluorine (F1, F2)- and the
terminal oxygen (02, O4)-positions of adjacent tetrahedra in the borophosphate chain
reach F---O distances > 317.3(1) pm (F1---02). Bond angles at the bridging oxygen
sites within the chains are 132.5° (pyroxene, Fig. 3.3(a) ), 127.7(3)° (B1-O3-P1) and
131.9(2)° (P1-O1-B1) for (CoH1oNy)[BPO4Fy] (Fig. 3.3(b)). Similar values for angles
at the bridging oxygen positions are observed in the unbranched vierer-single chain
L{[ByP20;(OH)s]*} [90] given in Fig. 3.3(c): 135.2(3)° (B1-O1-P1) and 130.3(2)°
(P1-06-B1).

The arrangement of anionic chains L {[BPO,F5]*~} running parallel along [100]
in the crystal structure of (CoHyoN3)[BPO4F5] is shown in Fig. 3.4. The chains are
running along [100] and have a periodicity of 451.85 pm, equal with the crystallographic
a-axis. The building units of chains are related by a center of symmetry, leading to
alternating sheets along the c¢ axis in the (100) plane. The sheets of L[BPO4F,]*~
chains are separated by alternating sheets of either enl (built from C1 and N1 with
corresponding protons, see Table 3.3) or type en2 (built from C2 and N2). enl is
located with its center of the C—C bond on the center of inversion in corner of the unit
cell, en2 is arranged with its C-C bond center at the centers of inversion on (0,0,%),
with the same orientation in each case.

(CoHygNy)?* ions (denoted as enl and en2) interconnect the borophosphate chains
via N-H---O and N-H- - - F hydrogen bridges. The systems of hydrogen bridges which
fix the diprotonated enl- and en2- molecules between neighboring polyhedral chains
are shown in Fig. 3.5. Concerning the distances of N---F and N---O (see Table 3.5),

the hydrogen bridges can be classified as "moderate strong” [128]. The interatomic
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distances found for both (CoHyoN3)** ions (C1-C1 151.1(8) pm, C1-N1 147.9(5) pm
and C2-C2 151.8(8) pm, C2-N2 148.5(5) pm) are comparable with ethylenediammo-
nium ions in other borophosphates (Mg(CyH19N5)[BoP3012(OH)| [119]: C-C 151.4(5)
pm, C-N 147.2(4) pm and 148.7(4) pm). All angles within the (CyH;oN3)*" ions are
close to tetrahedral angles (see Table 3.4).

03

o y o | A

F1

01

(b)

(¢)

Figure 3.3: (a) Part of an unbranched zweier-single chain | {[SioOg]*~} in the crystal
structure of (CaMg)[SiaOg] [127]. Ball and stick together with polyhedral presenta-
tion. (b) Part of an unbranched zweier-single chain ! {[BPO4F5]* "} in the crystal
structure of (CoH1oNy)[BPO4Fs]. PO, tetrahedra: dark grey, BOoF, tetrahedra: light
grey, F atoms: medium grey spheres. (c) Part of the unbranched vierer-single chain
L{[BaP207(OH)5]*>"} in the crystal structure of Fe[BoP27(OH)s] [90]. POytetrahedra:
dark grey, BO, tetrahedra: light grey, hydrogen atoms: black.
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Figure 3.4: Crystal structure of (CoH;oN2)[BPO4F3| viewed approximately along [100].
The two crystallographically inequivalent (C2H10N2)2+ ions are denoted as enl and
en2, respectively (PO, tetrahedra: dark grey, BO, tetrahedra: light grey).
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Figure 3.5: Hydrogen bonds N-H---O and N-H---F between (C,H;(N;)?>" (enl and
en2) and the zweier-single chains ! {[BPO4F5]*"}. N-H:--O hydrogen bonds are
shown as black dotted lines and N-H: - - F hydrogen bonds as grey dotted lines. PO,
tetrahedra: dark grey, BO, tetrahedra: light grey, hydrogen atoms: black. For inter-
atomic distances see Table 3.5.
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Table 3.4: (CoH1oNy)[BPO,4F5): selected interatomic distances and angles, e.s.d.’s are
given in parentheses.

| distance [pm] angle [°] angle [°] |
P- 04 149.8(3) 04-P-02 114.21(17) 02-P-03 108.71(16)
02 151.5(3) 04-P-0O1 106.47(15) O1-P-03 105.46(14)
01 156.5(3) 02-P-0O1 109.13(15)
03 156.6(3) 04-P-03 112.44(16)
B- Ol 1451(5) O1-B-03 109.9(3) O1-B-F1 111.8(3)
03 147.5(5) O1-B-F2 109.9(4) 03-B-F1 106.7(3)
F1 138.5(5) 0O3-B-F2 109.4(3)
F2 140.4(5) F1-B-F2  109.0(4)
Cl- Cl 151.1(8) N1-C1-C1 109.8(4)
N1 147.9(5)
C2- €2 151.8(8) N2-C2-C2 108.6(4)
N2 148.5(5)

Table 3.5: Hydrogen bonds of (CyHigN2)[BPO4Fs]: interatomic distances [pm] and
angles [°]

Hydrogen bonds |

N1-H1 91 H1---O3 224 N1---03 310 N1-H1---O3 158

H1---F1 231 N1---F1 283 N1-H1---F1 117
N1-H2 90 H2---O4 184 NI1---O4 274 N1-H1---O04 174
N1-H3 98 H3---04 184 N1---04 280 N1-H1---04 167
N2-H6 102 H6---02 171 N2-.-02 272 N2-H6---02 174
N2-H7 96 H7---02 179 N2-.-02 274 N2-H7---02 175
N2-H8 97 H8---02 205 N2---02 291 N2-H8---02 146

HS8---F2 257 N2---F2 308 N2-HS8---F2 112

3.1.4 F MAS NMR Spectroscopy

The F MAS NMR experiment was performed with a BRUKER AV 400WB spectrom-
eter to identify fluorine sites. The '"F MAS NMR spectrum (Fig. 3.6) was acquired
at a spinning rate of 35 kHz (2.5 mm rotor) under the following conditions: no decou-
pling referenced to trifluoroacetic acid (—78.5 ppm); a simple one pulse acquisition was

used with a 'F 7/2 pulse of 3 ms, an acquisition time of 16 ms, a dead time delay of
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4.5 ms, and a recycle delay of 10 s; resonance frequency of 376.5 MHz. A total of 64
scans was accumulated. The spectrum reveals two resonance peaks at —141.6 ppm and
—143.8 ppm with an intensity ratio about 1:1 for the two crystallographically inequiv-
alent fluorine-sites. This observation agrees with the single crystal refinement results
of two independent fluorine sites. The resonance peak at —149.5 ppm is coming from

impurities which were not identified.

141.6
——=143.8
—-1485

T T T T
-130 -140 -150 ppm

-
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400 300 200 100 0 =100 =200 =300 -400 =500 =600 =700 ppm

Figure 3.6: 'F MAS NMR spectrum of (CyH;oN3)[BPO,F,).

3.1.5 Thermal analysis

Thermal properties were investigated by DTA /TG methods in a static air atmosphere
with heating and cooling rates of 5 °C/min (NETZSCH STA 409)(Fig. 3.7). The
TG curve of (CoHpoNo)[BPO4F3] shows a three step mass loss with an overall mass
loss of 50.7 % (48.6 % calc., according to a hypothetical mass loss of 1xCyHgNy and
2xHF), consistent with two endothermic peaks in the DTA curve at 329 °C and 424
°C, respectively. Powder X-ray data for the solid product obtained after heating up to
1000 °C appears to contain crystalline a-BPOy [2] (Fig. 3.8).



28

CHAPTER 3. RESULTS AND DISCUSSION

100 TG exol
329°C \f1-13.48%
90 10
IDTA
80 - w)
< 4247C 12 3
S - >
E " -38.54% =
60 |- A4 @,
50 -
M -6
-6.92%!
40 " 1 1 " 1 " 1 " H
200 400 600 800 1000

Temperature [ °C]

Figure 3.7: DTA-TG curves of (CoHyoN2)[BPO,F3], for details see text.
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Figure 3.8: Powder X-ray diffraction pattern of (CoH;oNo)[BPO,F,] after heating up
to 1000 °C (a), compared with calculated powder diffraction pattern of a-BPOy4(b) [2];

Cu K,i-radiation.
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3.1.6 IR-spectroscopy

The IR-spectrum of (CoHyoNy)[BPO4F,] (1.5 mg sample : 150 mg KBr) in transmit-
tance mode is shown in Fig. 3.9. The band positions of N-H and C-H vibrations are
summarized in Table 3.6. The IR-spectrum confirmed the presence of (CoHioNg)?™
ions in the structure, as evidenced by the bands observed at 3248, 3018, 2988-2516,
1648, 1559, 1503 and 1336 cm ™.

Transmittance

1336

1503
2988-2516
3108 1648

3248
1559

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure 3.9: IR-spectrum of (CyH;oNy)[BPO4F,] in the range of 4000-400 cm™".

Table 3.6: IR-spectroscopy data of (CoH;oNy)[BPO,Fs.

Vibrational frequency | Intensity?, | Assignment [129]
7 [em™!] Band form*

3248 and 3108 S,ST N-H-stretch
2988-2516 m,St C—H-stretch
1648-1503 S,Sp N-H-deformation

1336 w,Sp C-H-deformation

tys = very strong, s = strong, m = medium, w = weak
Ibr = broad, sp = sharp, sr = shoulder
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3.1.7 Discussion

The parallel arrangement of L {[BPO,F3]?~} single chains along [100] is shown in Fig.
3.10. The chains can be simplified as trapezoidal columns which are tilted by approxi-
mately 7 ° against the horizontal direction. (CoHoNo)? ions are simplified as elliptical
circles. The trapezoidal columns are arranged to layers along [010] with identical ori-
entation, but opposite in neighboring layers along [001]. (CoH;oNy)?** ions occupy two
types of positions: enl sites lie between the bases of neighboring trapezoidal layers;
while en2 sites lie between their apices.

The crystal structure of (CyHioNy)[BPO4F5] is comparable with the typical py-
roxene compound CaMg[SisOg] (Diopside) [127] which consists of unbranched single
chain, ! {[SioO4]*~}. The unbranched zweier-single chain of CaMg[SiyOs] viewed along
[001] can also be simplified as trapezoidal column. The trapezoidal columns are in
cross-sectional arrangements within one layer along [010] and are in the same sequence
in different layers along [100]. The large size of Ca cations lie on the base of trape-
zoidal columns in neighboring layers, while small size of Mg cations lie on their apices.
Therefore Ca and Mg cations are arranged alternately along [010].

Compared these two structures, it is clear that the arrangement of chains are
strongly influenced by the cation sizes. The large size of (Hoen)? ions (dy..y =
374 pm) make the trapezoidal columns tilted and arranged in identical orientation in
one layer. While small size of Ca and Mg cations are sufficient with the gap between
trapezoidal column layers, so they can have cross-sections arrangement in one layer in
the crystal structure of CaMg[SisOg).

Anionic borophosphate chains are known as open-branched, loop- branched, open
loop-branched, and unbranched. In the unbrached chains, only vierer-single chain
L{[ByP,0O7(OH);5]>~} was found in the crystal structure of Fe[B,P,O7(OH)s] [90]. The
zweier-single chain L {[SioOg]*"} of (CaH1oNo)[BPO4F,] is a new building type in boro-
phosphate anion. Both unbranched single chains have the same ratio of B : P = 1.
The unbranched vierer-single chain contains terminal OH-groups bonded to boron with
puckered arrangement. The unbranched zweier-single chain contains terminal fluorine
instead of OH-group bonded to boron with stretched arrangement. The puckered and
stretched arrangement of unbranched single chains may be due to the OH-group prefer

to form hydrogen bond and fluorine prefer to be terminal because of its high electroneg-
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Figure 3.10: top: Section of the crystal structure of CoHpoNy)[BPO4F5] viewed along
[100]. The two crystallographically different (CoH;oN3)?>" ions are denoted as enl
(C1/N1) and en2 (C2/N2), respectively (PO, tetrahedra: dark grey, BOyF, tetra-
hedra: light grey, N atoms: dark grey sphere, C atoms: light grey sphere ). The
trapezoidal columns and elliptical circles in the right side represent the zweier-single
chains L {[BPO,F5]*"} and en groups. bottom: Section of the crystal structure of
CaMg[SipOg] viewed along [001] (SiO,4 tetrahedra: medium grey, Ca atoms: medium
grey spheres, Mg atoms: light grey spheres). The trapezoidal columns in the right side
represent the zweier-single chains L {[SipOg]*"}. For further details see text.
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3.2 (CGHMNQ){ZH[ZHB2P4015(OH)2] . (CGH13N2)CI} (zndabcocl)

3.2.1 Synthesis

(CeH14N2){Zn[ZnB,yP4045(OH),] - (C¢H13N2)Cl} (zndabcocl) was prepared under mild
hydrothermal conditions from a mixture of 3.894 g (28.6 mmol) of ZnCl,y, 0.994 g
(14.3 mmol) of B3O, 6.41 g (57.2 mmol) of diaza-bicyclo[2.2.2]-octane (CgHoNo,
DABCO), 7 ml 85 % H3PO,, and 10 ml of deionized water stirring at 100 °C. A
highly viscous white-colored gel with a pH-value of 1.5-2.0 was filled into a Teflon
autoclave (V=20 ml, degree of filling ~ 60 %) and held at 170°C for three days un-
der autogenous pressure. Colorless platy crystals (see SEM micrograph of crystals in
Fig. 3.11) were separated by filtration, washed with deionized water, and dried at
60 °C in air. The Zn?" source, pH value and the degree of filling cause a significant
influence on the reaction products formed. When ZnCl, is replaced by ZnO and the
same reaction conditions were applied, the reaction product consists of the compound,
Zn3(CeH14N2)3[BgP12039(OH)12] - (C¢H14N2)[HPO,] [106], which was already reported
only recently. When the degree of filling is lower or equal to 50 % but all other con-
ditions are kept constant, zndabcocl and an another ”zinc-borophosphate” with a
molar ratioof Zn : B: P: C: N =2:2:5:12: 4 are obtained. At a pH value
of 2.5-3, (C¢H14Ny)[Zna(HPOy)3]15 [130] together with the ”zinc-borophosphate” just

mentioned are formed as the reaction products.

Figure 3.11: SEM micrograph of (C6H14N2){ZH[ZDB2P4015(OH)Q] . (CGH13N2)CI}
(zndabcocl)

Phase purity of the reaction products was checked using powder X-ray diffraction

(HUBER Image Foil Guinier Camera G670, Cu K,;-radiation, Ge monochromator).
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Fig. 3.12 shows the observed and calculated (from structure data) powder diffraction
patterns. The good agreement of observed and calculated powder patterns indicates
the purity of the sample.

Zn, B, and P contents were analyzed using ICP-AES, while a hot extraction method
was applied for organic carbon and nitrogen. The results are given in Table 3.7. The
results give a molar ratio of Zn : B : P : C: N =21 :2:2: 123 : 4.1 which
is in accordance with the formula of zndabcocl obtained by single crystal structure
analysis. The presence of chloride was confirmed by EDX measurements (Philips XL

30 with software package EDAX, sample sputtered with carbon).

Relative Intensity

Jw
Ll

- 1 - 1T 1T T T T T 1
10 20 30 40 50 60 70 80

201°]

Figure 3.12:  Powder X-ray diffraction patterns of zndabcocl, (a)observed,
(b)calculated from structure determination; Cu K,;-radiation.

Table 3.7: Chemical analysis results of zndabcocl.
| Element | Obs.(e.s.d.)/mass-% Calc. /mass-% |

Zn 16.76(6) 16.08
B 2.62(4) 2.66
P 15.0(1) 15.24
C 17.82(2) 17.73
N 6.99(2) 6.89
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3.2.2 Crystal structure determination

A suitable but rather small single crystal (platelet, 0.04 x 0.03 x 0.02 mm?) was fixed
on a glass fibre with two-component glue. X-ray data were collected at 295 K using
a RIGAKU AFC7 four-circle diffractometer, equipped with a Mercury-CCD detector
(Mo K,-radiation, graphite monochromator). Intensity data were collected in the
angular range 4.82° <20 < 60.8° (240°-¢-scan, 60°-w-scan at xy =90°, 0.5° steps with
60 s exposure time per step, detector distance: 40 mm; 26-offset: —15.00°). The
data were corrected for Lorentz and polarization effects. A multi-scan absorption
correction was applied. The structure was solved in the space group P2;/c (No. 14)
by direct methods using the program SHELXS-97-2 [P2]. Fourier calculations and
subsequent full-matrix least-squares refinements were carried out using SHELXL-97-
2 [P3]. The crystallographic results are summarized in Table 3.8. After anisotropic
displacement parameters had been included in the refinement, all hydrogen atoms
could be located from difference Fourier maps. The final residual electron density of
2.04/—0.696 e-10~5pm~3 very close to the O15/B2 and Zn1 (82 pm from O15 and 63
pm from Znl, respectively). Atomic coordinates for zndabcocl are given in Tables
3.9, anisotropic displacement parameters in Table 6.4, selected interatomic distances
and angles in Table 3.10.

The high equivalent displacement parameters of O15, O16, O17 and all the carbon
atoms of the (DABCO)-units (Table 3.9) give a hint for a split model or a lower
symmetry of the space group. The split model didn’t improve the results: the residual
electron density close to O15 and B2 was still present and the atoms still had large
displacement parameters, resulting in high R-values. The use of a lower symmetry
space group, like P2q, also resulted in high equivalent displacement parameters for
015, 016, and O17. The high displacement parameters for O15, O16, and O17, are
probably related to a disorder of the DABCO units coordinating the Zn atoms at
the borders of the ribbons. We suppose that there are two very similar structural
arrangements with differences in some of the atom positions in the same crystal. So
the observed electron density is probably an average value, resulting in high residual

electron densities near to O15 and B2.
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Table 3.8: Crystallographic data and refinement results of zndabcocl, e.s.d.’s are given

in parentheses.

Compound

(06H14N2){ZH[ZHB2P4015(OH)Q] . (C6H13N2)C1} |

Space group

a [pm)]

b [pm]

¢ [pm]

B [°]

V [10% - pm?]

VA

Calc. density peaie [g - cm
Diffractometer

HMMoKa [mm_l]
Scan type
26-range [°]
Miller-index range

Total data collected

Unique data

Observed data (I > 20(I))
Rint/Ra

Number of parameters refined
R1 (F, > 40(F,))

R1 (all data)

wR2 (Fo > 40(F,))
wR2 (all data)
Goodness-of-Fit (for F?)
F(000)

Residual electron density
(max./min.) [e-10 %pm™
Programs

’]

P2, /¢ (No. 14)
1704.3(1)
937.03(5)
1619.75(8)
96.894(3)
2567.9(2)

2
2.103
Ricaku AFCT7 CCD,
Mo K,-radiation,

graphite monochromator

2.311
¢ Jw
4.82-60.8
—15< h < 22,
—9< k<12
—22<1<21
20609
6484
5316
0.0468/0.0597
466
0.0640
0.0879
0.1153
0.1229
1.149
1648
2.04/—0.696

DIAMOND [P4]
SHELXS-97/2 [P2]
SHELXL-97/2 [P3]
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Table 3.9: Atomic coordinates and equivalent/isotropic displacement parameters
[10~*pm?] in the crystal structure of zndabcocl, e.s.d.’s are given in parentheses.

| Atom Site =z Yy z Ueq/ Ulso |

Znl  4e  0.39151(3) 0.92506(6) 0.19288(3) 0.01641(13)
Zn2  de  0.09638(3) 0.24598(6)  0.25098(3) 0.01408(12)
CIl  4de  0.06668(9) 0.25843(16) 0.38120(8) 0.0316(3)
Pl de  0.53837(7) 0.15744(13) 0.19843(8) 0.0150(2)
P2 4de  0.20015(8) 0.45220(13) 0.16002(8) 0.0161(2)
P3 4e 0.20960(7) 0.01202(13) 0.17821(8) 0.0159(2)
P4 de  0.34474(8) 0.72419(14) 0.04696(8) 0.0201(3)
Bl 4e  02209(3) 0.7330(5)  0.1429(3)  0.0133(10)
B2  de  0.3403(4) 0.5797(6)  0.1856(4)  0.0197(11)
01  4de  0.3963(2) 0.8466(4)  0.0801(2)  0.0206(7)
02  4de  0.1830(2) 0.8549(3)  0.1617(2)  0.0205(7)
03 e  02906(2) 04525(4)  0.1901(2)  0.0243(8)
04  4de  04558(2) 0.1006(4)  0.1890(3)  0.0281(9)
05  4de  0.2561(2) 0.7577(4)  0.0562(2)  0.0214(7)
06  4e  0.2983(2) 0.7092(3)  0.2000(2)  0.0167(7)
07  4e  0.1768(2) 0.6088(3)  0.1338(2)  0.0194(7)
08  4de  04545(2) 0.8119(3)  0.2772(2)  0.0194(7)
09  4de  0.2047(2) 0.0199(4)  0.2147(2)  0.0250(8)
010 4e  0.1816(2) 0.3540(4)  0.0875(2)  0.0279(9)
011  4e  0.1966(3) 0.0840(4)  0.0916(3)  0.0298(10)
012 4de  0.3647(2) 0.5853(4)  0.0984(3)  0.0319(9)
013  4de  0.1552(2) 0.0741(4)  0.2354(2)  0.0239(8)
014 4de  0.1575(2) 0.4134(4)  0.2339(2)  0.0249(8)
015 4e 0.5896(3) 0.0571(4) 0.2604(3) 0.0490(14)
016  4e  0.5709(4) 0.1356(5)  0.1137(3)  0.0574(16)
017  4e  0.3516(3) 0.6864(5)  0.9576(2)  0.0416(12)
N1 de  0.6408(3) 0.6165(5)  0.0445(3)  0.0304(11)
N2 de  0.6339(3) 0.8606(5)  0.0992(3)  0.0254(10)
N3 4de  0.8678(3) 0.2487(5)  0.0659(3)  0.0240(9)
N4 de  0.9939(2) 0.2459(4)  0.1656(2)  0.0161(8)
Cl  4e  0.7216(4) 0.6630(7)  0.0786(4)  0.0358(15)
C2  de  0.5997(4) 0.7591(7)  0.1565(4)  0.0369(15)
C3  de  0.7179(4)  0.8248(8)  0.0935(5)  0.0403(16)
C4 4e 0.5892(4) 0.6176(7) 0.1136(5) 0.0401(15)
C5 e  0.5873(5) 0.8529(7)  0.0146(4)  0.0402(16)
C6 4e 0.6076(5) 0.7113(8) 0.9755(4) 0.0426(17)
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Table 3.9 Continued

| Atom Site =z Y z Ueq/ Usso |
C7  4e  0.0007(5) (5) 0.063(3)
C8 de  0.9258(5) (11 (5) (2)
C9 de  0.9763(6) (9) (8) 4)
C10 4e 0.8985(6) 0.3947(9) 0.0767(8) 0.089(4)

) (14 (5) (4)

) ( (5) (4)

C11 4e 0.9269(4

C12  4e  0.8508(5 1 0.086(4
HI  4e  0.196(5) 0.150(8)  0.094(5)  0.050
H2  4e  0.593(4) 0219(8)  0.092(4)  0.050*
H3  4e  0638(4) 0531(8)  0.033(4)  0.050*
H4  4e  0.627(4) 0.945(8)  0.121(4)  0.050*
H5  4e  0.823(4) 0.253(7)  0.031(4)  0.050*
H6  4e  0.754(4) 0.648(8)  0.039(5)  0.050*
H7  4e  0.731(4) 0.602(8)  0.126(5)  0.050*
H8  4e  0.555(5) 0.796(8)  0.168(5)  0.050*
H9  4e  0638(4) 0.765(7)  0.207(5)  0.050*
HI0 4e  0.742(4) 0.835(8)  0.143(5)  0.050*
HI1l  4e  0.732(4) 0871(8)  0.042(5)  0.050*
HI12 4e  0.537(4) 0.613(8)  0.085(4)  0.050*
HI13  4e  0.608(4) 0517(8)  0.151(4)  0.050*
Hi4  4e  0.525(4) 0.859(8)  0.032(4)  0.050*
H15 4e  0.604(4) 0.926(8)  -0.022(4) 0.050*
HI16 4e  0.565(4) 0.662(8)  0.945(4)  0.050*
HI17 4e  0.645(4) 0.736(8)  0.940(5)  0.050
HI8  4e  0.017(4) 0.053(8)  0.121(4)  0.050*
H19  4e  0.049(5) 0.199(8)  0.072(4)  0.050*
H20 4e  0.896(4) 0.074(8)  0.065(5)  0.050*
H21  4e  0.927(4) 0.180(8)  -0.028(5) 0.050*
H22  4e  1.023(5) 0.404(9)  0.114(5)  0.050*
H23  4e  0.990(5) 0.458(8)  0.151(5)  0.050*
H24  4e  0875(5) 0.459(8)  0.061(5)  0.050*
H25 4e  0.924(5) 0.356(8)  0.025(5)  0.050*
H26  4e  0.930(5) 0.298(8)  0.227(5)  0.050*
H27  4e  0925(5) 0.173(8)  0.246(5)  0.050*
H28  4e  0813(5) 0.174(9)  0.156(5)  0.050*
) )

H29 4e 0.836(5 0.306(8) 0.150(5
*refined with isotropic displacement parameters
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3.2.3 Crystal structure description

The borophosphate partial structure of zndabcocl contains loop-branched oligomers,
[B2P4O15(0OH),]5~ (Fig. 3.13a), consisting of two BOy, two (OH)PO3, and two POy
tetrahedra sharing common O-vertices. Neighboring borophosphate oligomers are
interconnected by Znl1O, tetrahedra sharing common O-corners with four adjacent
phosphate tetrahedra. This results in tetrahedral zincoborophosphate zigzag rib-
bons, L {[ZnByP,015(OH),]*"} (Fig. 3.13b), running along [010]. The terminal phos-
phate groups at the borders of the zincoborophosphate ribbons are bridged by Zn2-
coordination-tetrahedra, ZnO,;NCIl, which complete the eight-membered tetrahedral
rings within the ribbons (Fig. 3.15¢).

A A'¢
Y4
a 'é/
Y

Figure 3.13: Scheme showing (a) loop branched oligomers [BoP4O15(OH)5]%~, Together
with ZnOy tetrahedra (b) zigzag zincoborophosphate ribbons running along [010]; (c)
ZnOyNCl tetrahedra close the zigzag zincoborophosphate ribbons and complete eight-
membered tetrahedral rings within the ribbons. PO, tetrahedra: dark grey; BO,
tetrahedra: light grey; ZnO, and ZnOyNCl tetrahedra: medium grey; Cl atoms: light
grey spheres; N atoms: dark grey spheres.

Fig. 3.1/ shows the crystal structure of zndabcocl viewed along [010]. The dis-
tance between two neighboring ribbons along [100] (249.5 pm (do16-017)) is shorter
than dy..y = 252 pm in the DABCO cations. The diprotonated (HoDABCO)?" ions,

therefore, are located in the cavities between two adjacent eight-membered rings of
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neighboring ribbons and interact via hydrogen bonds N—H- - - O with the ribbons(Fig.
3.16a).

Figure 3.14: The crystal structure of zndabcocl (viewed along the b axis) shows
the zicoborophosphate ribbons in parallel stacking along [010]. The diprotonated
(H,DABCO)?* ions are located between adjacent eight-membered rings of neighboring
ribbons. POy tetrahedra: dark grey; BO, tetrahedra: light grey; ZnO4 and ZnO,NCl
tetrahedra: medium grey. Cl atom: light grey spheres; N atom: dark grey spheres.
The H atoms in the DABCO cations are no shown for clarity.

Fig. 8.15 shows a part of ribbon running along [010]. The terminal (HDABCO)™*
groups connect adjacent ribbons along [001] via N-H- - - O hydrogen bonds ( Fig. 3.16b).
The central part of the ribbons consists of a chain of PO,4- and ZnO,-tetrahedra sharing
common O-corners. This connectivity appears to be rather strong and rigid. The bulky
Zn0O,CI(HDABCO)™ groups take positions at the borders of the ribbons close the eight-
membered rings by sharing common oxygen positions with two PO, tetrahedra. The
rigid connection of the cental tetrahedral chain together with the bulky and flexible
ZnO,CI(HDABCO)* groups at the borders of the ribbons, possibly creates the large
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displacement parameters for O15.

Figure 3.15: Crystal structure of zndabcocl viewed along [100] shows a ribbon run-
ning along [010]. POy tetrahedra: dark grey; BO, tetrahedra: light grey; ZnO, and
ZnOyNCl tetrahedra: medium grey. Cl atoms: light grey sphere, N atoms: dark grey
sphere. The H atoms in DABCO cations are no shown for clarity.

The PO4 and HPO, groups have an almost ideal tetrahedral geometry: dp_o =
149.5(4) pm — 156.7(4) pm and ZO-P-O = 104.5(2)°-114.6° (average bond length and
angle: 153.13 pm and 109.4°). Both borate tetrahedra are severely distorted. The
distances of B1-05 (154.1(6) pm) and B2-O5 (152.2(7) pm) are rather large compared
with other borophosphates [23], but the average B-O bond lengths (146.88 pm of B1
and 146.08 pm of B2, respectively) have the typical values for boron in tetrahedral
coordination. Znl has a distorted tetrahedral coordination: dz,; o = 194.4(4) pm—
198.2(4) pm, Z0-Zn1-O = 96.39(16)°-122.01(16)°, respectively, with the central Znl
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position shifted towards the face formed by O1, O8, and O9. Zn2 is tetrahedrally
coordinated by two O atoms from the phosphate groups, one non-protonated N atom
of (HDABCO)™ and one Cl atom with usual distances and angles: dz,2 y = 209.3(4)
pm, dzno o = 223.04(14) pm, ZO(N, Cl)-Zn2-O(N, Cl) = 106.36(12)°-111.31(16)°.
Selected bond lengths and bonds angles are given in Table 3.10. Ternary zinc tetra-
hedra in zincophosphates are already known with ZnO3Cl [131, 132] or ZnO3N [130],
zndabcocl is the first example containing a quaternary Zn tetrahedron, ZnO,NCI,
and can formally be described as an adduct of (C¢H14No)Zn[ZnByP,O;5(OH),| with
diaza-bicyclo[2.2.2]octane-hydrochloride.

Hydrogen bonds in the crystal structure of zndabcocl can be classified by three
types of connections. (a) intra-ribbon (within a single ribbon): O11-H11---010; (b)
inter-ribbon (linking adjacent ribbons along [100]): O16-H2 --- O17, N1-H3--- 017,
N1-H3--- 012, N2-H4 --- O15 and N2-H4 - - - O16; (c) inter-ribbon (linking adjacent
ribbons in the (010)-plane): N3-H5 --- O5. Hydrogen bond lengths and angles are
given in Table 3.11 and Fig. 3.16.

A8

c2 2048 _ Q19
o o D —~—d

20 1 H3 «’a%

(@

(b)

Figure 3.16: Hydrogen bonds N-H---O of (a) diprotonated (HyDABCO)** ions
and monoprotonated (HDABCO)*, and the coordination of monoprotonated
ZnO,CI(HDABCO)* group.
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Table 3.10: Crystal structure of zndabcocl: selected interatomic distances and angles,

e.s.d.’s are given in parentheses.

distance [pm] angle [°] angle [°] |

Znl- 09 1944(4) 09-Znl-08  122.01(16) 08 Znl-O4  102.36(15)
08 194.7(3)  09-Znl1-O1  117.86(16) O1-Znl-O4  101.22(16)
Ol 198.0(3) 087Znl-O1  111.40(15)
04  198.2(4) 09-Zn1-04 96.39(16)

Zn2- 014 192.1(4)  014-Zn2-013 111.31(16) O13-Zn2-Cll 110.36(12)
013 193.0(3)  O14-Zn2-N4  109.22(16) N4-Zn2-CIl  111.02(12)
N4 209.3(4) 0O13-Zn2-N4 108.57(16)
Cll  223.04(13) O14-Zn2-Cll  106.36(12)

Pl- 04 1495(4)  04-P1-08 114.6(2)  08P1-015  112.9(2)
08  150.1(3) 04-P1-016 107.1(3) 016-P1-015 104.9(3)
016 155.4(4)  O8PI1-016  109.4(2)
015 156.3(4) 04-P1-015 107.3(2)

P2- 010 149.5(4)  010-P2-014 113.3(2)  O14-P2-07  108.0(2)
014 151.8(4)  O10-P2-03  110.7(2)  03-P2-07  107.01(19)
03  156.0(4) 014-P2-03 107.6(2)
07  156.5(3) 010-P2-07 110.0(2)

P3- 09 150.0(4) 09-P3-013 112.1(2) 013-P3-02 106.5(2)
013 150.4(4)  09-P3-011  111.2(3)  O11-P3-02  104.5(2)
011 154.8(4) 013-P3-011 111.0(2)
02 1554(3)  09-P3-02 111.2(2)

P4- 01 150.4(4) 01-P4-017 114.3(2) 017-P4-05 109.0(2)
017 150.9(4) 01-P4-012 111.4(2) 012-P4-05 105.5(2)
012 156.1(4)  O17-P4-012  106.2(2)
05  156.7(4) 01-P4-05 110.0(2)

Bl- 06 141.7(6)  06-B1-02 114.7(4)  02-B1-05  107.5(4)
02  144.7(6) 06-B1-07 112.9(4) 07-B1-05 105.7(4)
O7  147.0(6) 02-B1-07 107.3(4)
05  154.1(6) 06-B1-05 108.2(4)

B2- 015 141.0(7) 015-B2-06  1152(4)  06-B2-012  108.5(4)
06 144.2(6) O15B2-03  107.4(4) 03-B2-012  107.3(4)
03  146.9(6) 06-B2-03 112.0(4)
012 152.2(7) 015-B2-012  105.9(5)

NI- €6 1484(8)  C6-N1-C1 110.9(6)  C2-C4-N1  107.7(5)
C1 148.7(8) C6-N1-C4 110.6(5) N2-C5-C6 107.3(5)
C4  150.4(8) C1-N1-C4 108.6(5) N1-C6-C5 107.0(5)

N2- €3 148.3(8)  C3-N2-C2 110.2(5)  N4-C7-C8  111.5(5)
C2 149.6(8) C3-N2-C5 110.0(5) N3-C8-C7 107.9(5)
C5 150.1(8) C2-N2-C5 109.4(5) N4-C9-C10 112.3(6)

N3- Cl12 146.5(9) C12-N3-C10  110.0(8) N3-C10-C9 108.2(6)
C10 146.7(9)  C12-N3-C8  108.5(7)  N4-C11-C12  112.4(6)
C8 148.2(8) C10-N3-C8 111.0(7) N3-C12-C11  107.9(6)

N4- Cl11 145.5(8) C11-N4-C7 106.8(7)
C7  146.7(8) C11-N4-C9 108.5(8)
C9 146.0(8) C7-N4-C9 107.9(7)
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Table 3.10 Continued

| distance [pm] angle [°] angle [°] |
Cl- (€3 1538(10) C7-N47Zn2 112.2(3)
C2- €4 149.6(9) C11-N4-Zn2 110.1(4)
O5- €7 152.8(9) C9-N4-Zn2 111.1(4)
C7- €8 1534(9) N1-C1C3  107.1(5)

(10 (5)

( ©)

C9- C10 155.2(10) N2-C2-C4 108.0(5
Cl1- C12 155.2(10) N2-C3-C1 107.0(5

Table 3.11: Hydrogen bonds of zndabcocl: interatomic distances [pm| and angles [°].

| Hydrogen bonds |

O11-H1 621 H1---010 1929 O11---010 254.3 O11-H1---O10 170.41
016-H2 95.8 H2.--017 1576 O16---017 249.5 0O16-H2---017 159.07
N1-H3 826 H3-.--017 204.7 N1.--017 284.2 NI1-H3.--017 161.41
N1-H3 826 H3.-.--012 237.8 N1.--012 298.0 NI1-H3-.-012 130.37
N2-H4 876 H4---016 202.8 N2---016 281.2 NI1-H4---016 148.41
N2-H4 87.6 H4---015 263.8 N2---015 335.5 N2-H4---015 139.75
N3-H5 89.7 H5-.--015 1833 N3.--015 271.6 N3-H5---05 167.66

3.2.4 IR spectroscopy

The IR-spectrum of zndabcocl (1.5 mg sample : 150 mg KBr) is shown in Fig. 3.17.
The band positions of the O-H, N-H and C-H vibrations are summarized in Table
3.12. TR-spectrum confirmed the presence of (CgH4Ny)?>T ions in the structure, as
evidenced by the bands observed at 3037, 3014, 2811, and 1322 cm~! which belong to
N-H and C—H vibrations. Additional absorption band for O—H deformation vibration

at 1465 cm ™! is also observed.

Table 3.12: IR-spectroscopy data of zndabcocl.
Vibration frequency o [cm™}] ‘ Intensity!, Band form? ‘ Assignment [129] ‘

3037-3014 S,Sr N—-H-stretch

2811-2611 m,sr C—H-stretch
1465 S,Sp O—H-deformation
1322 S,Sp N-H-deformation
1138 w,Sp C-H-deformation

tys = very strong, s = strong, m = medium, w = weak
fbr = broad, sp = sharp, sr = shoulder
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Transmittance
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Figure 3.17: IR spectroscopy of zndabcocl in the range of 4000400 cm™!.

3.2.5 Thermal analysis

Thermal investigations (DTA/TG) (Fig. 3.18) were carried out in a static air atmo-
sphere with heating and cooling rates of 5 °C/min (NETZsCH STA 409). The TG curve
shows the decomposition of zndabcocl with a three-step mass loss and an overall mass
loss of 35.5 % (36.5 % calc., according to a hypothetical weight loss of 2 x CgH15Ny, 1
x HCl and 2 x H,O per formula unit), associated with three exothermic peaks in the

DTA curve with maximum temperatures at 430, 583, and 654 °C, respectively.

3.2.6 High temperature powder X-ray diffraction

HT-XRD investigations were carried out on a high-temperature powder X-ray diffrac-
tometer (STOE STADI MP, Cu K,; radiation, Ge monochromator, High Temperature
Attachment 0.65.3 of Stoe) with a powdered sample of zndabcocl filled into an open
quartz capillary of 0.5 mm diameter. The powder X-ray diffraction patterns were col-
lected in the temperature range 23 °C — 740 °C with a scanning time of 1 hour per

step. The heating rate between the temperature steps was 5 °C/min.
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Figure 3.18: DTA-TG curves of zndabcocl, for further details see text.

Some selected powder patterns (370 °C — 395 °C) are presented in Fig. 3.19(top).
Fig. 3.19(top) shows that zndabcocl is stable up to 375 °C, although the intensity of
reflections continuously decreases. At 380 °C zndabcocl decomposes to a polymorph
of NH4[ZnBP,0g] (HT-NH4[ZnBP,Os], see Rietveld refinements), and an unidentified
intermediate phase stable only between 380 and 390 °C (marked reflections in grey
color at low f-value in Fig. 3.19(top)).

Fig. 3.19(bottom) shows the decomposition of zndabcocl at higher temperatures
(600 °C - 680 °C): HT-NH4[ZnBP,Og] decomposes to a mixture of y-ZnyP2O7 [133] and
a-BPOy [2] above 620 °C. After the sample is heated to 1000 °C and cooled down to
room temperature, the powder X-ray diffraction pattern of the resulting solid product
consists of a-ZnyPy07 [134] and a-BPOy [2] (see Fig. 3.20).

Fig. 3.21 summarizes the results of the thermoanalytical and X-ray investigations.
The scheme shows that the large weight loss happening around 375 °C and the re-
maining weight loss around 620 °C are attributed to the first and the third step in the
TG curve (Fig. 3.18), respectively. Compared with the DTA /TG results, the higher
weight loss of the first step (30.1 %) and the lower weight loss of the third step (6.41
%) are due to the formation of amorphous organic decomposition products remaining

in the TG crucible at the first step, followed by complete oxidation pyrolysis at higher
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temperatures.
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Figure 3.19: Selected high temperature powder X-ray diffraction patterns of zndab-
cocl: (top) temperature range of 370-395 °C shows zndabcocl decomposed to a
NH,4[ZnBP,Og] polymorph at 380 °C, and an unidentified intermediate stable only
between 380 °C and 390 °C which were marked in grey; (bottom) temperature rang-
ing from 600 to 680 °C shows the polymorph of NH4[ZnBP;Og] decomposes to -
ZnyP,07 [133] and a-BPO, [2] above 620 °C (see also Fig. 3.18). Cu K, radiation.

For further details see text.
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Figure 3.20: Powder X-ray diffraction pattern of the product after TG/DTA investiga-
tion compare with the calculated powder diffraction patterns of a-ZnsP2O7 [134] and

a-BPO, [2]; Cr K, -radiation.

(C¢H,.N,){Zn[ZnB,P,0,,(OH),]-(C,H,;N,)CI} (zndabcocl)

> 375°C
I I I I I
2NH,[ZnBP,0,] + HCI + H,0 + 2NH, + “C,H,,”
- (4.48 %) (2.22 %) (4.19 %) (19.21 %) 2 =30.10 %
i> P07 > 620 °C
I I I I
y-Zn,P,0, + 20-BPO, + 2NH, + H,0 CO,+CO +H,0

(419 %) (2.22 %) T =6.41%

Exp. =355%*
( * see TG-DTA figure)

Total =36.51 %

Figure 3.21: Scheme of the decomposition process of zndabcocl during heating in air

according to high-temperature powder X-ray diffraction. The decomposition species

contents are calculated according to the molar mass of zndabcocl.
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3.2.7 Rietveld refinement

There are two phases of NH,[ZnBP,Og| existing in the known zincoborophosphates.
One is with the GIS-type structure (a-NH4[ZnBP;Og]) [23], the other is with feldspar
structure (8-NH4[ZnBP,Og] [113]).

According to the results of HT-XRD, zndabcocl decomposes to a polymorph
NH,4[ZnBP,Og] at 440 °C (noted as HT-NH,4[ZnBP,Og]). After cooling this sample
from 440 °C to room temperature, the powder X-ray diffraction pattern has the same
powder pattern with a-NH4[ZnBP,Og] [23] (see Fig. 3.22). So RT-NH4[ZnBP,0Os]) is
the same phase of a-NH4[ZnBP,Og]. While the powder X-ray diffraction pattern of
HT-NH,4[ZnBP,Og] at 440 °C appears to have some additional reflections, which were
marked with arrows, compared with the room temperature phase. So it is interesting
to know that the two different temperature phases is a phase transition or purely a

heating effect.

(a) at 440 °C

Relative intensity

10 15 20 25 30 35 40 45
20[°]

Figure 3.22: Powder X-ray diffraction patterns of (a) zndabcocl heated to 440 °C (HT-
NH,4[ZnBP50Og]), (b) cooling from 440 °C to room temperature (RT-NH,[ZnBP,Og]),
and (c) calculated powder diffraction pattern of a-NH4[ZnBP,Og] [23]; The arrows show
the significant different reflections between HT-NH,[ZnBP,Og] and RT-NH,[ZnBP5Og].
Cu K,;-radiation.
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The DSC result of a-NH4[ZnBP,Og] [23] heated to 400 °C shows a weak endother-
mic peak with a heat capacity of about 381 J/mol at about 199 °C which is shown in

Fig. 3.23.

- Jexo

DSC [mW/mg]

381 J/mol

T T T T T T
150 200 250 300
Temperatuere [°C]

Figure 3.23: The DSC curve of NH,[ZnBP,Og] shows a weak endothermic peak with
enthalpy of 381 J/mol.

HT-XRD investigations of a-NH4[ZnBP,Og| were carried out on a high-temperature
powder X-ray diffractometer (STOE STADI MP, Cu K,;-radiation, Ge monochro-
mator, High Temperature Attachment 0.65.3 of Stoe) with a powdered sample of
a-NH4[ZnBP,Og] [23] filled into an open quartz capillary of 0.5 mm diameter. The
powder X-ray diffraction patterns were collected in the temperature range 25 °C — 450
°C with 1 hour scanning time per step. The heating rate between the temperature steps
was 5 °C/min. The results (Fig. 3.2/) show that the peak at about 29 degree (26) is
split into two peaks at 250 °C, meanwhile the peak at about 24.5 ° (marked with grey)
decreases in intensity and moves close to the neighboring peak at 24.4 °. HT-XRD and
DSC results together indicate that a-NH4[ZnBP,Og| has a phase transition at about
200 °C.
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Figure 3.24: Selected high temperature powder X-ray diffraction patterns of -
NH,4[ZnBP5Og] in the temperature range of 25450 °C show RT-NH,[ZnBP,Og] trans-
form to HT-NH4[ZnBP,Og] polymorph at about 250 °C. The significant changes are
marked with grey color. Cu K,;-radiation.

The powder X-ray diffraction pattern of HT-NH4[ZnBP,Og|, which is obtained
by the decomposition of zndabcocl at 440 °C, was indexed with the following cell
parameters: P1 (No. 2), a = 745.64(1) pm, b = 764.560(1) pm, ¢ = 787.725(1) pm, «
= 118.096(1)°, B = 102.061(1)°, v = 103.951(1)° and V = 356.15(2) 10° pm?. These
values are closely related to a-NH4[ZnBP,Og] [23] (P1 (No. 2), a = 743.7(1) pm, b
= 761.2(1) pm, ¢ = 785.0(1) pm, o = 119.05(2)°, f = 101.59(1)° v = 103.43(1)°).
We use the atom positions of a-NH,[ZnBP,Og] [23] as a model to refine the crystal
structure by use of CSD [P7] program. Positional parameters were refined for all
atoms independently (Table 3.14), while hydrogen atoms of the ammonium cations were
omitted. The difference plot (Fig. 8.25), which shows only minor deviations, indicates
a successful structure refinement. The Uy, value of oxygen atoms might be influenced
by the systematic error of the high temperature data (at 440 °C). The crystallographic
data are summarized in Table 3.13, the atomic position and displacement parameters

are given in Table 3.1/, some selected bond lengths and angles are given in Table 3.15.
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Figure 3.25: Observed (o), calculated (-), and difference powder X-ray diffraction pat-

terns for the Rietveld refinement of HT-NH,[ZnBP5Og] at 440 °C, Cu K,;-radiation.

Table 3.13: Crystallographic data and refinement details for HT-NH,[ZnBP,Og].

Compound HT-NH4[ZnBP-Og] a-NH4[ZnBP»0g] [23] |

Space group P1 (No. 2)

Cell parameters [pm/°] a = 745.64(1) a = 743.7(1)
b = 764.56(1) b= 761.2(1)
¢ = 787.725(1) c = 785.0(1)
a = 118.096(1) a =119.05(2)
8 = 102.061(1) 8 = 101.59(1)
~ = 103.951(1) ~ = 103.43(1)

V [109 - pm?]/Z 356.15(2) /2

Temperature [°C] 440

Peale. |g - cm ™3] 2.6497(1)

u(Cu Kpup) [mm—t] 9.45

Diffractometer

20-range/step [°]
Number of parameters
Ry / Rp/ Ry

F(000)

Programs

STOE STADI MP
Cu K,1-radiation
Ge monochromator
10.0-89.99/0.01
54
0.060/0.1154/0.0839
280
CSD[P7], Diamond[P4]
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Atomic coordinates and

Table 3.14: HT—NH4[ZHBP208] and Of—NH4[ZHBP208]§

isotropic/equivalent displacement parameters [10~‘pm?], e.s.d.’s are given in paren-

theses.

‘ Atom Site =z Yy z Ueq/ Uiso
HT—NH4[ZDBP208]
Znl 2 0.1972(3)  0.2951(3)  0.7396(3)  0.0207(7)
P12 0.0394(6) 0.1109(7) 0.2769(6)  0.0151(14)
P2 2 0.4461(7) 0.7740(7)  0.0812(6)  0.0152(13)
Bl 2  0297(3)  0.064(3)  0.082(3)  0.016(6)
Ol 20 0.0132(13) 0.8974(15) 0.2573(13) 0.037(4)
02 20 0.0897(11) 0.2907(12) 0.4931(12) 0.008(3)
03 2 0.1980(11) 0.1857(12) 0.2049(11) 0.010(3)
04 20 0.4092(13) 0.1865(13) 0.7259(12) 0.030(3)
05 20 0.4478(14) 0.2424(14) 0.0713(13) 0.031(3)
06 2 0.5855(12) 0.0194(13) 0.8396(12) 0.016(3)
o7 24 0.7448(12) 0.4261(12) 0.0386(12) 0.012(3)
08 2 0.8440(12) 0.0998(12) 0.1434(13) 0.021(3)
NI 20 0.2799(15) 0.666(2)  0.4110(15) 0.032(4)
O{—NH4[ZHBP208] [23]

Znl 20 0.19425(3) 0.29590(3) 0.74170(3) 0.01644(7)
P12 0.03339(7) 0.11359(8) 0.27534(7) 0.01368(10)
P2 2 0.45319(7) 0.78103(7) 0.08724(7) 0.01392(10)
Bl 2 0.3003(3) 0.0779(3) 0.0734(3)  0.0144(3)
Bl 2 0.3003(3) 0.0779(3) 0.0734(3)  0.0144(3)
Ol 20 0.0184(2) 0.9000(2) 0.2476(2)  0.0208(3)
02 2 0.0783(2) 0.2990(2)  0.4979(2)  0.0198(3)
03 2 02021(2) 0.1931(2) 0.2091(2)  0.0178(3)
04 20 0.4033(2) 0.1818(2) 0.7199(2)  0.0213(3)
05 20 04471(2)  0.2484(2)  0.0767(2)  0.0176(3)
06 20 0.5903(2) 0.0088(2) 0.8304(2)  0.0165(3)
07 20 07357(2) 0.4166(2) 0.0160(2)  0.0209(3)
08 20 0.8378(2) 0.0972(2)  0.1396(2)  0.0181(3)
N1 2 0.2704(4) 0.6598(4) 0.4070(4)  0.0365(5)
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Table 3.15: Crystal structures of HT-NH4[ZnBP,Og] and a-NH4[ZnBP,Og]: selected

interatomic distances [pm]| and angles [°], e.s.d.’s are given in parentheses.

HT—NH4[ZDBPQ 08]

a-NH, [ZnBP,05] [23] |

Znl- O7
01
02
04
P1- 02
03
01
08
P2- 06
o7
04
05
Bl1- O3
05
06
08
07-Zn1-01
0O7-Zn1-02
0O7-Zn1-04
01-Zn1-02
01-Zn1-04
02-7Zn1-04
02-P1-03
02-P1-01
02-P1-08
03-P1-01
03-P1-08
01-P1-08
06-P2-07
06-P2-04
06-P2-05
07-P2-04
07-P2-05
04-P2-05
06-B1-03
06-B1-08
06-B1-05
03-B1-08
03-B1-05
08-B1-05

187.5(9)
188.8(12)
192.1(9)

1
148.7(9)

11)
13)
156.6(11)
150.1(12)
151.2(11)

10)
154.5(11)

—_
=
D

—~
[\

\Y)

(
(
5(
(
9(
A(
(
(
(
A(
(
)
)
)
)
107.4(4)
105.3(4)
119.0(4)
106.3(4)
107.7(4)
110.5(4)
106.7(6)
112.8(6)
105.3(6)
114.6(6)
104.6(6)
112.1(6)
114.0(6)
102.9(6)
106.9(6)
116.9(6)
106.8(6)
108.8(6)
120.0(16)
112.8(15)
105.6(14)
111.2(15)
7(14)
2(13)

192.56(15)
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The crystal structure of HT-NH4[ZnBP,Og] (at 440 °C) is quite similar to a-
NH,4[ZnBP;Og] when we consider boron with tetrahedral coordination. The crystal
structure is an open-framework structure with Gismondine type topology which is
constructed by alternating zincate, borate, and phosphate tetrahedra sharing common
O-corners (Fig. 3.26). Compared with the crystal structure of a-NH4[ZnBP,Og], boron
atoms in HT-NH,[ZnBP,Og] have quite distorted tetrahedral coordinations, B-O bond
lengths range from 142 pm to 160 pm and O-B-O angles from 103.2 ° to 120.0 °. The
details of the boron coordination environments are shown in Fig. 3.27. B1-O5 bond
(160 pm) is too long for general B-O distance (about 145 pm). So it may be considered
as an intermediate of a BO, tetrahedron transforming to a trigonal planar BO3 groups.

When B1-O5 bond was not counted as bonding, the boron atoms only have three
coordinations. The framework structure of HT-NH4[ZnBP,Og] viewed along [011] is
built by 8-membered ring and 4-membered ring which is different from the crystal
structure of a-NH4[ZnBP,Og] which only contains 4-membered rings (see Fig. 3.28).
In this case, the porosities of the framework in HT-NH,[ZnBP,Og] are much larger
than that in a-NH4[ZnBP,Og].

Figure 3.26: Polyhedral representation of the crystal structure of HT-NH,[ZnBP,Og]
viewed along [110], PO, tetrahedra: medium grey; BO, tetrahedra: light grey; ZnO,
tetrahedra: dark grey. N atoms: dark grey spheres.
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Figure 3.27: The ball and stick presentations of the coordination enviraments around
boron in the crystal structures of HT-NH,[ZnBP;Ogl(left) and «-NH,4[ZnBP,Og]
(right). P atoms: medium grey spheres, O atoms: light grey spheres; B atoms: dark
grey spheres, O atoms: light grey spheres.

Figure 3.28: The ball and stick presentations of the crystal structures of HT-
NH,4[ZnBP5Og|(left) and a-NH4[ZnBP,Og] (right) viewed along [011] show the sig-
nificant differences of the frameworks. P atoms: medium grey spheres; Zn atoms: light
grey spheres; B atoms: dark grey spheres. B-P bonds: black sticks, Zn—P bonds: light
grey sticks.

There are only very few common structural features between HT-NH,[ZnBP,Og]

and zndabcocl, the presence of condensed four membered rings in both structures
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being one of them. All the tetrahedra in HT-NH4[ZnBP,Og] are 4-connected, whereas
2-, 3-, and 4-connected tetrahedra serve as building units in the crystal structure of
zndabcocl. So it is likely that the formation of HT-NH,[ZnBP,Og] is a reconstructive

structure during the decomposition of zndabcocl.

3.2.8 Discussion

3.2.8.1 Zn3(CGH14N2)3[B6P12039(0H)12] . (CGH14N2)[HPO4] and zndabcocl

Zm3(CeH14N2)3[BgP12039(OH) o] - (C¢H14No)[HPO,] [106] is the only borophosphate
known up to now containing Zn and protonated DABCO templates. The crystal struc-
ture is completely different from zndabcocl and contains helical chains constructed
from mixed octahedral-tetrahedral secondary building units, ! {[Zn3BsP12039(OH)12]%~}
(zinc in octahedral coordination), which are arranged around 3; screw axes. Two types
of diprotonated (H,DABCO)?* templates interconnect the helical chains via N-H--- O
hydrogen bonds. Besides (H,DABCO)?"-templates, zndabcocl also contains mono-
protonated (HDABCO)™ ions which are bound to Zn(2) at the borders of the ribbons
via a Zn-N bond. The introduction of the bulky (HDABCO)* together with CI~ as co-
ordinating ligands to the tetrahedral polymer causes significant structural peculiarities,
which favor the formation of a ribbon-like zinccoborophosphate.

Our continuing investigations in the Zn-borophosphate-DABCO system indicate
that further templated Zn-borophosphate can be prepared. All of them are obtained
via a mild hydrothermal route under acid conditions with minor variations in the
synthesis conditions leading to different compositions of the main reaction products.
These observations indicate that the system of Zn-B-P-O-DABCO has a very rich
structural chemistry compared with the respective ethylene diamine and piperazine

templated Zn-borophosphate systems.

It should be noted that the bonding of bulky (HDABCO)* and CI~ ions to the
tetrahedral coordinated Zn(2) is an important feature in the crystal structure of znd-
abcocl. Monoprotonated (HDABCO)* ions act as terminal groups as well as Cl~
ions. The short distance between Cl~ and (HDABCO)™ (d¢y...c10 = 351.2 pm), pre-
cludes these units as linkers for further condensation of tetrahedral groups.

If we consider the ”short” distance between HDABCO and chloride from adjacent

ribbons, and if we abstract from interlockings within the be-plane, a Zn—-NCgH{oN—
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Zn linkage might be possible [Zn-HDABCO + Zn-Cl — Zn-DABCO-Zn + HCI].
[Cog(NHy(CH3)oNHy)3][GegO15(OH),4] [135] contains ethylenediamine ligands connect-

ing two structural parts via the Co-N—-Co bridges, which confirms our ideas.

3.2.8.2 (CGH14N2){ZH[ZHB2P4015(OH)2] . (CGH13N2)CI} (anabcocl) and Zin-
coborophosphates

zndabcocl is the first organo-templated zincoborophosphate. Its crystal structure
is quite different from other three types of zincoborophosphates containing alkaline
metals known up to now: $-A[ZnBPyOg] (A = KT, NHJ) [23,24] with Feldspar-type
structure [123], a-A[ZnBPyOg] (A = NHj, Rb*, Cs™) [23] with Gismodine-type struc-
ture [21], and Na[ZnBP,Og]-HyO [108] with CZP-type [136]. Fig. 3.29 shows the
topologies of all the zincoborophosphates. No Zn-O-B connection is observed in zin-
coborophosphates according to their topologies. The crystal structures of three types
of alkaline zincoborophosphates have three-dimensional tetrahedral frameworks, while
zndabcocl has a one dimensional structure built by zincoborophosphate ribbons. In
the alkaline zincoborophosphates, every tetrahedral center connects to four other tetra-
hedral centers. While in zndabcocl, PO, tetrahedra only connect to three other
tetrahedra and Zn2 only connect to two other tetrahedra. This may be one reason for
zndabcocl not forming three-dimensional structure.

The low dimensional structure of zndabcocl may also be due to the bulky organic
templates. The presence of terminal (HDABCO)™ ions together with C1~ ions coordi-
nated to Zn2 at the borders of ribbons indicates that the zincoborophosphate ribbons
along [001] can not be interconnected to form three dimensional structure. In addi-
tion, the large size of diprotonated (H,DABCO)?T ions residing between neighboring
ribbons along [100] aslo make neighboring ribbons difficult to connect together.

The anionic borophosphate partial structures of all the zincoborophosphates are
also quite different, ranging from oligomer, ribbon, chain to layer (Fig. 3.50). A
hexamer, [ByP,O15(0OH),]%~ (Fig. 3.30a) acts as borophosphate anion in the crystal
structure of zndabcocl. A helical ribbon, L{[BPyOg]*"} (Fig. 3.30b), is present in
the crystal structure of Na[ZnBP,Og|-H,O [108]. While a loop-branched single chain,
S {[BP20g]>~} (Fig. 3.80c), is present in the crystal structures of a-A[ZnBP,Osg] (A
= NH;, Rb*, Cs*). A layer structure, 2 {[BP,Og|>*~} (Fig. 3.30d), is present in the
crystal structure of 3-A[ZnBP,Og] (A = K*, NH;). The helical ribbons and loop-
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branched single chains are built from the same 4-ring of alternating BO, and PO,
groups and with the same building sequence. But the loop-branched single chains are
in stretched arrangement while the helical ribbons are arranged around 6; screw axes.
From the formula of zincoborophosphates, we can obtain one common feature of
zincoborophosphates with molar ratio of Zn : B: P = 1: 1: 2 (see Table 3.16).

Figure 3.29: (a) Topology of the framework structure of K[ZnBP,Og] [23]; (b) Topology
of the framework structure of a-NH4[ZnBP,Og] [23]; (¢) Topology of the framework
structure of NaZn[BP,Og]-H,O [108];(d) Topology of the single ribbon in the crystal
structure of zndabcocl; Zn atoms: light grey spheres, B atoms: dark grey spheres,
P atoms: medium grey spheres; Zn—P bonds: light grey sticks, B-P bonds: dark grey
sticks, B-B bonds: black sticks. The oxygen atoms are omitted for clarity.
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Figure 3.30: Anionic borophosphate partial structures present in the zincoborophos-
phates: (a) A hexamer {[BoP4O15(OH)]% } in the crystal structure of zndabcocl;
(b) A helical ribbon [{[BP;Og]*"} in the crystal structure of NaZn[BP,Og]-HyO
[108]; (c) A loop-branched single chain | {[BP,Og]*>~} in the crystal structure of a-
NH4[ZnBP;0g] [23]; (d) A layer 2{[BP2Og]>~} in the crystal structure of K[ZnBP;Og]
[23]; PO, tetrahedra: dark grey, BO, tetrahedra: light grey, hydrogen atoms: black
spheres.

Table 3.16: The molar ratio of Zn : B : P in the crystal structure of zincoborophosphates

‘ Compound Zn:B:P ‘
Na[ZnBPOg] - HoO [108] 1:1:2
M![ZnBP,Og] (M! = K, NHy) [23,24,45] 1:1:2
M![ZnBP,Og] (M! = NHy, Rb, Cs) [23,46] 1:1:2
(CeH14N2){Zn[ZnBoP,015(0H)s] - (CeH13N2)Cl}  1:1:2
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3.3 (CnggNg){Ml’l[BQPgOlg(OH)]} (DAP—MH) and (C4H12N2)—
{MH[BQP;}OU(OH)]} (PIP—MH)

3.3.1 Synthesis

(C3H12N2){Mn[ByP3015(OH)|} (DAP-Mn) was prepared under mild hydrothermal con-
ditions. Mixtures of 0.3775 g (3 mmol) MnCl,, 0.371 g (6 mmol) H3BO3, 0.822 g

(11 mmol) 1,3-diaminopropane (C3H;oNo, DAP) and 1.26 g (11 mmol) 85 % H3POy,,

and 7.5 ml of deionized water, was stirred at 60 °C for 2 hours. Meanwhile 0.75 ml

HCI (37%) was added to adjust the pH value to 1.5. The clear light pink solution

was filled into a Teflon autoclave (V' = 20 ml) with filling degree of about 30 %, and

held at 170 °C for one week under autogenous pressure. Colorless prismatic crystals of
(C3H12Ng){Mn[B2P3012(OH)]} (Fig. 3.31) were separated by filtration, washed with

deionized water and dried at 60 °C in air.

(C4H5N3){Mn[ByP50,2(OH)|}(PIP-Mn) was also prepared by hydrothermal syn-
thesis with a similar procedure to DAP-Mn. Mixtures of 0.3775 g (3 mmol) MnCls,
0.371 g (6 mmol) H3BO3, 0.2585 g (3 mmol) piperazine (C;H1oNo, PIP) and 1.26 g
(11 mmol) 85 % H3PO,, and 7.5 ml of deionized water, were stirred at 60 °C for 2
hours. The same products can be found by using the same molar ratio as given for the
preparation of DAP-Mn (Mn : B: P : PIP =3:6:11:11). A SEM micrograph of
a single crystal of PIP-Mn is presented in Fig. 3.32.

PIP-Mn is isotypic to (C4HoNy){M"[B,P3015(OH)]} (M" = Co, Zn). In case of
the DAP-compound, we were not able to obtain isotypes with other transition metals,
e.g., Fe, Co, Ni, Cu, Zn. The reason may be due to the variability in condition of Mn",
which is known to be octahedra and square pyramid, while other transition elements,

e.g. Co and Zn, prefer octahedra coordination.

Mn, B, and P contents of both compounds were analyzed using ICP-AES, while
a hot extraction method was applied for analyzing the organic carbon and nitrogen
contents. The results are summarized in Table 3.17. Observed and calculated values
were found to be in good agreement.

Phase purities of the reaction products for both compounds were checked by powder
X-ray diffraction (HUBER Image Foil Guinier Camera G670, Cu Kay-radiation, Ge
monochromator). Fig. 3.33 and Fig. 3.3/ show the observed and calculated powder
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patterns for DAP-Mn and PIP-Mn, respectively. Both figures show that the observed
powder patterns match quite well to the calculated patterns. From the close similarities
between the powder diffraction patterns of DAP-Mn and PIP-Mn (shown in Fig.

3.35), we concluded that the two structures could be closely related.

Table 3.17: Results of chemical analysis for DAP-Mn and PIP-Mn; /mass-% (e.s.d.).

Element | DAP-Mn(Obs./Calc.) PIP-Mn(Obs./Calc.) |

Mn 11.99(5)/12.08 11.98(8)/11.77
B 5.33(2)/4.76 4.54(3)/4.32
P 22.43(5)/20.44 20.1(1)/19.91
C 7.90(4)/7.93 10.27(5)/10.30
N 6.09(3)/6.16 6.13(4)/6.00
H 2.056(4)/2.88 2.81(2)/2.81

AccV SpotMagn Det WD ——— 100m

Figure 3.31: SEM micrograph of a prismatic single crystal of DAP-Mn

AccV  SpotMagn Det WD — 50um

Figure 3.32: SEM micrograph of a prismatic single crystal of PIP-Mn.
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Figure 3.33:  Powder X-ray diffraction patterns of DAP-Mn: (a)observed,
(b)calculated from structure data; Cu K, -radiation.
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Figure 3.34: Powder X-ray diffraction patterns of PIP-Mn: (a)observed, (b)calculated
from structure data; Cu K,-radiation.
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Figure 3.35: Powder X-ray diffraction patterns of (C3H;5Ny){Mn"[ByP30,,(OH)]} (PIP-
Mn) and (C4H 3Ny ){Mn"[ByP30,5(OH)]}(PIP-Mn); Cu K, -radiation.

3.3.2 Crystal structure determination

A colorless single crystal of DAP-Mn (prismatic, 0.12 x 0.06 x 0.04 mm?) was fixed
on a glass fiber with two-component glue. The crystal quality was first checked with the
Laue method. X-ray data were collected at 295K using a R1IcAKU AFC7 four-circle
diffractometer, equipped with a Mercury-CCD detector (Mo K,-radiation, graphite
monochromator) in the angular range 3.24° <260 < 68.68° (300°-¢-scan, 60°-w-scan
at y= 90°, 0.6° steps with 45 s exposure time per step, detector distance: 40 mm;
20-offset: —25.00°). The data were corrected for Lorentz and polarization effects.
A multi-scan absorption correction was applied. The crystal structure was solved in
space group Pmc2; (No. 26) by direct methods using the program SHELXS-97-2 [P2].
Fourier calculations and subsequent full-matrix least-squares refinements were carried
out using SHELXT-97-2 [P3]. After anisotropic displacement parameters had been
included in the refinement, all hydrogen atoms bond to C and N could be located
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from difference Fourier maps and refined without constraints. The only constraint
was applied to H1 (bonded to O6, dos_y1 = 80 pm) which is at a special position.
Final residual electron density of 0.49/—0.49 e-10~5pm™ was observed close to Mn1
and O16, respectively. Although the Flack parameter [137,138] of 0.40(1) may give
hints to a higher symmetry, no close correlations between atoms and between thermal
parameters indicate that it doesn’t go to higher symmetry. Therefore the high Flack
parameter is due to an inversion twin. When we applied command "TWIN” with
an inversion matrix (-1 0 0, 0 -1 0, 0 0 -1) in the structure refinement, the "BASFE”
value results in the same value (0.40(1)). Moreover, the S (Goodness-of-fit) value was
dropped from 1.151 to 1.038, the R1 value reduce from 0.0342 to 0.0308, and wR2 value
reduce from 0.750 to 0.674. Therefore this is an inversion twin. The crystallographic
results are summarized in Table 3.18. Atomic coordinates and displacement parameters
are given in Table 3.19 and Table 6.5, selected interatomic distances and angles are
given in Table 3.21.

A colorless single crystal of PIP-Mn (prismatic, 0.08 x 0.04 x 0.04 mm?3) was
measured at 295 K on the same diffractometer with DAP-Mn. Intensity data were
collected in the angular range 4.78°<26 < 64.06° (240°-¢-scan, 60°-w-scan at x = 90°,
0.6° steps with 60 s exposure time per step, detector distance: 40 mm; 26-offset:
—20.00°). The data were corrected for Lorentz and polarization effects. A multi-
scan absorption correction was applied. The crystal structure was solved in the space
group Ima2 (No. 46) by direct methods using the program SHELXS-97-2 [P2]. Fourier
calculations and subsequent full-matrix least-squares refinements were carried out using
SHELXIL-97-2 [P3|. After anisotropic displacement parameters had been included in
the refinement, all hydrogen atoms could be located from difference Fourier maps and
were refined without constraints. The final residual electron density was 0.75/—0.45

3, very close to O9 and P1 respectively. The Flack z-parameter [137,138]

e-10 5pm—
was about 0.01(2). The crystallographic data are summarized in Table 3.18. Atomic
coordinates and displacement parameters are given in Table 3.20 and Table 6.6, selected

interatomic distances and angles are given in Table 3.22.
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Table 3.18:
sults of

Crystallographic
(CnggNQ) {MH[B2P3012 (OH)] } (DAP—MII)

data and refinement

(C4H1aN2){Mn[ByP3015(OH)|}(PIP-Mn), e.s.d.’s are given in parentheses.

| Compound DAP-Mn PIP-Mn
Space group Pme2; (No. 26) Ima2 (No. 46)
a [pm] 1259.43(5) 1257.9(1)
b [pm 949.86(5) 948.69(8)
¢ [pm] 1135.92(5) 1158.19(8)
V [10° pm?]/Z 1358.9(1)/2 1382.2(2)/2
F(000) 916 940
Calc. density p [g - cm™3] 2.222 2.242
Diffractometer Ricaku AFC7 CCD

HMoKa [mm 1]
Scan type
26-range [°]
Miller-index range

Total data collected
Unique data

Observed data (I > 20(I))
Rint/Ra

Number of parameters refined
R1 (Fo > 40(F,))

R1 (all data)

wR2 (Fo > 40(F,))

wR2 (all data)
Goodness-of-Fit (for F?)
Residual electron density
(max/min) [e-10~%pm=3]
Flack z-parameters
Programs

Mo K ,-radiation
graphite monochromator

1.403 1.383
¢ Jw
3.24-68.68 5.38-64.38
~19<h <19 —14<h<17
—14<k<14 ~14< k<10
—17<1<17 ~16<1< 16
15341 5987
5249 2249
4917 2077
0.0297/0.0367 0.0376,/0.0531
296 154
0.0308 0.0347
0.0359 0.0410
0.0654 0.0677
0.0674 0.0698
1.038 1.042
0.49/—0.49 0.75/—0.45
0.40(1)* 0.01(2)
DIAMOND [P4]

SHELXS-97/2 [P2], SHELXL-97/2 [P3]

* The Flack z-parameter was reset automatically after every refinement cycle.
For this reason, the unrefined value was taken from the SHELXL Ist file.
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Table 3.19: Atomic coordinates and equivalent/isotropic displacement parameters
[10~*pm?] in the crystal structure of (C3HioNg){Mn[ByP30:2(OH)]}(DAP-Mn),
e.s.d.’s are given in parentheses.

| Atom Site =z Yy z Ueq/ Usso |
Mnl 26 0.5000 0.37202(5)  0.31809(4)  0.01168(3)
Mn2 24 0.0000 0.17919(5)  0.27506(4)  0.01055(3)
Pl 26 0.5000 0.35687(8)  0.60698(6)  0.01032(13)
P2 24 0.0000 0.52412(8)  0.19687(7)  0.01195(13)
P3  2a  0.0000 0.06878(8)  0.54304(6)  0.01074(13)
P4 e 0.25167(4) 0.25952(5) 0.37404(5)  0.00917(8)
P5 2b 0.5000 0.05751(8) 0.14600(7) 0.01218(13)
Bl 4c  0.09608(16) 0.3165(2)  0.53293(19) 0.0098(3)
B2 4e  040272(16) 0.1380(2)  0.51371(19) 0.0100(3)
01  d4e  0.33272(11) 0.35486(16) 0.31707(15) 0.0143(3)
02  4c  0.19180(11) 0.35254(15) 0.46768(14) 0.0122(2)
03  2a  0.0000 0.3441(2)  0.46455(19) 0.0101(3)
04  4c  040113(11) 0.25525(16) 0.60107(13) 0.0128(3)
05  de  0.40159(11) 0.99976(17) 0.07824(14) 0.0132(3)
06 2a 0.0000 0.5690(3) 0.3290(2) 0.0205(4)
07 2 0.5000 0.1490(2)  0.44237(17) 0.0093(4)
08  4c  0.17344(12) 0.19228(17) 0.29121(12) 0.0142(3)
09  4c  0.30860(12) 0.13694(16) 0.44115(13) 0.0121(3)
010 4 0.09865(11) 0.16749(16) 0.56992(14) 0.0133(3)
011 2 0.5000 0.9808(3)  0.2678(2)  0.0246(5)
012 2 0.5000 0.2130(2)  0.1593(2)  0.0175(4)
013 20 0.5000 0.45202)  0.4992(2)  0.0151(4)
014  4c  0.09918(11) 0.59401(18) 0.14043(14) 0.0167(3)
015 2a  0.0000 0.0302(2)  0.4148(2)  0.0161(4)
016 24 0.0000 0.3696(3)  0.1831(2)  0.0205(5)
017 20 0.5000 0.5619(2)  0.2199(2)  0.0172(4)
018  2a  0.0000 0.0497(3)  0.1282(2)  0.0216(5)
N1 4e  0.30207(19) 0.4188(3)  0.0782(2)  0.0216(4)
N2 e 0.23707(19) 0.0889(3)  0.7506(2)  0.0242(4)
Cl  de  02407(2)  0.3003(3)  0.0294(2)  0.0270(5)
C2  de  0.1974(2)  0.8449(3)  0.3610(3)  0.0287(5)
C3  4c  02664(3)  0.7237(3)  0.4016(2)  0.0308(6)
HI  2a  0.0000 0.496(5)  0.359(8)  0.13(4)*
H2 26 0.5000 1.048(9)  0.334(8)  0.11(3)*
H3 e 0274(3)  0497(6)  0.058(4)  0.063(13)*
H4  4e  0296(3)  0419(4)  0.150(3)  0.032(9)"
H5  4c  0358(3)  0417(4)  0.058(3)  0.038(11)*
H6  4c  0.225(2)  0001(4)  0.749(3)  0.031(9)"
H7  4e  0196(3)  0.127(5)  0.690(4)  0.066(14)*
HS  4e  0.305(4)  0100(5)  0.757(4)  0.063(14)*

*refined with isotropic displacement parameters
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Table 3.19 Continued

| Atom Site =z Yy z Ueq/ Ulso |
H9  4c  0.262(3) 0218(5) 0.068(4)  0.054(13)*
HI0 4e  0.170(3) 0.307(4) 0.045(3)  0.045(10)*
HI1  4e  0.236(5) 0.913(7) 0.426(5) 0.12(2)*
H12  4c  0.123(3) 0.819(4) 0.334(3)  0.036(9)*
HI3  4e  0.258(4) 0.637(6) 0.347(5)  0.10(2)*
HI14  4e  0.342(4) 0.758(6) 0.389(4)  0.079(16)*

*refined with isotropic displacement parameters

Table 3.20: Atomic coordinates and equivalent/isotropic displacement parameters
[10~*pm?] in the crystal structure of (C4H19No){Mn[ByP30:2(OH)]} (PIP-Mn), e.s.d.’s
are given in parentheses.

| Atom Site =z Yy z Ueq/ Uiso |
Mnl  4b  0.7500 0.91166(5) 0.81167(4) _ 0.00923(12)
P1 4a 0.5000 0.0000 0.73191(8) 0.00854(18)
P2 4b  0.7500 0.65204(9)  0.03207(8)  0.00953(19)
P3  4b  0.7500 0.24022(10)  0.93057(9)  0.01118(19)
Bl 8  0.8467(2)  04130(3)  0.0826(3)  0.0098(5)
01 8¢ 0.58081(15) 0.91673(19) 0.79828(17) 0.0134(4)
02 8¢ 0.94188(15) 0.38937(19) 0.15156(15) 0.0110(4)
03 8¢ 0.84937(15) 0.55267(19) 0.02646(17) 0.0116(4)
04  4b  0.7500 0.7490(3)  0.9310(3)  0.0183(6)
05  4b  0.7500 0.7728(3)  0.6491(2)  0.0144(6)
06  4b  0.7500 0.3003(3)  0.8048(3)  0.0198(6)
o7 8¢ 0.84939(16)  0.3009(2) 0.99252(17) 0.0154(4)
08  4b  0.7500 0.0840(3)  0.9287(3)  0.0152(6)
09 4b  0.7500 0.4009(3)  0.1530(2)  0.0077(5)
N1 8  09455(2)  0.8671(3)  0.1760(3)  0.0196(5)
Cl 8  09505(3)  0.9549(4)  0.0715(3)  0.0286(8)
C2 8  09510(3)  0.9536(4)  0.2832(3)  0.0318(8)
H1  4b  0.7500 0.255(9)  0.772(7)  0.09(3)*
H2 8  0876(4)  0.828(4)  0.183(4)  0.049(13)*
H3 8  1.0003)  08043)  0.171(3)  0.012(8)"
H4 8  0.947(4)  0899(4)  0.020(4)  0.047(13)"
H5 8  0883(4)  1.014(5)  0.068(4)  0.048(14)"
H6 8  0.881(3)  1.005(4)  0.285(3)  0.030(10)*
H7 8  0948(3)  0.891(4)  0352(3)  0.025(10)°

*refined with isotropic displacement parameters
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3.3.3 Crystal structure description

3.3.3.1 Common Motif

The crystal structures of both compounds contain identical building units related to
those in MT(C,H;2N5)[BoP3013] (MY = Co, Zn) [103]. The anionic borophosphate
partial structures consist of infinite loop-branched single chains, | {[ByP30,(OH)]*~},
running along [100] (Fig. 3.36a), which are built up from BO,-, PO4- and (HO)PO;-
tetrahedra. The central chain is built from a sequence of two BO,-tetrahedra followed
by one POy-tetrahedron. The terminal corners of adjacent BO,-tetrahedra are loop-
branched by one additional PO4-group in one side and one (HO)POj-tetrahedron in
another side. This type of chains was already observed in the crystal structures of
ME(C4H5N2)[BoP3043] (M = Co, Zn) [103] and is closely related to the stretched
loop-branched single chains | {[BaP3013]°"} (Fig. 5.36b) present in the crystal struc-
tures of Nas[ByP3013] [30]. Compared the single chains of | {[BoP302(OH)]*~} and
L {[B2P3043]°" }, the periodicity along the chains of L {[BaP3012(OH)]*"} in DAP-Mn
and PIP-Mn is doubled (Fig. 3.56).

Figure 3.36: (a) Loop-branched single chain 1{[ByP302(OH)]*"} in DAP-Mn and
PIP-Mn, (b) loop-branched single chain | {[ByP30.3]°~} in Naz[ByP3043] [30]; BO,
tetrahedra: light grey, PO, tetrahedra: dark grey. H atoms: white spheres.

The loop-branched single chains also connect to each other through O-H---O hy-
drogen bonds. Fig. 3.37 shows the single chains are interconnected by the hydrogen
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bonds forming a three dimensional network.

Figure 3.37: Loop-branched single chains . {[BsP3012(OH)]*"} of DAP-Mn and
PIP-Mn are interconnected by hydrogen bonds. BO, tetrahedra: light grey, PO,
tetrahedra: dark grey; H atoms: dark grey spheres; hydrogen bonds: dashed lines.

The BO4- and POy-tetrahedra in both manganese compounds are in an almost
regular tetrahedral coordination. Bond lengths and angles are all within normal values
and comparable with other borophosphates [103,119]. Detailed bond lengths and angles
of B-O and P-O see Table 3.21 and Table 3.22.

The Mn-coordination polyhedra can be described as distorted octahedra when the
long Mn-O distances are also taken into consideration. The long Mn-O distances of
255.3 pm and 266.2 pm for DAP-Mn and 255.8 pm for PIP-Mn, are much longer
than the average distance of Mn—O in DAP-Mn (210 pm and 222 pm) and in PIP-Mn
(222 pm) (shown in Fig. 3.38 and Table 3.21), the Mn coordination number therefore
is 5+1 for both compounds. In DAP-Mn, the bond valence sums [139] for Mn1 and
Mn2 under non-consideration of the long bonds are lower (3> Mnl-O = 1.806 for
Mnl and ), Mn2-O = 1.984), but increase to 1.933 for Mn1l and 2.078 for Mn2 after
taking the long bonds into account. In PIP-Mn, the bond valence sums for Mn1 in
the absence of the longer bond distances are lower (>, Mn1-O7 = 1.966), but increase
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to 2.092 after taking the longer bond into account. The Mn-O bond lengths range
from 207.3 pm to 266.2 pm for DAP-Mn and 207.1 pm to 255.8 pm for PIP-Mn.

Figure 3.38: Details of MnOg octahedral coordination environments: (a) and (b) come
from DAP-Mn, and (c) comes from PIP-Mn. Bond lengths in pm.

The MnQOg octahedra connect five PO, tetrahedra and two BO, tetrahedra via
common oxygen vertices, resulting in secondary building units (SBU), which are shown
in Fig. 3.39. It is noteworthy that the MnOg octahedra connect two BO, tetrahedra via
a 13-O corner, which has an additional hydrogen bond to the OH-group of a neighboring
(OH)POj; tetrahedron. The SBU are connected to each other via O-corners resulting
in a 3D anionic open framework with three-dimensional arrangement of intersecting
channels of different dimensions along [100], [011] and [011] directions, respectively
(Fig. 3.40).

Figure 3.39: Secondary Building Units (SBU) of DAP-Mn(a, b) and PIP-Mn(c).
MnOg octahedra: light grey, BO, tetrahedra: light grey, PO, tetrahedra: dark grey;
H atoms: dark grey spheres; hydrogen bonds: dashed lines.
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Figure 3.40: Three dimensional intersections channel system running along [100], [011]
and [011] in the crystal structures of DAP-Mn and PIP-Mn. MnOg octahedra: light
grey, BO, tetrahedra: light grey, PO, tetrahedra: dark grey.

The overall views of the crystal structures of DAP-Mn and PIP-Mn along [100]
are shown in Fig. 3.41. Both of structures contain channels running along [100] which
are formed by three MnOg octahedra, four PO, tetrahedra and two BO, tetrahedra.
The channels are occupied by diprotonated organic molecules stacked along [100] and
fixed via N-H---O hydrogen bonds to the framework oxygen atoms. Details of the
hydrogen bond interactions are given in Fig. 5.42 and Fig. 3.43, Table 3.23 and Table
3.24. Fig. 3.42 shows that the hydrogen bond interactions in DAP-Mn connect the
neighboring (C3H1oN3)?" ions to discrete units in the channels running along [100]. Fig.
3.48 shows hydrogen bond interactions in DAP-Mn interconnect the (C4H;oNy)*+
ions to a zigzag arrangement running along [100]. All hydrogen atoms coordinated to

nitrogen atoms are involved in hydrogen bonds.
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Figure 3.41: Top: Crystal structure of DAP-Mn viewed along the a-axis; Bottom:
Crystal structure of PIP-Mn viewed along the a-axis. MnOg octahedra: light grey,
BO, tetrahedra: light grey, PO, tetrahedra: dark grey; N atoms: dark grey, C atoms:
light grey, H atoms: dark grey (small). Hydrogen atoms of the DAP templates were
removed for clarity.
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Figure 3.42: Hydrogen bonds in DAP-Mn connect neighboring DAP templates to
discrete units in the channels running along [100].

Figure 3.43: Hydrogen bonds in PIP-Mn interconnect the templates to a zigzag set-
ting running along [100] (direction of the channel).
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Table 3.21: Crystal structure of DAP-Mn: selected interatomic distances [pm] and
angles [°], e.s.d.’s are given in parentheses.

Mnl- 017 211.3(2)  O17-Mnl-O1 (x2) 93.78(4)  O17-Mnl-O12 98.24(9)
01 (x2) 211.38(14) 0O1-Mnl1-O1 170.67(9)  013-Mnl1-012 159.97(8)
013 219.0(2)  O17-Mnl1-013 101.79(9)  O17-Mnl-O7  178.28(8)
012 235.8(2)  01-Mnl1-013 (x2) 91.89(5)  012-Mnl-O7  83.48(8)
07 255.3(2)  01-Mnl1-012 (x2) 86.76(5)  O13-Mnl-O7  76.49(8)
01-Mn1-07 (x2)  86.30(4)
Mn2- 018 207.3(2)  018-Mn2-016 96.39(10)  O8-Mn2-08  168.42(8)
016 208.8(2)  018-Mn2-015 101.87(9) 018-Mn2-03  179.66(9)
015 212.6(2)  018-Mn2-08 (x2) 95.79(4)  016-Mn2-O3  83.96(8)
08 (x2)  219.56(15) O16-Mn2-08 (x2) 89.58(4)  015-Mn2-03  77.78(8)
03 266.2(2)  O15-Mn2-08 (x2) 88.59(4)  016-Mn2-015 161.74(9)
08-Mn2-03 (x2)  84.21(4)
P1- 017 149.7(2)  017-P1-013 112.53(13) 04-P1-04 104.31(12)
013 152.2(2)  O17-P1-04 (x2)  110.61(8)
04 (x2)  157.69(15) O13-P1-04 (x2)  109.23(8)
P2- 016 147.6(3)  016-P2-014 (x2) 112.41(9) 016-P2-06  111.95(14)
014 (x2) 155.31(15) 014-P2-014 107.08(12)
06511 156.0(3)  014-P2-06 (x2)  106.28(9)
P3- 018 148.4(2)  018-P3-015 116.55(14) 010-P3-010  103.12(12)
015 150.3(2)  O18-P3-010 (x2)  108.84(9)
010 (x2) 158.62(15) 015-P3-010 (x2)  109.32(8)
P4 08 150.46(15) 08-P4-01 115.41(10) O1-P4-02 106.05(8)
01 151.02(15) 08-P4-09 106.78(9)  09-P4-02 107.92(9)
09 156.56(15) 01-P4-09 110.18(8)
02 157.49(16) 08-P4-02 110.31(8)
P5- 012 148.5(2)  012-P4-05(x2)  113.59(8) 012-P4-011  111.95(14)
05 (x2)  155.87(15) 05-P4-05 105.34(12)
O11ms 156.4(3)  05-P4-O11 (x2)  105.84(9)
Bl- 02 145.6(2)  02-B1-03 111.87(17) 03-B1-014  110.77(17)
03 146.2(2)  02-B1-010 110.63(16) 010-B1-O14  108.27(16)
010 147.6(3)  03-B1-010 109.99(16)
014 1489(3)  02-B1-014 105.15(15)
B2- 09 144.4(2)  09-B2-07 111.68(16) O7-B2-05 109.81(16)
07 147.3(2)  09-B2-04 111.94(16) 04-B2-05 109.03(16)
04 149.2(3)  O7-B2-04 108.91(16)
05 150.03)  09-B2-05 105.38(15)
Nl- C1 147.4(4)  N1-C1-C3 111.4(2)
N2- Q2 148.9(4)  N2-C2-C3 112.6(2)
c1-  C3 150.5(4)  C1-C3-C2 106.5(2)
c2-  C3 151.4(4)
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Table 3.21 Continued

Table 3.22: Crystal structure of PIP-Mn: selected interatomic distances [pm| and

N1-
N1-
N1-
N2-
N2-
N2-

H3 86(6) C1-H9 94(4)
H4 82(4) C1-HI10 91(4)
H5 74(4) C2-HI1 110(6)
H6 85(4) C2-HI2 101(4)
H7 93(5) C3-H13 104(6)
H8 86(4) C3-H14 102(5)

angles [°], e.s.d.’s are given in parentheses.

Mnl-

P1-

P2-

P3-

B1-

N1-
N1-
C1l-
C2-
N1-
N1-
C1-
C1l-
C2-
C2-

04
08
01 (x2)
05
09

01 (x2)
02 (x2)
04

05

03 (x2)
08

07 (x2)
06w
02

09

03

o7

C1

C2

C1

C2

H2

H3

H4

H5

H6

H7

207.1(3)
212.4(3)
213.45(19)
229.8(3)
255.8(3)

149.94(19)
158.18(19)
148.9(3)
153.2(3)
156.70(19)
148.2(3)

04-Mn1-08 98.49(12)
04-Mn1-0O1 (x2) 93.74(5)
08-Mn1-0O1 (x2) 91.66(5)
01-Mn1-09 (x2) 86.11(5)
01-Mn1-05 (x2) 87.33(6)
08-Mn1-05 164.65(10)
01-P1-02 (x2)  109.74(10)
01-P1-02 (x2)  105.39(10)
04-P2-05 114.10(18)
04-P2-03 (x2)  109.82(11)
05-P2-03 (x2)  108.47(10)
08-P3-07 (x2)  112.19(10)
07-P3-07 107.29(15)
07-P3-06 (x2)  107.17(11)
02-B1-09 111.4(2)
02-B1-03 111.2(2)
09-B1-03 109.4(2)
02-B1-07 104.8(2)
C1-N1-C2 111.8(3)
N1-C1-C2 110.8(3)
N1-C2-C2 111.0(3)

04-Mn1-05
04-Mn1-09
08-Mn1-09
01-Mn1-01
05-Mn1-09

01-P1-01

02-P1-02
03-P2-03

08-P3-06

09-B1-07
03-B1-07

96.85(12)
175.89(11)
85.62(9)
171.27(11)
79.03(9)

118.32(17)

107.92(14)
105.82(15)

110.54(18)

110.6(2)
109.3(2)
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Table 3.23: Hydrogen bonds in the crystal structure of DAP-Mn: interatomic dis-
tances [pm] and angles [°]

| Hydrogen bonds |

O6-H1 779 H1.--03 1869 06---03 263.3 O6-H1.--03 166.60
O11-H2 981 H2.--07 1566 O06---07 2547 O6-H2.--07 177.68
N1-H3 8.8 H3.---02 203.7 N1.--02 2868 NI1-H3.---02 162.60

H3---014 256.3 N1---014 313.0 N1-H3---014 124.57
N1-H4 82.0 H4---O1 2043 N1---O1 280.7 N1-H4.---01 154.92
N1-H5 73.9 H5---013 2281 N1.--013 292.0 NI1-H5---013 145.29
N2-H6 8.1 H6---08 200.6 N2.--08 2827 N2-H6---0O8 161.75
N2-H7 934 H7---010 1874 N2.--010 279.4 N2-H7---0O10 168.02
N2-H8 86.2 HS8---O5 2553 N2---O5 2973 N2-H8--O5 110.95

H8---O11 258.0 N2---O11 3383 N2-H8---0O11 155.35

H8.--03 2604 N2.--03 3106 N2-H8---03 118.25

Table 3.24: Hydrogen bonds in the crystal structure of PIP-Mn: interatomic distances
[pm] and angles [°]

| Hydrogen bonds |

O6-H1 576 H1---09 2019 06---09 2595 O0O6-H1.---09 178.51
N1-H2 95.6 H2---0O5 189.0 NI1.--O5 281.2 NI1-H2.--05 161.39
N1-H3 91.3 H3---02 1985 NI1.--02 283.0 NI1-H3.--02 153.13

3.3.3.2 DAP-Mn and PIP-Mn: differences in channel structure

The obvious structural difference between DAP-Mn and PIP-Mn is given by the
shape of their channels. Especially channels along [100] show dramatic differences in
both shape and size (see Fig. 3.41). It is likely that the differences in the shape
of the channels are due to the shape and the size of the organic templates included.
Fig. 3./4 shows the arrangement of DAP cations and PIP cations in the channels,
located between two neighboring 9-membered rings along [100]. The stacking of the
two differently orientated 9-membered rings just fit the template shape. The stretched
(H,DAP)?* ions lead to elongated and elliptical channels, the cyclic (HoPIP)?* ions
lead to more isocentric channels. The length of DAP (dy..y = 493 pm) is much longer
than the diameter of PIP (287 pm). So the stretched (HoDAP)?* ions probably force
the channel shape to elliptic. Fig. 3.45 shows the different sizes of the 9-membered



3.3. (C3H12N2){MD[B2P3012(OH)]} (DAP-MII) and (C4H12N2){MH[B2P3012(OH)]} (PIP-MII)77

rings in DAP-Mn and PIP-Mn. Two different sizes of 9-membered rings (912 pm
x 595 pm) and (852 pm x 661 pm) are present in the crystal structure of DAP-Mn;
while only one kind of 9-membered ring with an aperture of 788 pm x 739 pm is present

in the crystal structure of PIP-Mn.

07 08
03 P2

B1

(b)

Figure 3.44: (a) The ellipsoid presentation of the arrangement of 9-membered rings
and DAP cations, bottom shows that DAP cations locate between two neighboring
9-membered rings along [100]. (b) The ellipsoid presentation of 9-membered rings
and PIP cations, bottom shows that PIP cations locate between two neighboring 9-

membered rings along [100].
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PIP-Mn

DAP-Mn

Figure 3.45: The difference sizes of 9-membered rings in DAP-Mn and PIP-Mn
clearly show that DAP-Mn consists of elongated and elliptical channels and PIP-
Mn consists of isocentric channels. Details see text.

Pme2; (space group of DAP-Mn) is a subgroup of Ima2 (space group of PIP-
Mn). The framework atom positions of PIP-Mn can be successfully transformed into
those of DAP-Mn by using a ”Klassengleich” matrix of (1/4, 1/4, 0) [140]. Some
transformation principles should be obeyed: 4a — 4c¢, 4b — 2a + 2b, and 8¢ — 2 X
4¢ (from space group Ima2 to space group Pmc2;). The detailed transformation is
shown in Fig. 3.46.
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PIP-Mn, a2 (No. 46)

Mnl:4b | Pl:4a | P2:4b P 4p | O4: 4b 035:4b 06: 45
1/4 0 1/4 1/4 1/4 1/4 14
0.91166 0 0.65205 | 0.24022 | 0.7490 0.7728 0.3001
0.2347 | 0.15496 | 0.45512 | 0.35361 | 0.3540 0.0722 0.2278

7 NS

Mnl:2h | Mn2:2q | P4:4dc P1:2p P3:2qa | P22 P3:2q | 018:2q | O17:2p | O15: 24 | 013:2p | 06:2p | O11: 2¢
172 0 0.25169 1/2 0 1/2 0 0 172 0 172 1/2 0
0.12708 | 0.3208 | 0.24046 | 0.14319 | 0.43120 | 0.44253 | 0.02415 | 04502 | 0.0620 | 0.4698 | 0.0480 | 0.5193 | 0.0691
0.72343 | 0.76647 | 0.66766 | 0.43475 | 0.49866 | 0.89572 | 0.34484 | 0.9136 | 03219 | 0.6270 | 0.5424 | 0.7738 | 0.2126

DAP-Mn, Pric2; (No. 26)

PIP-Mn, Irna2 (No. 46)

O8: 4b 09: 4b 01: 8¢ 02: 8 03: 8¢ O7: 8 Bl: 8¢

1/4 1/4 0.08080 | 0.05813 | 0.15063 | 0.15060 0.1533

0.0840 0.0991 | 0.91674 | 0.11063 | 0.55267 | 0.30010 | 0.0870

0.3518 0.0760 0.22132 0.0746 0.44950 | 0.41557 0.0057
k2, 1/4, 1/4, 0

e AN S

016:25 | O12:2¢ | O3:2¢ | O7:250 | Ol:de | O8:de | O2:4c | O9:4¢ | Od:de | O10:4e | OS5:4e | Old:4e | Bl: 4e B2: 4¢

172 0 0 12 0.33278 | 0.17343 | 0.19177 | 0.30847 | 0.40111 | 0.09868 | 0.09916 | 0.40157 | 0.0961 0.4027
0.2868 0.1305 0.1557 | 0.3510 | 0.1452 0.3078 | 0.14744 | 03630 0.2450 0.3324 0.0942 0.4997 | 0.1836 | 0.3620
0.8825 0.8587 0.5772 | 0.5994 | 0.7246 | 0.75051 | 0.57406 | 0.60056 | 0.44055 | 04775 | 0.40123 | 0.46350 | 0.508¢ | 0.5281

DAP-Mn, Pmic2, (No. 26)

Figure 3.46: The Béarnighausen system tree shows the structural relationship between
PIP-Mn and DAP-Mn, the atom positions of both compounds are recalculated to
an asymmetric cell positions (see appendix I).

3.3.4 IR-spectroscopy

The IR-spectra of DAP-Mn and PIP-Mn (1.5 mg sample : 150 mg KBr) are shown
in Fig. 3.47. The band positions of O-H, N-H and C-H vibrations are summarized
in Table 3.25. IR-spectrum of DAP-Mn confirmed the presence of (C3H;5N5)?T ions
in the structure, as evidenced by the bands observed at 3152-2963, 2810-2638, 1514,
1477, and 1426 ¢cm~!, additional absorption bands for O-H stretching and deforma-
tion vibrations at 3276 and 1633 cm™! are also observed. IR-spectrum of PIP-Mn
confirmed the presence of (C;H;3N5)?" ions and O-H group which is exhibited by the
N-H, C-H and O-H stretching vibrations at 3225, 3089-2977, 2840-2645, 1620, and
1482-1428 cm ™.
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Figure 3.47: Infrared spectra of DAP-Mn and PIP-Mn in the range of 4000-400

cm

-1

Table 3.25: IR-spectroscopy data of DAP-Mn and PIP-Mn.

Vibration frequency | Intensity’, | Assignment [129]
7 [em™ Y Band form?
DAP-Mn
3276 S,Sp O-H-stretch
3152-2963 S,ST N—-H-stretch
2810-2638 m,sr C-H-stretch
1633 S,Sp O-H-deformation
1514, 1477, 1426 S,Sp N-H-deformation
PIP-Mn
3225 S,Sp O-H-stretch
30892977 S,ST N—-H-stretch
2840-2645 m,sr C-H-stretch
1620 S,Sp O-H-deformation
1482-1428 S,Sp N-H-deformation

tvs = very strong, s

= strong, m = medium, w = weak

fbr = broad, sp = sharp, sr = shoulder
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3.3.5 Thermal analysis

Thermal investigations (DTA/TG) of DAP-Mn (Fig.3.48) and PIP-Mn (Fig.3.49)
were carried out under static air with heating and cooling rates of 5 °C/min up to
1000 °C (NETzscH STA 409).

The TG curve of DAP-Mn shows a three-step weight loss with an overall weight
loss of 21.59 % (21.25 % calc., according to a hypothetical weight loss of 1 x C3H;oNs
and 1.5 X H,O per formula unit) with every step weight loss of 11.76 %, 3.04 %,
and 6.79 % in the temperature range of 400 — 800 °C. DTA curve shows one sharp
endothermic peak with maximum temperatures at 474 °C, one exothermic shoulder
and one sharp exothermic peak with maximum temperatures at 598 °C and 633 °C,
respectively. These thermal effects are associated with the decomposition of DAP-Mn.
After DTA/TG investigations, the powder was measured by powder X-ray diffraction
and identified as a-BPO, [2] and MnyP,0O5 [141] (Fig.3.50).

The TG curve of PIP-Mn also shows a three-step weight loss with an overall weight
loss of 24.19 % (24.25 % calc., according to a hypothetical weight loss of 1 x C4H;oN»
and 1.5 X H,O per formula unit) with every step weight loss of 12.42 %, 2.92 %,
and 8.85 % in the temperature range of 400 — 800 °C. DTA curve shows one sharp
endothermic peak with maximum temperatures at 501 °C, one exothermic shoulder
and one sharp exothermic peak with maximum temperatures at 599 °C and 638 °C,
respectively. These thermal effects are associated with the decomposition of DAP-
Mn. The powder X-ray diffraction of the product after DTA/TG investigation was
also identified as a~-BPOy [2] and MnyPyO7 [141] (See Fig. 3.50).

As shown in the DTA curves of DAP-Mn and PIP-Mn, DAP-Mn and PIP-Mn
are stable up to 400 °C which are rather high for organo-templated borophosphates.

The decomposition process of them can be described as the following equations:

Tz = 1000 °C
n air

2(03H12N2){MHH[B2P3012(OH)]} > 4Q—BPO4 —+ 2Mn2P207 —+ 3HQO T

+ "C3HyoNy” (COs + HyO + NO)

Tz = 1000 °C
n air

2(C4H2No){Mn"[ByP30,2(OH)]}

> 4Q—BPO4 + 2Mn2P207 + 3HQO T

+ "C4HyoNy” (COy + HyO + NO)
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Figure 3.48: DTA-TG curves of DAP-Mn. For further details see text.
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Figure 3.49: DTA-TG curves of PIP-Mn. For further details see text.
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(a)
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Figure 3.50: Powder X-ray diffraction patterns of DAP-Mn(a) and PIP-Mn (b) after
TG/DTA investigations (up to 1000 °C), compared with calculated powder patterns
of a-BPO, [2](c) and MnyP,07 [141](d); Cu K,y -radiation.

3.3.6 Magnetic susceptibility

Magnetic properties of DAP-Mn and PIP-Mn were investigated on a powdered sam-
ple in the temperature range 1.8 K to 400 K using a SQUID-magnetometer (Quantum
Design, MPMS XL-7). The data of the magnetic susceptibility for DAP-Mn (Fig.
3.51) follow the Curie-Weiss law over almost the whole temperature range under inves-
tigation (external magnetic field He = 1 k@e). The effective magnetic moment jieq
was observed by a nonlinear fit in the temperature range of 20-400 K as 5.86(1) up/Mn-
atom (0 = -4.00 K) which is the typical value for Mn?* [142]. Inset of Fig. 3.51 display
antiferromagnetic ordering at # = 2.3(3) K. The isothermal magnetization at 1.8 K
increases with field and reaches a value of 4.43 pup at 70 ke, extrapolates in M(1/H)
to approximate 5.0(3) up as expected for Mn?* 3d® system (5 ug).

The data of the magnetic susceptibility for PIP-Mn (Fig. 3.52) follow the Curie-

Weiss law over almost the whole temperature range under investigation (external mag-
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netic field Hey = 10 kQe). The effective magnetic moment peq was observed by a non-
linear fit in the temperature range of 10-400 K as 5.65(1) pp/Mn-atom (#=-3.78 K)
which is the typical value for Mn?* [142].
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Figure 3.51: Inverse molar magnetic susceptibilities 7/x of DAP-Mn as a function of
temperature. Inset shows the antiferromagnetic ordering of DAP-Mn at 2.3(3) K in
external magnetic field 20 QDe. For further details see text.
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Figure 3.52: Inverse molar magnetic susceptibilities 1/y of PIP-Mn as a function of
temperature. Inset shows the antiferromagnetic ordering of DAP-Mn at 3.78 K in
external magnetic field 100 Qe. For further details see text.
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3.3.7 Discussion

3.3.7.1 Flexibility of the frameworks

Both crystal structures of DAP-Mn and PIP-Mn have identical framework connec-
tions with significant distortions being caused by the differences in size and shape of
the template molecules. When the cyclic PIP template is replaced by the stretched
DAP template, the space group changes from Ima2 to Pmc2;. This indicates that
the two compounds, probably, have a flexible framework, which may be an important
factor for applications in catalysis, and sorption materials. The zeolite RHO [143]
contains one of the most flexible frameworks in zeolites. The framework distorts ac-
cording to dehydration or ion-exchange. The RHO framework represents a tetrahedral
framework built up from AlO,- and SiOy-tetrahedra. It is well known that tetrahedral
frameworks are more rigid compared with frameworks built by a mixture of octahedra
and tetrahedra. Therefore, the manganese borophosphate framework is assumed to be
more flexible than the RHO zeolite. Thus, it could be a good candidate for catalytic
or recycling applications.

It is to be noted that the MnOg octahedra are significantly distorted. If the longest
distance to oxygen is not considered, the Mn-polyhedra show a square-pyramidal co-
ordination. This indicates that the Mn polyhedra show a significant flexibility in their
coordination behaviors. These effects in combination may lead to a high flexibility of

the framework.

3.3.7.2 Borophosphate partial structure

(C3HoNo) {Mn[ByP3012(OH)]}, (C4HioNo)[MIByP3O015(OH)] (MT = Co, Zn [103],
Mn), (CoHioNo)[MEIByP3015(OH)] (MT = Mg, Mn, Fe, Co, Ni, Cu, Zn) [118,119], and
(Co(en)s3)[BaP3041(OH),| [105] show the same molar ratioof B: P: O/(OH) =2:3:13.
All these compounds were prepared in the presence of templates. The anionic boro-
phosphate partial structures are built in different ways. Fig. 3.53 shows the borophos-
phate partial structures in the borophosphates with M : B:P : O/(OH) =1:2:3:13.
(C3HoNy ) {Mn"[ByP3015(OH)|} and (C4H19Ny) [M"B,P3015(OH)] (M" = Co, Zn [103],
Mn) contain the same borophosphate structure as infinite loop-branched single chains,
L{[B2P30:2(OH)]*"} (a), which is closely related to the stretched variant L {[BaP3013]> }
(b) found in Nas[BoP3013] [30]. In (CoHioNo)[MIB,P3015(OH)] (MI = Mg, Mn, Fe,
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Co, Ni, Cu, Zn) [118,119], a layer borophosphate partial structure, 2 {[BoP30,5(OH)]*"}
(d), is formed by the condensation of L{[BoP302(OH)]*"} (a) by sharing common
O-corners. (Co(en)s3)[BaP3041(OH),] [105] also contains infinite loop-branched single
chains (see Fig. 3.53(c)) but differences in the connection of rings and the sequence
of rings. Four-membered rings, built of alternating BO, and PO, groups, interconnect
to each other by sharing the O-corners of BO, groups, the rest free O-corners of two

neighboring BO, groups are loop branched by one PO, group.

Figure 3.53: Borophosphate anionic partial structures of four different types of
borophosphates with M: B: P: O/(OH)=1:2:3:13: (a) L{[B2P30:2(OH)]* } in the
crystal structure of (C3H;5No){Mn"[B,P30,5(OH)]} and (C4H5No)[MTByP30 15 (OH)]
(M™ = Co, Zn [103], Mn); (b) L {[BoP3013]°~} in the crystal structure of Nas[ByP3013]
[30]; (¢) L{[B2P30:;(OH)5J>"} in the crystal structure of (Co(en)s)[BaP30;1(OH)s]
[105]; (d) 2{[B2P3012(OH)]*"} in the crystal structure of (CoH;oNy)[MIByP3049(OH)]
(MT = Mg, Mn, Fe, Co, Ni, Cu, Zn) [118,119]; PO, tetrahedra: dark grey, BO, tetra-
hedra: light grey, hydrogen atoms: dark grey spheres.

3.3.7.3 Secondary building units (SBU)

Both (C3H12N2){MHH [B2P3012 (OH)]} and (C4H12N2){MHH [B2P3012 (OH)]} contain one
type of secondary building units (SBU) which are built from one M coordination-
octahedron, two BO, tetrahedra and five PO, tetrahedra. Similar SUB but with
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different polyhedra arrangement also appear in (CoHioNo)[MIByP3045(OH)] (M =
Mg, Mn, Fe, Co, Ni, Cu, Zn) [118,119], Zn3(CgH14N5)3[BsP12039(OH)15] - (CeH14N3)-
[HPOy4] [106], and (CgH14N3)o[VO(HPO,)5B20O] -HyO-H3PO, [75]. These two types of
SUBs are shown in Fig. 3.54. In all of these SUBs, the octahedron is connected to two
BO, tetrahedra via a u3-oxygen position. The M-O#" distances of these compounds
are much longer than the normal M-O distance. They are listed in Table 3.26. The
significant long distance M-O*" in the diaminopropane and piperazine compounds may
be due to the fact that O*? is involved in an additional hydrogen bond. It is likely that

the four-coordinated oxygen causes an elongation of MI-OF’.

Table 3.26: M-O*’ distances in the templated borophosphates containing p3-oxygen

positions.

‘ Compound M-0#" (pm) ‘
Zn3(CGH14N2)3[B6P12039(OH)12] . (CGH14N2)[HPO4] [106] 225.1
(CeH14N,)2[VO(HPO,)5B,0]-Hy O-H3 POy [75] 235.9
(C4H12N2)CO[B2P3012(OH)] [103] 243.9
(C4H12N2)Z1’1[B2P3012(OH)] [103] 259.3
(C4H12N2){MHH[B2P3012(OH)]} 255.8
(CngQNQ){MnH[B2P3012(OH)]} 255.3 and 266.2

(b)

Figure 3.54:  Two different types of secondary building units (SBU) with
p*-oxygen in the templated borophosphates: (a) {[ZnO(PO4)sB20]"'"]} in
the crystal — structure of  Znz(CgHi4N3)3[BgP12039(OH)1a] - (CeH14No)[HPO,]
[106] and  {[MnO(PO,)4;(HPO4)B,O]'""]}in  the  crystal structure  of
(b)(C4H;aNo){Mn"[ByP30,5(OH)]}. PO, tetrahedra: dark grey, BO, tetrahedra:
light grey, Hydrogen atoms: dark grey spheres, Hydrogen bonds: dash lines.
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3.4 (CnggNg)Femﬁ(H20)4[B4P8032(OH)8]

3.4.1 Synthesis

(C3HoNy)Fell(Hy0),4[B4PgO32(OH)g] was prepared under mild hydrothermal condi-
tions at 170°C. A mixture of 0.811 g (3 mmol) FeCl; - 6H,0, 1.484 g (24 mmol) H3BOs3,
1.26 mg (11 mmol) 85 % H3PO, and 0.822 g (11 mmol) 1,3-diaminopropane (DAP) (mo-
lar ratio of Fe : B: P : DAP = 3 : 24 : 11 : 11), and 7.5 ml of deionized water was
stirred at 60°C for 2 hours. Meanwhile 0.8 ml 37 % HCI was added to adjust the pH
value to 1.0. The clear colorless solution was filled in a Teflon autoclave (V = 10ml,
degree of filling = 60-70 %) and held at 170°C for 8 days under autogenous pressure.
Colorless prismatic crystals (Fig. 3.55) shows the SEM micrograph of a single crys-
tal) of (C3H5Ny)Fe(Hy0)4[B4PgO30(OH)g] were separated by filtration, washed with
deionized water and dried at 60 °C in air. When using only the half amount of H3sBOj3
(molar ratio of Fe : B: P : DAP = 3 : 12 : 11 : 12), the products contain only a
small amount of (C3H9No)Fellg(Hy0)4[B4PsO32(OH)g] and an additional unidentified
phosphate. The more H3BO3; was added to the reagents, the larger was the amount
of (C3HoNy)Fe(Hy0),[B4PgO32(OH)g]. When the boron content reaches the ratio
of Fe: B: P :DAP =3:48: 11 : 12, large size of crystals were obtained accompany
with white fine powder as byproduct which is not identified. The byproduct can be
separated by ultrasonic shaking because the two products possessing different density.
Therefore, controlling the amount of boron appears to be most important to get the

phase in high purity.

AccY SpotMagn Det WD F——— 20m

Figure 3.55: SEM  micrograph of a  prismatic single crystal of
(C3H12N2)Fem6(H20)4[B4P8032(OH)8].
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Fe, B, and P contents were analyzed using ICP-AES, while a hot extraction method
was applied for analyzing organic carbon, hydrogen and nitrogen. The results give a
molar ratioof Fe : B: P : C: N =6.04 : 4: 8.12: 3.00 : 1.91 which is consistent with
the formula observed from the single crystal structure refinement (7Zable 3.27). The

results of the chemical analyses confirm one (CoH13Ns) per formula unit.

Table 3.27: (C3HuNy)Feg(Hy0),[B4PgO32(OH)g]: results of the chemical analyses.
| Element | Obs.(e.s.d.)/mass-% Calc. /mass-% |

Fe 23.18(7) 23.14
B 2.97(3) 3.04
P 17.28(8) 17.42
C 2.472(5) 2.533
N 1.835(6) 1.970
H 2.056(4) 1.984

The product was identified by using powder X-ray diffraction (HUBER Image Foil
Guinier Camera G670, Co K, -radiation, quartz monochromator). Fig.3.56 shows
the observed and calculated powder patterns of (C3H;sNy)Fells(HyO),[B4PgO30(OH)s).

The good agreement indicates the purity of the sample.

Relative Intensity
=

20 [°]

Figure 3.56: Powder X-ray diffraction patterns of (C3HoNo)Fellg(H0)4[B4PsO32(OH)gl:
(a)observed and (b)calculated from single crystal structure data (only applying frame-
work atoms); Co K,j-radiation.
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3.4.2 Crystal structure determination

A colorless single crystal of (C3HoNy)Fels(H,0)4[B4PsO32(OH)g) (0.12 x 0.06 x 0.04
mm?, platelet) was fixed on a glass fiber with two-component glue. X-ray data were
collected at 295 K using a R1GAKU AFC 8 diffractometer, equipped with curved R-axis
Rapid imagining plate detector (Mo K,-radiation, graphite monochromator). Inten-
sity data were collected in the angular range 3.24° < 20 < 68.68° (60 images, w = 60°—
190°, Aw=3° x1 =0° ¢ =0°, xo =45°, ¢ =90°). The data were corrected for Lorentz
and polarization effects. A multi-scan absorption correction was applied. The structure
was solved in the space group P2;/c (No. 14) by direct methods using the program
SHELXS-97-2 [P2]. Fourier calculations and subsequent full-matrix least-squares re-
finements were carried out using SHELX1.-97-2 [P3], applying neutral atom scattering
factors. The framework atom positions were all located and refined. After anisotropic
displacement parameters had been included in the refinement, the hydrogen atoms
bonded to oxygen could be located from difference Fourier maps and were refined
without any restraints. The template atom positions (C and N) could not be located
from difference Fourier maps, because only two positions of high electron density were
observed (Fig. 3.57) after refining all the framework atoms. Their values are 4.81
e-10"%pm=3 and 2.00 e-10~5pm~3. The crystallographic data are summarized in Ta-
ble 3.28. The atom positions and displacement parameters are given in Table 3.29 and
Table 6.7. Some selected bond lengths and angles are given in Table 3.31.

The electron density of the (C3H3Ny)?" ions in difference Fourier maps are shown
in Fig. 3.57. The elliptical shapes of electron densities clearly show that the organic
molecules are disordered. The chemical analyses had already shown that there is
only one (C3H;9N5)?T ion per formula unit. This result was applied to constraint
the occupancy of C and N positions and to try to fix the possible positions of C and N.
The formulated positions of C and N are given in Table 3.30. The organic molecule has
two different arrangements related by the center of symmetry, which is clearly shown
in the electron density maps (see Fig. 3.57). The C and N atom positions are only
partially occupied. Fig. 3.58 shows the arrangement of disordering DAP cations which
have two different orientations related by center symmetry and represents a continuous
arrangement. Due to the overlaping of the DAP molecules, N1 was shared by two
different molecules, the DAP cations appear to be arranged continuously along [100]

in the channels of the framework structure.
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Figure 3.57: (C3HoNy)Fels(H,0)4[B4PsO32(OH)g): electron densities arround the or-
ganic template (C and N atom positions) in the difference Fourier maps. The electron
density distribution shows that DAP molecules are related by center symmetry and

arranged continuously inside the channels.

Figure 3.58: Top: The arrangement of the

disordering organic templates, (C3HaNg)—

molecules, in the crystal structure of (C3HiaNg)Fells(Hy0)4[B4PsO32(OH)g] which
shows two different orientations of (C3H;3Nsy)-molecules related by center symmetry

and represents a continuous arrangement; Bottom: two different orientations of DAP-

molecules.
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Table 3.28: Crystallographic
(C3HoNy)Fell(H,0),[B4PsO32(OH)g); e.s.d.’s are given in parentheses.

data and refinement results

Compound

(03H12N2)Fem6 (H20)4[B4P8032(OH)8] ‘

Formula weight (g - mol™!)
Space group

a [pm]

b [pm]

¢ [pm]

A7)

V [105 - pm?]

Z

Calc. density p [g - cm™3]

Diffractometer

HMMoKa [mmil]
Scan type

20 range [°]
Miller-index range

Total data collected

Unique data

Observed data (I > 20(I))

Rint/RU

Number of parameters refined
R1(F, > 40(F,))/R1 (all data)
wR2 (Fo > 40(F,))/ wR2 (all data)
Goodness-of-Fit (for F?)

Residual electron density

(max/min) [e-10~%pm=3]
Programs

1422.34
P2y /¢ (No. 14)
501.4(2)
930.9(2)
2092.3(7)
110.29(2)
915.9(5)
1
2.579
RIGAKU R-axis RAPID
Mo K,-radiation
graphite monochromator
2.813
¢ Jw
6.0-60.0
—-5<h<6
-13<k<13
-29<1<22
5837
2284
2234
0.032/0.046
178
0.0476,/0.0490
0.1068/0.1073
1.256
1.735/—1.233

DIAMOND [P4], WinGX [P8]

SHELXS-97/2 [P2], SHELXL-97/2 [P3]

for
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Table 3.29: Atomic coordinates and equivalent/isotropic displacement parameters
[10~*pm?] in the crystal structure of (C3H;oNg)Fells(HoO),[B4PgO32(OH)g), e.s.d.’s
are given in parentheses.

Atom Site =z Yy z Ueq/ Uiso
Fel  4e  0.40093(12) 0.68831(5) 0.78393(3)  0.00808(12)
Fe2 2a 0.0000 0.0000 0.0000 0.00754(16)
P1 de 0.2184(2)  0.35277(9) 0.78970(5)  0.00746(19)
P2 de 0.3803(2)  0.89334(9) 0.91624(5)  0.00758(19)
Bl de 0.4622(9)  0.6345(4) 0.6378(2)  0.0071(7)
01  4de  0.4604(6)  0.5851(3)  0.70421(14) 0.0122(6)
02 de  0.4403(6)  0.2857(3)  0.85513(14) 0.0102(5)
03  de  0.1322(6)  0.8651(3)  0.94073(15) 0.0107(5)
04  de  0.3400(6)  0.0474(3)  0.88445(14) 0.0111(5)
05  4de  0.2087(6)  0.5144(3)  0.80276(15) 0.0120(6)
06  4de  0.8243(7)  0.1203(3)  0.91461(15) 0.0125(6)
07  de  0.6600(6)  0.8855(3)  0.97539(15) 0.0110(5)
08  de  0.6753(6)  0.8302(3) 0.77017(14) 0.0115(5)
09  de  0.3746(7)  0.7828(3)  0.86235(15) 0.0163(6)
010  4e  0.0687(6)  0.7846(3)  0.72135(15) 0.0145(6)
011  4de  0.7967(7)  0.6042(4)  0.85416(18) 0.0203(7)
Hlos de  0.932(13)  0.140(6)  0.901(3) 0.025(16) *
H2o: de  0.429(14)  0.499(7)  0.707(3) 0.039(18) *
H3on 4e  0.895(15)  0.561(8)  0.838(4) 0.05(2) *
Hion 4e  0.899(19)  0.670(9)  0.875(5) 0.08(3) *

*refined with isotropic displacement parameters

Table 3.30: Atomic coordinates and isotropic displacement parameters [10~*pm?] for C
and N atoms in the crystal structure of (C3HoNy)Fells(Hy0)4[B4PgO3z5(OH)gl, e.5.d.’s
are given in parentheses. Details please see text.

| Atom Site = y z Uiso Occupancy |
N1 2¢ 0.0000 0.5000 1.0000 0.0295(9) 0.125
N2 4e 0.800(3) 0.4414(13) 0.9838(7)  0.0295(9) 0.375
C1 4e 0.580(3) 0.5099(19) 1.0073(11) 0.0295(9) 0.25
C2 de 0.286(3) 0.4425(16) 0.9801(10) 0.0295(9) 0.25
C3 de 0.279(3) 0.5807(17) 1.0165(12) 0.0295(9) 0.25
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3.4.3 Crystal structure description

The framework is constructed by connecting Fel-borophosphate layers through bridg-
ing Fe204(OH), octahedra (Fig. 3.59), resulting in 1-D infinite channels running along
the a axis. Fig. 3.59 clearly shows that the arrangement of channels exhibits a
hexagonal close packing in the bc plane. Fel-borophosphate layer is built up from
FelO4(OH)(H20) octahedron interconnecting the borophosphate trimers. It is parallel
to the ab plane (see Fig. 3.60), with five membered ring and three membered ring
projected in the bc plane (see Fig. 3.59). Cross-section of the channels consist of
10-membered rings built up from two FelO,(OH)(H20) octahedra, two Fe20,(OH),
octahedra, two BOy(OH), tetrahedra and four PO, tetrahedra with aperture size of
778 pm x 867 pm.

Figure 3.59: Crystal structure of (C3H;oNo)Fells(Hy0)4[B4PgO32(OH)g] viewed along
[100] shows that the framework is built from Fel-borophosphate layers interconnected
by Fe2-octahedra, the arrangement of channels exhibits hexagonal close packing in
the bc plane, Fel and Fe2 are denoted in the figure. BO, tetrahedra: light grey, POy
tetrahedra: dark grey, FeOg octahedra: light grey, H atoms: dark grey spheres.
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Figure 3.60: (C3H;3Ny)Fells(HyO),[B4PgO32(OH)g): The Fel-borophosphate layers
are built by FelO4(OH)(Hy0) octahedra and {[BP,;Og(OH)]°"} oligomeric trimers
viewed along [001]. BO, tetrahedra: light grey, PO, tetrahedra: dark grey, FeOg
octahedra: light grey, H atoms: dark grey spheres.
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Figure 3.61: Inner-wall of a 10-membered ring (cross-section of a channel) built up from
two FelO4(OH)(H20) octahedra, two Fe204(OH), octahedra, four POy tetrahedra and
two BO2(OH), tetrahedra.

The borophosphate anions are the oligomeric trimers, {{[BPyOg(OH),]>~}, which
are built from a central BOy(OH), tetrahedron connected with two POy tetrahedra
by sharing common O—corners (Fig. 3.62). This building unit has also been observed
in the crystal structure of NaFe[BP;Og(OH)] [57] and CsV3(H20)2[BoP4O16(OH),]
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[63]. The BO5(OH)y- and POy- tetrahedra are in regular tetrahedral coordination.
The B-O and P-O bond lengths (see Table 3.31) are comparable with those in the
crystal structure of NaFe[BP,Og(OH)] [57] (B-O 146.5 pm, B-OH 147.4 pm, P-O
151.8 — 155.9 pm). The O-B-O and O-P-O angles are also comparable with those in
NaFe[BP,Og(OH)] [57] (O-B-O 104.8 — 112.4°, O-P-0 106.2 — 111.7°).

The two crystallographically inequivalent FeOg octahedra have different oxygen
environments as shown in Fig. 3.65. Fe2 is located at a special position and Fel is
located at a normal position. Fe2 has a more symmetric octahedral coordination with
average bond length 201.1 pm which is the typical value for Fe™-O [57,93]. Fel shows
a distorted octahedral coordination. The water molecule coordinated to Fel makes
the Fel-O1lgyo bond (216.5 pm) much longer than the average value of 200.7 pm.

Selected interatomic bonds and angles are given in Table 3.31.

\}&w

Figure 3.62:  Oligomeric trimer [BPyOg(OH)]>~ in the crystal structure of
(C3H1oNg)Fellg(Hy0)4[B4PgO32(OH)g]. BOo(OH); tetrahedra: light grey, PO, tetra-
hedra: dark grey; Hydrogen atoms: dark grey spheres.
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Figure 3.63: Details of the Fe(1,2)Og octahedral coordination environments in the
crystal structure of (C3HyoNy)Fellg(Hy0),[B4PsO32(OH)g]. Hydrogen atoms: small
dark grey spheres. Bond lengths in pm.
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The DAP cations are located inside the 10-membered ring channels with aperture
sizes of 778 pm and 867 pm (O2---02 and O9---09) (Fig. 3.61), which is much larger
than the length of the (HoDAP)?" ions 493 pm (dy..x). The large size of channel
may be one of the reasons for the disorder of template inside the channel. The weak
interactions between the organic cations and the framework also lead to the disorder
of the templates. The atom positions of the framework can be refined with a rigid
model and are not influenced by the disorder of the template cations. Meanwhile the
weak interaction between framework and template cations give an idea for applications

related to ion exchange.

Table 3.31: Crystal structure of (C3H;oNg)Fellg(HoO)4[B4PgO32(OH)g]: selected inter-

atomic distances [pm] and angles [°], e.s.d.’s are given in parentheses.

| distance [pm] angle [°] angle [°] |
Fel- 09 190.6(3) 09-Fel-010 93.91(13) 0O5-Fel-0O1 89.84(11)
010 194.4(3) 09-Fel-0O5 91.25(12) 0O8-Fel-0O1 83.68(11)
05  199.2(3) 010-Fel-O5 98.48(13) 09-Fel-0O11  84.45(14)
08 199.8(3) 09-Fel-08 94.35(12) 0O10-Fel-O11 173.40(13)
O1  203.4(3) 0O10-Fel-08 94.02(13) 0O5-Fel-011  87.95(13)
011 216.5(3) O5-Fel-08  165.92(12) 0O8-Fel-011  79.75(13)
09-Fel-O1  175.72(14) O1-Fel-O11  91.44(13)
010-Fel-O1  90.03(12)
Fe2- O7 192.3(3) O7-Fe2-O7  180.0(2) 03-Fe2-06 87.93(12)
O7 192.3(3) O7-Fe2-03  93.42(11) 0O3-Fe2-06 92.07(12)
03  203.1(3) O7-Fe2-03 86.58(11) OT7-Fe2-06 91.08(12)
03  203.1(3) O7-Fe2-03 86.58(11) OT7-Fe2-06 88.92(12)
06  208.0(3) OT7-Fe2-03  93.42(11) 0O3-Fe2-06 92.07(12)
06  208.0(3) 0O3-Fe2-03  180.00(14) 0O3-Fe2-06 87.93(12)
O7-Fe2-06  88.92(12) 0O6-Fe2—-06 180.00(17)
O7-Fe2-06  91.08(12)
P1- 010 151.6(3) 0O10-P1-O5 110.55(16) 0O10-P1-02 108.42(17)
05 153.3(3) 010-P1-08 113.45(17) 0O5-P1-02 107.01(16)
08 153.6(3) 05-P1-08 108.74(15) 08-P1-02 108.46(16)
02  156.4(3)
P2- O7 151.7(3) O7-P2-09 110.29(17) O7-P2-04 109.76(16)
09 152.0(3) O7-P2-03 110.43(16) 09-P2-04 109.83(17)
03 1524(3) 09-P2-03 108.98(17) 03-P2-04 107.50(15)
04  156.4(3)
Bl- Ol 146.7(5) O1-B1-06  111.7(3)  O1-B1-02  108.3(3)
06  147.5(6) 01-B1-04 110.6(3) 06-B1-02 108.0(3)
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Table 3.35 Continued

| distance [pm] angle [°] angle [°] |
Bl 04 1476(5) 06 B1 04 109.6(33) 04 B1 02 108.6(3)
02  148.0(
N1- C3 151.9(9) N1-C3-C1 124.1(10)
N2- C2 147(2)  C3-C1-C2 100.0(12)
(
)

C2- Cl1 151.8(10) C1-C2-N2 77.1(16)
Cl- €3 130(2

Table 3.32: Hydrogen bonds of the framework parts in the crystal structure of
(C3HoNy)Fell(H,0),4[B4PgO32(OH)g|: interatomic distances [pm] and angles [°].

| Hydrogen bonds |
O6-H1 69.6 H2---04 2358 06---04 2966 O6-H1---O4  147.00
O1-H2 82.2 H3---08 1776 O1---08 2576 O1-H2---08 163.94
O11-H3 79.0 H4---O5 2008 O11---05 276.8 O11-H3---05 161.26
O11-H4 82.3 H5---03 233.0 O11---03 3146 O11-H4---03 170.96

3.4.4 IR spectroscopy

The IR-spectrum of (C3HyoNy ) Fell s (H,0),[B4PsO32(OH)g] (1.5 mg sample : 150 mg KBr)
is shown in Fig. 3.64. The band positions of O-H, N-H and C-H vibrations are sum-
marized in Table 3.33. The presence of (C3H19N3)? ions and O-H group are confirmed
by the N-H, C-H and O-H deformation and stretching vibrations at 3457, 3186-2967,
2580, 1647, 1533-1509, and 1315 cm™!.

Table 3.33: IR-spectroscopy data of (C3HoNg)Fe(HoO)4[B4PgO30(OH)s).

Vibration frequency | Intensity', Assignment [129]
7 [em™1] Band form?
3457 S,sp O-H-hydrogen bond / coordination water
31862967 s,br N-H-stretch
2580 m,sr C—H-stretch
1647 S,Sp O—H-deformation
1533-1509 S,sp N-H-deformation
1315 S,Sp C-H-deformation

tys = very strong, s = strong, m = medium, w = weak
fhr = broad, sp = sharp, sr = shoulder
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Figure 3.64: Infrared spectrum of (C3H;oNy)Fes(H,0)4[B4PgO32(OH)g] in the range
of 4000-400 cm™!.

3.4.5 Thermal analysis

Thermal investigations (DTA/TG) (Fig. 3.65) were carried out in a static air atmo-
sphere with heating and cooling rates of 5 °C/min up to 800 °C (NETZSCH STA 409).
The TG curve of (C3Hi9Ng)Fellg(Hy0)4[B4PsO32(OH)g] shows a four-step mass loss
with an overall mass loss of 16.8 % (16.6 % calc., according to a hypothetical weight
loss of 1 x C3H1gNg and 9 x HyO per formula unit). DTA curve has two endothermic
peaks and three exothermal peaks with maximum temperatures at 260, 301, 365, 486,
and 569 °C, respectively, accompanying with three exothermal shaoulder at 345, 459,
and 539 °C. The thermal effects in the DTA curve are consistent to the decomposi-
tion of (C3HyoNy)Fells(Hy0),[B4PgO32(OH)g|. After DTA /TG investigation, the white
powder was investigated by powder X-ray diffraction (Fig. 3.66), and identified as a
mixture of Feo(HPOj3); [144] and FePO, [145].
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Figure 3.65: DTA-TG curves of (CgH12N2)Fe]]I6(HQO)4[B4P8032(OH)8].
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Figure 3.66: Powder X-ray diffraction pattern of

(C3HoNy)Fell(H,0),4[B4PgO32(OH)g] heated up to 800 °C (a), compared with
the calculated powder diffraction patterns of Feo(HPOs3)3 [144] (b) and FePO, [145]
(c); Co K4 -radiation.
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3.4.6 Magnetic susceptibility

The magnetization was measured with a SQUID-magnetometer (Quantum Design,
MPMS XI-7) in the temperature range 1.8 K to 400 K (Fig. 3.67). The room temper-
ature effective magnetic moment value of yiq = 5.92 g /Fe-atom fits with typical values
for pure high-spin Fe® compounds (5.8-6.0 yig/Fe-atom). The large Weiss constant (6
= —55.4(5) K) indicates strong antiferromagnetic interactions between the Fe ions
in the 3D structure. At low temperatures deviations from Curie-Weiss behavior are
observed. Magnetization data in lower external fields (20 Qe, 100 Qe, 1000 De, inset
of Fig. 3.67) display antiferromagnetic ordering at Ty =14.0(1) K. The isothermal
magnetization at 1.8 K increases linearly above 5 k(e and reaches pu/f.u. = 0.67 up at
70 kQe.

18 T 1 T 1 1 1 T T T 1 T 1 1 T ] 1 1 T 1
16} L -
B 0/9,,9/- 4
14 e .
g 12 | ./c/p’),o,, |
o B ,..,c"ﬂ =
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Temperature (K)
Figure 3.67: Inverse molar magnetic susceptibilities 1/x for

(C3H1oNo)Fellg(Hy0)4[B4PgO32(OH)g] as a function of temperature (external
field 10k@e) and, in the inset, magnetization in different external fields (from top to
bottom: 1000 Qe, 100 De, 20 Ve).
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3.4.7 Discussion

(C3HoNy)Fell(Hy0)4[B4PgO32(OH)g] and CsV3(H,0)3[BoP4O16(OH),] [63] have the
same ratioof M : B: P : O =3:2:4:22. Both of them contain the transition metal
in oxidation state(Ill) in octahedral coordination and have the same borophosphate
partial structures in form of [BP,Og(OH),]° trimer.

Their framework structures, however, show different arrangements (see Fig. 3.68):
(C3H1oNy)Fell(Hy0)4[B4PgO32(OH)g| contains 10-membered ring channels, while CsV3-
(H20)2[BaP4O14(OH),] [63] only consists of 8-membered ring channels. In the crystal
structure of (C3HoNy)Fells(H,0)4[B4PgO32(OH)g], there are two more Fe-octahedra
join the channel formation. For this reason, the octahedral-tetrahedral layers in the
crystal structure of (C3H9No)Fes(Hy0)4[B4PsO32(OH)g] is not as regular as those in
the crystal structure of CsV3(Hy0)2[BaP4O16(OH),) [63].

The different sizes of the channels may be due to the differences in the size of the
cations; the length of (HyDAP)** (d(y...ny = 493 pm) is much larger than the radius
of Cs™ (242 pm [146]).

(a) (b)

Figure 3.68:  Crystal structures of (C3HyoNy)Fells(Hy0),[B4PsO32(OH)g] and
CsV3(H20)9[BoP4O16(OH)4) [63]; FeOg and VOg tetrahedra: light grey, PO, tetra-
hedra: dark grey, BO, tetrahedra: light grey, hydrogen atoms: dark grey spheres.
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3.5 (CngQNQ)Q{VI[[QVIV3B2P8038H8} (dapvbpo)

3.5.1 Synthesis

(C3H12N9) 2 { VI, VIV 3By PgO33Hg } (dapvbpo) was prepared under mild hydrothermal
conditions at 170°C. A mixture of 0.43 g (2.75 mmol) VCl;, 0.742 g (12 mmol) H3BOj3,
0.822 g (11 mmol) 1,3-diaminopropane (C3HoNg, DAP), 1.26 g (11 mmol) 85 % H3POy,
and additional 7.5 ml of deionized water, was stirred at 60 °C for 2 hours. Meanwhile
0.75 ml 37 % HCI was added to adjust the pH value to 1.0. The clear green solution
was filled into a Teflon autoclave (V' = 10 ml, degree of filling ~ 60-80 %) and held
at 170 °C for 8 days under autogenous pressure. Yellow-green crystals (Fig. 3.69) of
dapvbpo were filtered, washed with deionized water and dried at 60 °C in air. As
crystals prefer to be an intergrowth (formation of sphere), it is hard to find a perfect
single crystal for structure investigations.

V, B, and P contents were analyzed using ICP-AES, while a hot extraction method
was applied for organic carbon, hydrogen and nitrogen. The results are given in Table
3.34.

Table 3.34: dapvbpo: results of chemical analyses.
Element | Obs.(e.s.d.)/mass-% Calc. /mass-% |

vV 19.49(5) 19.71
B 1.43(1) 1.67
P 18.57(8) 19.17
C 5.14(2) 5.58
N 4.3(1) 4.34
H 2.58(1) 2.50

The new phase was identified by using powder X-ray diffraction (HUBER Image
Foil Guinier Camera G670, Cr K,;-radiation, germanium monochromator). Fig. 3.70
shows the observed and calculated (only containing framework part) powder diffraction
pattern for dapvbpo. The calculated and observed powder patterns have the same re-
flection positions which shows the reasonable model. While the reflections of calculated
and observed patterns are with different intensities which lied in several reasons. First
the calculated powder pattern only bases on the framework atoms without templates,
second the observed powder pattern may have preferred orientation, third the single

crystal data are poor.
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Figure 3.69: SEM micrographs of the crystals of dapvbpo.
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Figure 3.70:  Powder X-ray diffraction patterns of dapvbpo: (a)observed,
(b)calculated from crystal structure data(only containing framework atoms); Cr K-
radiation.

3.5.2 Crystal structure determination

A small yellow-green crystal of dapvbpo (platelet, 0.04 x 0.02 x 0.02 mm?®) was
fixed on a glass fiber with two-component glue and mounted on a RiGAKU AFC7
four-circle diffractometer, equipped with a Mercury-CCD detector (MoK ,-radiation,
graphite monochromator) at 295 K. Intensity data were collected in the angular range
3.52°< 20 < 61.0° (240°-¢-scan, 60°-w-scan at y =90°, 0.5° steps with 90 s exposure
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time per step, detector distance: 40 mm; 26-offset: —15.00°). The data were corrected
for Lorentz and polarization effects. A multi-scan absorption correction was applied.
The crystal structure of framework part was solved in space group Pbnm (No. 62)
by direct methods using the program SHELXS-97-2 [P2]. Fourier calculations and
subsequent full-matrix least-squares refinements were carried out using SHELXL-97-2
[P3], applying neutral atom scattering factors. The framework atoms (V, B, P and
O) were located from the difference Fourier maps. Both V3 and V4 were split into
two positions (V3 and V32, V4 and V42) due to high thermal parameters and high
residual electron densities close to them, constraints were applied to fix the occupancy
of V3 and V32 /(V4 and V42) added up to 1 and the same displacement parameters
for each pair. The template atoms (C and N) and hydrogen atoms could not be located
from difference Fourier maps because of the poor quality of crystal data. Therefore,
this crystal structure of dapvbpo determined here is only a preliminary result. The
crystallographic results are summarized in Table 3.35. The framework atom positions
and displacement parameters are given in Table 3.36 and Table 6.8. The bond lengths
and angles of framework atoms are given in Table 3.57.

The formula was obtained according to the results of crystal structure refinement
and chemical analyses. The framework atoms (V, B, P, O) were located reasonably
according to the crystal structure refinement, therefore bond valence calculations [139]
were performed to appreciate the oxidation number of vanadium (see Table 3.37) which
gave the ratio of V3*:V4* =2:3. The mix-valency vanadium valent state were also
supported by the magnetic susceptibilities (details see magnetic measurement part).
The amount of (C3H;5N,)?" ions was obtained according to the results of chemical
analyses which gave the ratio of framework atoms and template atoms. Eight hy-
drogen atoms were added to balance the charge. By this, we got the final formula:
(C3H1aN2)o { VI, VIV 3By Py O35 Hs b
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Table 3.35: Crystallographic data and refinement results of dapvbpo, e.s.d.’s are given

in parentheses.

Compound

(C3H19N2)2{ VI, VIV 3B, P O35 Hg }

Formula weight (g - mol !)
Space group

a [pm]

b [pm]

¢ [pm]

V [106 - pm?]

Z

Calc. density peqe [g - cm™?]

Diffractometer

HUMoKa [mmil]
Scan type
20-range [°]
Miller-index range

Total data collected

Unique data

Observed data (I > 20(I))
Rint /Ra

Number of parameters refined
R1(F, > 40(F,)

wR2 (Fo > 40(F,)

R1 (all data)

wR2 (all data)
Goodness-of-Fit (for F?)
Residual electron density
(max/min) [e-10~%pm=3]
Programs

1292.44
Pbnm (No. 62)
1024.08(8)
1270.0(1)
2795.8(2)
3636.2(5)

4
2.363
RiGAku AFC7 CCD
Mo K,-radiation
graphite monochromator
2.813
¢ Jw
4.24-60.0
-13<h <13
14 <EkEL17
-39 <1< 38
27487
5014
3714
0.1132/0.1091
284
0.1499
0.3533
0.1905
0.3730
1.192
3.54/—1.16

DIAMOND [P4]
SHELXS-97/2 [P2], SHELXL-97/2 [P3]
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Table 3.36: Atomic coordinates and equivalent displacement parameters [10~‘pm?]
of the framework atoms in the crystal structure of (C3H;oNg)o{ VI, VYV 3BoPsOssHg}
(dapvbpo), e.s.d.’s are given in the parentheses.

‘ Atom Site =z Y z Ueq Occupancy ‘
V1 84  0.78339(19) 0.24002(15) 0.43025(7)  0.0152(5)
V2 4c  0.4868(3) 0.9314(2) 0.2500 0.0217(7)
V3 4c  0.6331(3) 0.1831(3) 0.2500 0.0201(8)  0.823(7)
V32  4e  0.6224(16)  0.2549(15)  0.2500 0.0201(8)  0.177(7)
V4 4c  0.1240(6) 0.1551(10)  0.2500 0.0224(18) 0.74(3)
V42 4e¢  0.1313(19)  0.197(2) 0.2500 0.0224(18) 0.26(3)
P1 8d  0.8853(3) 0.2519(2) 0.31797(10)  0.0155(6)
P2 84  0.3900(3) 0.1319(2) 0.31681(11) 0.0180(6)
P3 8d  0.5357(3) 0.1947(2) 0.49889(11) 0.0191(7)
P4 8d  0.7897(3) 0.4998(2) 0.40740(11)  0.0190(7)
B1 84  0.5102(14)  0.1411(12)  0.4038(5) 0.025(3)
o1 8d  0.8893(8) 0.2536(7) 0.3727(3) 0.0212(18)
02 8d  0.7766(10)  0.3970(6) 0.4338(3) 0.027(2)
03 8d  0.6126(8) 0.2186(7) 0.3899(3) 0.0228(18)
04 8d  0.2565(9) 0.1723(8) 0.3034(3) 0.029(2)
05 8d  0.6662(8) 0.2446(7) 0.4878(3) 0.0208(17)
06 84  0.4070(10)  0.0185(7) 0.3010(3) 0.029(2)
o7 8d  0.7939(8) 0.0831(7) 0.4302(3) 0.0229(18)
08 84  0.9948(10)  0.1822(8) 0.2998(4) 0.032(2)
09 8d  0.5964(8) 0.8664(7) 0.2997(3) 0.0233(18)
010  8d  0.4567(9) 0.1702(8) 0.4519(4) 0.031(2)
O11  8d  0.3945(9) 0.1395(8) 0.3724(3) 0.027(2)
012 8  0.7507(9) 0.2142(7) 0.3018(3) 0.0231(18)
013 8 0.6377(14)  0.0540(12)  0.2500 0.032(3)
014  8d  0.4978(10)  0.2038(8) 0.2988(4) 0.036(2)
015  8d  0.9540(9) 0.2391(8) 0.4683(3) 0.026(2)
016 8  0.5690(11)  0.0867(8) 0.5225(4) 0.038(3)
017  4c  0.3675(12)  0.8366(11)  0.2500 0.025(3)
018 8  0.9350(9) 0.5319(7) 0.4087(4) 0.031(2)
019 8  0.7500(11)  0.4896(9) 0.3537(3) 0.037(2)
020 4c  0.1183(14)  0.0225(11)  0.2500 0.032(3)
021  4c¢  0.6184(15) 0.3715(12)  0.2500 0.045(4)
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Table 3.37: Crystal structure of (C3HyoNy)o{ VI, VV3ByPsOs3Hg} (dapvbpo): se-
lected interatomic distances and angles of the framework atoms, e.s.d.’s are given in
the parentheses.

| distance [pm)] angle [°] angle [°] |
Vi- 01 194.8(9 01-V1-07 93.3(4) 02-V1-015 90.6(4
07  199.6(9) 01-V1-02 88.4(4)  05-V1-015  95.4(4
02  199.7(8 07-V1-02 177.0(4) 01-V1-03 91.8(3

) )

(9) )

(8) )

05  200.8(8) O1-V1-05 172.7(4)  O7-V1-03 85.1(4)
(9) 07-V1-05 93.6(4)  02-V1-03 97.3(4)

(8) )

4

S (V - 0) = 3.926 017-V2-06  95.8(3
09-V2-06 168.2(3)

06-V2-013 83.9(4

)
03  209.9(8) 02-V1-05 849(4)  05-V1-03 86.3(3
S (V - 0) = 2.896 01-V1-015  87.4(4)  O15-V1-03  172.1(4)
07-V1-015  87.1(4)
V2- 017 171.5(13) O17-V2-09  95.4(4)  09-V2-06 167.9(4)
09 196.8(8) O17-V2-09  91.8(3)  06-V2-06 92.1(6)
09 196.8(8) 09-V2-09 85.1(4)  O17-V2-013  179.4(6)
06 198.1(9) O17-V2-06  95.8(3)  09-V2-013  84.0(4)
06 198.1(9) 09-V2-06 87.7(3)  09-V2-013  84.0(4)
013 219.3(16) 09-V2-06 168.2(3) 06-V2-013  83.9(4)
) (4)
3

V3- 013 164.1(15) O13-V3-012 100.8(5) 012-V3-014  159.7(5)

(15
012 192.3(9) O13-V3-012 100.8(5) 014-V3-014  88.1(7)
012 192.3(9) 012-V3-012  97.6(5 013-V3-021  178.0(7)
014 196.2(10) 0O13-V3-014  98.9(5 012-V3-021  80.5(4)
014 196.2(10) 012-V3-014  159.7(5) 012-V3-021  80.5(4)
021 239.7(16) 012-V3-014  83.8(4 014-V3-021  79.8(4)
S (V —0) =4273 013-V3-014  98.9(5 014-V3-021  79.8(4)

V32- 021 148(2

5
)
)
5
)
)
012-V3-014  83.8(4)
021-V32-014 108.1(9) 014-V32-012 80.9(5)
9
)
9
1

)
014 197.7(16) 021-V32-014 108.1(9) 021-V32-012 105.9(9)
014 197.7(16) 014-V32-014 87.2(9 014-V32-012  80.9(5)
012 202.2(15) 021-V32-012 105.9(9) 014-V32-012 146.0(11)
012 202.2(15) 014-V32-012 146.0(11) 012-V32-012 91.4(8)
013  255.7(15)

S(V - 0) = 4.513

(5)
04-V4-017  82.4(5)
04-V4-017  82.4(5)

V4- 020 168.5(19) 020-V4-08  98.9(6)  08-V4-O4 163.6(8)
08  195.2(10) 020-V4-08  98.9(6)  04-V4-04 94.7(6)
08  195.2(10) 08-V4-08 91.1(7)  020-V4-017  179.7(6)
04  202.8(10) 020-V4-04  97.4(6)  08V4-017  81.3(5)
04  202.8(10) 0O8-V4-04 163.6(8) 08-V4-017  81.3(5
017 230.7(19) 08-V4-04 84.8(4)
)
)

(
020-V4-04  97.4(6
S(V - 0) = 3.854 08-V4-04 84.8(4
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Table 3.37 Continued

08-V42-04  85.0(

| distance [pm] angle [°] angle [°] |
V42— 017 177(3) 017-V42-08 95.8(10) 08-V42-04 164.7(17)
08 198.2(17) O17-V42-08 95.8(10) 04-V42-04  97.0(10)
08 198.2(17) 08-V42-08  89.3(10) O17-V42-020 177.1(13)
04  199.2(15) O17-V42-04 98.9(11) 08-V42-020  82.1(10)
04  199.2(15) 08-V42-04  164.7(17) 08-V42-020  82.1(10)
020 222(3) 08 V4204 85.0(5) O4V42-020  83.0(9)
S (V - 0) = 3.929 017-V42-04 98.9(11) 04-V42-020  83.0(9)
5)
P1- O1 151.6(10) O1-P1-012 112.7(6) O12-P1-08  107.7(5)
012 1529(9) O1-P109  1089(5) 09 P1 08 108.2(5)
09 153.1(8) 012 P1-09  109.0(5)
08 155.3(9) O1-P1-08  110.4(5)

ST (P —0) = 4.860

P2- 06 1508(9) 06-P2-04  1108(6) 04-P2-011  110.3(5)
04 151.7(9) 06-P2-014 111.8(6) 014-P2-011  105.8(6)
014 151.8(10) 04-P2-014  113.0(6)

011 155.9(9) 06-P2-011  104.7(5)

S (P —0) = 4.952

P3- 015 150.009) O15-P3-05  112.5(5)
05 151.2(9) 0O15-P3-010 110.9(6)
010 156.0(10) 05-P3-010  105.2(6)
016 157.3(10) 015-P3-016 109.6(5)

S (P—0) =4.820

P4 O7 1502(9) O7-P4-02  110.7(5)
02 150.6(8) O7-P4-018  110.7(5)
018 154.4(10) 02-P4-018  107.6(6)
019 156.1(9) O7-P4-019  108.5(5)

S (P—-0) =4.919

Bl- 03 147.4(17) 03-B1-O11  114.8(10)
011 149.0(16) 03-B1-010  104.1(10)
010 150.0(18) O11-B1-010 109.1(11)
018 150.2(18) 03-B1-018  110.0(11)

S (B—-0) = 2.890

05-P3-016  111.5(5)
010-P3-016  106.9(6)

02-P4-019  112.1(6)
018-P4-019  107.2(6)

011-B1-018  111.8(11)
010-B1-018  106.4(10)

3.5.3 Crystal structure description

The new compound dapvbpo is the first example of a mixed-valency vanadium borophos-
phates up to date. This structure can be described as a 3-dimensional nanocomposite
built up from two different layers: one planar vanadium(IV) phosphate layers (VVPO-
layer) and another puckered vanadium(III) borophosphate layer (V'BPO-layer).

The two different layers are stacked and interconnected alternately along the c-axis by
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sharing the common O-corners. A projection of the whole structure along the b-axis is

illustrated in Fig. 3.71.

(c) VVPO-layer

Figure 3.71: (a) A projection of the crystal structure of dapvbpo viewed along the
b-axis shows VIIBPO-layers and VIVPO-layers are stacked and interconnected alter-
nately along the c-axis. (b) The vanadium (III) borophosphate layer (VEBPO-layers)
viewed along the c-axis. (c) The vanadium(IV) phosphate layer (VVPO-layers)
viewed approximately along the c-axis. BO, tetrahedra: light grey, PO, tetrahedra:
dark grey, VO, polyhedra: light grey.

The VVPO-layer (Fig. 5.72) is constructed by distorted octahedral vanadium
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trimers (V306) interconnected by tetrahedral PO, groups, resulting in 3- and 10-
membered rings within the layer parallel to the ab-plane. The octahedral vanadium
timer V306 (Fig. 3.73) is built up from three distorted VIVOg octahedra connected
to each other by sharing the common O-corners. Every VOg4 octahedron has one short
vanadyl V=0 bond (V2-017, 171.5 pm; V3-013, 164.1 pm; V32-021, 148.1 pm; V4—
020, 168.5 pm; V42-017, 177.1pm) trans to one long V-O bond (V2-013, 219.3 pm;
V3-021, ; V32-013, 255.7 pm;V4-017, 230.7 pm; V42-020, 222.2 pm) and four other
V-0 bonds intermediate in length (detailed bond lengths and angles see Fig. 3.73 and
Table 3.37). So the very long V-0 bond lengths indicate that V2, V3 and V4 have 5+1
coordination number [147]. Every vanadium trimer shares two PO, groups with four
neighboring vanadium trimers, resulting in stacks, which are reminiscent of ladders
with center distorted octahedra V20g as the rungs, that run parallel to [100] as show
in Fig. 3.72. The PO, tetrahedra (P10, and P20,) in the VIVPO-layer have regular
tetrahedral coordination with bond lengths and angles within the typical ranges for
PO, tetrahedra [67].

Figure 3.72: The vanadium(IV) phosphate layer (VIVPO-layer) views approximately
along [001]; BO, tetrahedra: light grey, PO, tetrahedra: dark grey, VOg octahedra:
light grey.
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Figure 3.73: Details of the vanadium octahedral trimer coordination environments in
the crystal structure of dapvbpo. Bond lengths in pm.

Fig. 3.7/ shows the vanadium (I1I) borophosphate layer (VIBPO-layer) built from
a Secondary Building Units (SBU) [VBP,O13]'°~ (Fig. 3.75 left) in which one vanadium
octahedron connects with two PO, tetrahedra and one BO, tetrahedron. The SBUs
connect to each other via the O-corners of VOg octahedra and PO, tetrahedra in a
zigzag orientation along the a- and b-axis, respectively, forming a wavy layer parallel to
ab-plane with 8-membered rings within the layer. V10Og is in a fairly regular octahedral
configuration consisting of five phosphate oxygen atoms and one borate oxygen atom
with V-O distance in the range of 194.8(9) — 209.9(8) pm. Such a regular octahedral
coordination is usually preferred by V(III) and is consistent with the valence sum
calculation [139].

The anionic borophosphate partial structure-tetramer, {[BP303]®~}, is built up
from one BO, tetrahedron connected with three PO, tetrahedra by sharing the com-
mon O-corners(Fig. 3.75 right), which has been observed in the crystal structure of
(NHy4)5[V3BP3019] - HoO [71]. P304 and P40, tetrahedra are in regular tetrahedral
coordinations, the P-O bond lengths and O-P-O angles are in the range 149.3 pm
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to 157.4 pm, and 105.5° to 112.1°, respectively. These values are in the typical range
for PO, tetrahedra in borophosphates [67]. The coordination environments of boron
are also regular with the typical B-O bond lengths (146.0 pm — 150.1 pm) and angles
(103.9 — 114.1°) in templated vanadium borophosphates [69, 71, 73].

Figure 3.74: The vanadium borophosphate layer (VIBPO-layer) views along [001];
BO, tetrahedra: light grey, PO, tetrahedra: dark grey, VOg octahedra: light grey.

The planar VIVPO-layers and wavy VEBPO-layers are connected by sharing
the O-corners of VITOg4 octahedra and BO, tetrahedra in V'BPO-layers with the
O-corners of PO, tetrahedra in VIVPO-layers, resulting in a 3-D framework with
channels running along [010] and [001], respectively. The (HyDAP)?* ions are located
inside the channels running along [010]. The C and N positions could not be located

reliably from difference Fourier map.
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Figure 3.75: Left: The secondary building units (SBU), [VBP,O43]'%", is present in
the VIBPO-layer of the crystal structure of dapvbpo. Right: Oligomeric tetramer
{[BP30y3)*} is present in the crystal structure of dapvbpo; VOg tetrahedra: light
grey, BO, tetrahedra: light grey, PO, tetrahedra: dark grey.

4Vp

3.5.4 IR spectroscopy

IR-spectrum of (C3HioNg)o{ VI, VYV 3BoPgO33Hs} (1.5 mg sample: 150 mg KBr) is
shown in Fig. 3.76. The band positions of O-H, N-H and C-H vibrations are summa-
rized in Table 3.58. The presence of (C4H5N5)?* ions and O-H group are confirmed
by the N-H, C-H and O-H deformation and stretching vibrations at 3247, 2966, 1612,
1472, and 1414 cm L.

Table 3.38: IR-spectroscopy data of dapvbpo in the range of 4000-400 cm™!.

Vibration frequency | Intensity!, | Assignment [129]
7 [em™1) Band form*
3247 m,sp N-H-stretch
2966 w,ST C—-H-stretch
1612 S,Sp O—H-deformation
1472 S,Sp N—H-deformation
1414 S,Sp C—H-deformation

tys = very strong, s = strong, m = medium, w = weak
tbr = broad, sp = sharp, sr = shoulder
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Figure 3.76: Infrared spectrum of dapvbpo.

3.5.5 Thermal analysis

Thermal investigations (DTA/TG) (Fig. 3.77) were carried out in a static air atmo-
sphere with heating and cooling rates of 5 °C/min up to 1000 °C (NETzscH STA 409).
The TG curve of dapvbpo shows a three-step mass loss with an overall mass loss
of 20.55 % (19.83 % calc., according to a hypothetical weight loss of 2 x C3H;oNs
and 6 x HyO per formula unit). DTA curve has three exothermal peaks with maxi-
mum temperatures at 372 °C, 527 °C and 759 °C which are correspond to the weight
loss. The exothermal peak at 834 °C and one endothermal peak at 892 °C are corre-
spond to the oxidation of V3* and V4T to V" which are associated to the weight gain
(1.5%) in the TG curve. After DTA /TG investigation, the residue stick strongly to the

corundum-crucible so that the final composition of the residue could not be identified.
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Figure 3.77: DTA-TG curves of dapvbpo, For further details see text.

3.5.6 Magnetic susceptibility

The magnetization was measured with a SQUID-magnetometer (Quantum Design,
MPMS XL-7) in the temperature range 1.8 K to 400 K (Fig. 3.78). The data of
the magnetic susceptibility follow the Curie-Weiss law over almost the whole measured
temperature range (external magnetic field Hey =1 kDe). The experimental effective
magnetic moment per formula unit is 5.47 pp (6 = -4.2(1) K) which is between the
magnetic moment of V3 (6.32 up) and the magnetic moment of V** (3.87 ug) per
formula unit. Thus the mix-valency situation of vanadium(III/IV) was confirmed. The
small # value indicates no strong (antiferromagnetic) exchange interactions existing in
dapvbpo. No magnetic ordering is observed above 1.8 K, but increase of x(7') below
5.0 K in a field of 20 Qe (no splitting between zfc and fc) has been observed. Isothermal
magnetization per f.u. at 1.8K increases in a downwards curved manner up to 4.12 ug

at 70 Qe.
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Figure 3.78: Inverse molar magnetic susceptibilities 1/y for dapvbpo as a function of

temperature.

3.5.7 Discussion

(C3H12Ng)o { VI, VIV 3By PgO33Hg } (dapvbpo) is the first mixed-valency vanadium (I111/IV)
borophosphate. The known templated vanadium borophosphates contain vanadium in
either pure 4+ or 5+ valence states [64-71,73,74,124]. The reason for getting a mixed-
valency vanadium(II1/TV) borophosphate may be due to the acidic conditions employed
in the synthesis. Most of the templated vanadium borophosphates reported so far are
synthesized under basic conditions [64,66-72,74,75,124].

dapvbpo also contains oligomeric borophosphate partial structure, {[BP303)},
which has been observed also in other organo-templated vanadium borophosphates.
The structure can also be considered as an "intergrowth” of planar VIVPO-layers
connected with puckered VIBPO-layers stacking along the c-axis, which results in a
new and unusual building motif. While most of other templated vanadium borophos-
phates are built from vanadium borophosphate clusters [64,66-72,74,75,124].

One possible reason for the formation of the intergrowth structure could be due to
the mixed-valency states of vanadium. Polyhedra around V3t are normally observed as
octahedra, while V4*-polyhedra are normally observed as distorted octahedra, square
pyramid or trigonal bipyramid [147]. The combination of different V-polyhedra with
B- and P-tetrahedra leads to the different building motif.

dapvbpo can be considered as pseudo intercalated or pillared layer compound.
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The VIVPO-layer serves as host, and VEBPO-layer serves as pillar (see Fig. 5.79).
NH4[(V203)2(4,4-bpy)2(HPO4)(POy4)s] - 0.5H,0 [148] is a typical vanadium phosphate
with a pillared layer structure. In this structure, the host is vanadium phosphate
layer, constructed from edge-sharing vanadium(IV,V) octahedra dimers connected by
corner-sharing phosphate tetrahedra in the ab-plane, the pillar is 4,4’-bipyridine (see
Fig. 3.79). Compared these two crystal structures, The vanadium phosphate layer
serves as host in both of the compounds; while the wavy VIIBPO-layer serves as
pillar in the crystal structure of dapvbpo, 4,4-bipyridine serves as pillar in the crystal
structure of NH4[(V203)2(4,4’-bpy)2 (HPO4) (POy4)s] - 0.5HoO [148]. Therefore, not only

organic species and alkaline cations can act as pillars, but also layers can act as pillar.
a
"4‘!'4 4'4‘!'4 4l>
\M} po4
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"4‘!'4 4'4'!‘4 XU
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'4'43' OO
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Figure 3.79: (a): Projection of the crystal structure of dapvbpo viewed along the b-
axis, the VIVPO-layer is shown in polyhedra; (b): Projection of the crystal structure
of NH4[(V203)2(4,4’-bpy)2(HPO,)(POy4)s] - 0.5H,0 [148] viewed along the b-axis. PO,
tetrahedra: dark grey, VOg octahedra: light grey; B atoms: medium grey spheres,
P atoms: dark grey spheres, V atoms: light grey spheres, O atoms: small light grey
spheres, C atoms: dark grey spheres.
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3.6 K;[B;PO;(OH);]

3.6.1 Synthesis

K3[B5PO1o(OH)3] was obtained as a byproduct during the preparation of rare earth
borophosphates (220 °C). The potassium compound was prepared under mild hy-
drothermal conditions from a mixture of 3.160 g (12.0 mmol) GdCl; -z H,0, 3.6664 g
(12.0 mmol) KyB4O7 - TH,0O, and 7.3169 g (42 mmol) KoHPO, (molar ratio of 2:2:7)
by adding 10 ml of deionized water and stirring at 100 °C. Meanwhile, 0.7 ml of 37 %
HCl was slowly added, leading to a white gel with a pH-value of 6. The solution
was held at 220 °C for 37 days under autogenous pressure in a Teflon-lined stainless
steel autoclave (V' = 25 ml, degree of filling ~ 40 %). The solid reaction product was
filtered, washed with deionized water and dried at 60 °C. The product contains two
phases: K3[B;PO1o(OH)3] with large size of crystals and an unidentified phase.

Large size of crystals (see SEM micrograph in Fig. 3.80) of K3[BsPO1o(OH)3], were
separated from the mixture and were used for powder X-ray diffraction for identifying
the phase. The powder data were collected with a X-ray powder diffractometer (HUBER
Image Foil Guinier Camera G670, Cu K,;-radiation, germanium monochromator), and
are shown in Fig. 3.81. The observed powder pattern fits quite well with the calculated
powder pattern, but it has some weak reflections which do not appear in the calculated
powder pattern of K3[B;PO1o(OH);] [88] which could be solved from a twin crystal.

Potassium, boron and phosphorus were analyzed using ICP-AES. Hydrogen was
analyzed by using the hot extraction methods. The results are given in Table 3.39. No
Gd was observed though GdCl; - xHyO was used as reagent.

Table 3.39: Chemical analysis results of K3[B5PO19(OH)j).
| Element | Obs.(es.d.)/mass-% Calc. /mass-% |

274(2) 28.38

12.0(1) 13.08

7.70(6) 7.49

0.77(2) 0.73

s liavilve BN
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Figure 3.80: SEM micrograph of a single crystal of K3[BsPO19(OH)s).
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Figure 3.81: Powder X-ray diffraction patterns of K3[BsPO;o(OH)s]: (a)observed and
(b)calculated from structure data; Cu K, -radiation.

3.6.2 Crystal structure determination

The crystal structure of K3[B5PO19(OH)3] was determined using a colorless prismatic
crystal (0.2 x 0.2 x 0.1 mm?). Single crystal data were collected at 295 K using a
R1cAakU AFCT four-circle diffractometer, equipped with a Mercury-CCD detector (Mo
K ,-radiation, graphite monochromator). Intensity data were collected in the angular
range 3.32° <26 < 65.15° (270°-¢-scan, 60°-w-scan at y =90°, 0.6° steps with 50 s ex-
posure time per step, detector distance: 40 mm; 26-offset: —20.00°). After application
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of Lorenz, polarization and absorption correction, the data were used to determine the
space group as P2;/c (No. 14) with cell parameters: a = 710.77(5) pm, b = 1332.78(8)
pm, ¢ = 1235.28(9) pm, [/ = 96.455(4)°. A compound with the same chemical for-
mula, K3[B;PO1o(OH);3], was reported by Hauf [88] (with cell parameters: P2/c (No.
13), a = 710.8(3) pm, b = 668.7(3) pm, ¢ = 1232.4(5) pm, 5 = 95.68(1)°). A signif-
icant difference is given in the b axes. Weak reflections between the main reflections
(Fig 3.82) clearly indicate that b has to be doubled. The small b axis in the crystal
structure reported by Hauf may be due to a twin crystal. The crystal structure was
solved by direct methods and refined with full-matrix least-squares methods [P2,P3].
After anisotropic displacement parameters had been included in the refinement, all
hydrogen atoms were obtained from difference Fourier maps and refined without any
constraints. The crystallographic data are summarized in Table 3.40. Atomic coor-
dinates and equivalent /isotropic displacement parameters are given in Table 3.41 and

Table 6.9. Bond lengths and angles are given in Table 3.42.
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Figure 3.82: b axial photo of K3[B5PO1o(OH)3] with weak reflections between the main
reflections indicate that b has to be doubled. Mo K,-radiation.



122

CHAPTER 3. RESULTS AND DISCUSSION

Table 3.40: Crystallographic data and refinement details for K3[BsPOqo(OH)s3].

Compound

K3[B5PO10(OH)3]

Space group

a [pm]

b [pm]

¢ [pm]

B I°]

V [106 - pm?]

Z

Crystal size [mm?]

Calc. density p [g - cm ™3]
Diffractometer

[MoKa [mm™']
Scan type

20 range [°]
Miller-index range

Total data collected
Unique data

Observed data I > 20(I)
Rint /RO'

Number of refined parameters
R1 (Fs > 40(F,))

wR2 (Fo > 40(F))

R1 (all data)

wR2 (all data)
Goodness-of-Fit (on F?)
Residual electron density
(max./min.) [e- 10" %pm~3]
Programs

P2 /c (No. 14)
710.77(5)
1332.78(8)
1235.28(9)
96.455(4)
1162.76(14)

4
0.2x0.2x0.1
2.361
Ricaku AFC7 CCD
Mo K,-radiation
Graphite monochromator
1.382
¢/w
4.52-65.16
—-10<hA <10
—-19<k<19
18I <17
11289
3704
3088
0.0302/0.0357
211
0.0352
0.0722
0.0505
0.0769
1.08
0.42/-0.42

DIAMOND [P4]

SHELXS-97/2 [P2], SHELXL-97/2 [P3]
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Table 3.41: K3[B5PO1o(OH)3): Atomic coordinates and isotropic/equivalent displace-
ment parameters [10 ?pm?], e.s.d.’s are given in parentheses.

Atom Site =z Y z Ueq/ Uiso
K1 4e  047093(6) 0.18217(3) 0.73502(4)  0.01950(10)
K2 4e  0.84970(6) 0.11218(3)  0.45128(3)  0.01996(10)
K3 4e 0.14841(6) 0.12173(3) 0.04192(3) 0.02138(10)
Pl 4e  0.98000(6) 0.18071(3)  0.76866(3)  0.00992(9)
B1 4e 0.1843(3) 0.00381(14) 0.79987(15) 0.0103(3)
B2 4e 0.5000(3) 0.06472(14) 0.24997(16) 0.0104(3)
B3 4e 0.8088(3) 0.00832(14) 0.69893(15) 0.0107(3)
B4 4e 0.6294(3) 0.11109(14) 0.07741(16) 0.0127(3)
B5 4e 0.3553(3) 0.11784(14) 0.41584(16) 0.0119(3)
01  4e  0.50516(17) 0.12838(9)  0.15107(10) 0.0136(2)
02 4e  0.48286(17) 0.13356(9)  0.34342(10) 0.0130(2)
03 4e  0.66381(17) 0.00080(9)  0.76674(10) 0.0131(2)
04  4e  0.22833(18) 0.04070(10) 0.40718(10) 0.0145(2)
05  4e  0.6040(2)  0.16742(12) 0.98440(12) 0.0260(3)
06 4e 0.86377(17) 0.11426(9) 0.67934(10) 0.0125(2)
o7 4e 0.14821(18) 0.11239(9) 0.81738(10) 0.0139(2)
08 4e 0.77314(17) 0.04284(10) 0.09264(10) 0.0134(2)
09 4e 0.67727(16) 0.00988(9) 0.07171(10) 0.0120(2)
010 4e 0.3521(2) 0.18246(11) 0.50249(11) 0.0234(3)
O11  4e  0.05682(19) 0.26975(9)  0.71333(11) 0.0177(3)
012  4e  0.86541(19) 0.20776(10) 0.85935(11) 0.0198(3)
013 4e 0.00620(17) 0.04111(10) 0.24736(11) 0.0140(2
H1 4e 0.011(4) 0.093(2) 0.239(2) 0.038(9)*
H2 4e 0.432(5) 0.226(2) 0.495(2) 0.044(8)*
H3 4e 0.693(5) 0.166(3) 0.946(3) 0.071(12)*

*refined with isotropic displacement parameters
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Table 3.42: Crystal structure of K3[BsPOo(OH)s]: selected interatomic distances and
angles, e.s.d.’s are given in parentheses.

‘ distance [pm)] angle [°] angle [°]
P1- 012 150.12(13) 0O12-P1-O11 113.90(8) O11-P1-0O6 108.32(7)
011 150.26(13) 0O12-P1-O7  107.90(8) O7-P1-O6  105.05(7)

o7 156.81(13) O11-P1-O7  109.44(8)

) )
4

(
06 157.46(13) O12-P1-06  111.84
B1- 09 140.7(2) 09-B1-08 115.23(1
08 146.7(2) 09-B1-07 111.18(14
o7 149.0(2) 08-B1-0O7 107.56
013w 153.4(2) 09-B1-013 111.11
B2- O3 145.2(2) 03-B2-09 112.84
09 145.5(2) 03-B2-02 110.26

(
(
(
(
(14) 08 B1-0O13 105.21(13)
(
(
(
(
(
02 149.02)  09-B2-02  108.12(14

(
(
(
(
(
(
(
(
(
(
(

O7-B1-013  105.98(13)

09-B2-01  109.67(13)
02-B2-01  107.22(14)

o1 149.1(2) 03-B2-01 108.59
B3- O3 140.3(2) 03-B5-04 115.64

(

(

(

(

(

(

(

( 04-B5-013  104.63(13)

04 146.2(2) 03 B5-06  112.82

(

(

(

(

(

(

(

(

)
)
)
)
)
)
)
)
)
14) 06-B5-013 104.27(13)
06 149.2(2)  04-B5-06  107.56(13)
013y, 155.1(2)  03-B5-013  111.01(14)
B4- 01 135.7(2)  O1-B3-08  123.65(16)
08 136.5(2)  O1-B3-O5  115.82(16)
Obms  136.7(2)  0O8-B3-0O5  120.53(16)
B5- 02 135.9(2)  02-B4-04  123.28(16)
)
)

04 136.4(2) 02-B4-010  119.09(16
0102 137.6(2) 04-B4-010  117.63(15
distance [pm)] distance [pm] distance [pm]
Kl- Ol 275.08(13) K2-0O12 266.26(14) K3-O11 270.35(13)
09 276.55(13) K2-09 276.95(13) K3-0O1 273.62(13)
o7 277.24(13) K2-0O4 278.12(13) K3-0O7 277.63(13)
03 278.48(13) K2-02 280.60(13) K3-08 284.48(13)
02 279.40(13) K2-06 280.78(13) K3-08 299.81(13)
010  290.15(15) K2-04 296.25(13) K3-013 303.21(14)
012 306.08(15) K2-013 301.82(14) K3-010 304.99(16)
06 308.56(13) K3-03 305.38(14)
05 312.53(16) K3-012 307.02(16)
011  314.97(14)
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3.6.3 Crystal structure description

K;3[BsPO10(OH)3] has the same building units with twin model reported by Hauf [88].
The crystal structure contains 1-D loop-branched single chains, L {[BsPOo(OH)3]>~},
with central tetrahedral borate chain which is loop-branched by planar BOy(OH) and
tetrahedral PO, (Fig. 3.83). The BO,OH groups are only linked to borate species.
The single chains contain boron in both triangle and tetrahedral coordinations. The
BO, tetrahedra are strongly distorted, with B-O bond lengths (140.3 - 155.1 pm) and
bond angles (104.27 - 115.64°). The distances of B1-O13 and B3-013 are 153.4 pm
and 155.1 pm, respectively, which are much longer than the average value for the B-O
distance of 147.5 pm. The elongated B-O bond may be due to hydrogen bonded to
O13 and the short O- - - O distances of O13--- 08 (238.4 pm) and O13---04 (238.5 pm)
(an extremely short O1---O1 distance of 222.2 pm is observed in NbBO, [149]), but
anyway the average bond lengths and angles for the BO4 tetrahedra fall within the usual
range [146]. The trigonal planar BOy(OH) groups are in more regular coordination with
B-O bond lengths of 135.7 — 137.6 pm and angles of 115.82 — 123.65°. It is clearly
shown that the bond lengths in trigonal planar borate units are much shorter than
those of tetrahedral arrangement. PO, tetrahedron presents a regular coordination
with PO distances ranging from 150.12 pm to 157.47 pm and the bond angles ranging
from 105.05° to 113.91°. Detailed information on bond lengths and angles are given in
Table 3.42.

Figure 3.83: Loop-branched single chain . {[BsPOo(OH);]*>~} in the crystal structure
of K3[B5PO;9(OH);], 013, O8 and O4 are denoted in figure. BO, tetrahedra: light
grey, PO, tetrahedra: dark grey; B atoms: light grey spheres, O atoms: medium grey
spheres, H atoms: small dark grey spheres.

The potassium cations are distributed around the borophosphate single chains

(shown in Fig. 3.85). They have different polyhedra coordinations. K1 is surrounded
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by 9 oxygen atoms with K1-O bond length ranging from 275.8 pm to 314.97 pm. K2
has 7 oxygen atoms surrounding with K2-O bond lengths of 266.26 - 301.82 pm. K3
has 9 oxygen atoms surrounding with K3-O bond lengths of 270.35 - 307.02 pm (Fig.
3.84).

o o
@ e ©s

@ o

Figure 3.84: Coordination environments of potassium in the crystal structure of
K3[B5P010(OH)3].

Figure 3.85: Crystal structure of K3[B;PO1o(OH);3] viewed along the ¢ axis; BO, tetra-
hedra and BOj trigonal planar: light grey, PO, tetrahedra: dark grey; K atoms:
medium grey spheres, H atoms: small dark grey spheres.
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The infinite single chains are interconnected by hydrogen bonds O-H:.-O to a
three dimensional framework which are shown in Fig. 5.86. Lengths and angles of the

hydrogen bond systems are given in Table 5.43.

B Xz

! (‘
JAYA
i

Figure 3.86: Hydrogen bonds connect the single chains to three dimensional framework
in K3[B;PO19(OH)3]. Hydrogen bonds: dash lines; BO, tetrahedra and BOj trigonal
planar: light grey, PO, tetrahedra: dark grey; H atoms: small dark grey spheres.

Table 3.43: Hydrogen bonds in the crystal structure of K3[BsPO1q(OH)s]: interatomic
distances [pm] and angles [°].

‘ Hydrogen bonds

O13-H1 69.9 H1---O011 189.1 O13---011 258.7 O13-H1---011 173.34
010-H2 82.6 H2---O5 188.7 0O10---05 271.1 O10-H2---O5 175.70
O5-H3 834 H3---012 180.2 0O5---012  260.3 O5-H3---012  160.47
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3.6.4 Thermal analysis

The thermal behavior of K3[BsPO10(OH)3] (Fig. 3.87) was analyzed by DTA/TG
(NETZSCH STA 409) in the temperature range from 30 °C to 1000° using heating and
cooling rates of 5 °C/min in air. The TG curve shows only a one step weight loss of
6.18 %, which is according to a hypothetical weight loss of 1.5 x H,O per formula unit
(6.53 % calc.), consistent to one endothermal peak in DTA curve at 390 °C. This result
is consist with the thermal analysis results of K3[B;PO10(OH)3] presented in Hauf’s
thesis [31]. According to the HT-XRD results shown in Hauf’s thesis, the exothermal
peak at 534 °C is consistent to the formation of KB5Og, the endothermal peaks at
629 °C and 715 °C are consistent to the formation and decomposition of KzP3;0y.
After TG/DTA investigation, the products are glass which are hard to separate from

the corundum crucible.
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Figure 3.87: DTA-TG curves of K3[B;PO1o(OH);).
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3.6.5 IR-spectroscopy

IR-spectrum of K3[B5;PO0(OH)3] was investigated in order to confirm the presence of
the O—H group in this compound (Fig. 3.88). A tablet was prepared from a mixture of
1.5 mg K3[B5PO10(OH)3] and 150 mg KBr, and was measured in the range of 4000400
cm . The band positions at 3237 cm—1, which belongs to O-H hydrogen bond, con-
firmed the presence of O-H group. Compared with IR-spectrum of K3[B5PO1o(OH)s]
(Hauf’s) [31], they are nearly the same. This is another evidence to show that these
two structures are the same compound but different in coming from single crystal and

twin crystal.

Transmittance

3237
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Figure 3.88: IR-spectrum of K3[BsPO1o(OH);] in the range of 4000400 cm ™.

3.6.6 Discussion

Fig. 3.89 shows the crystal structures of this work and Hauf [31]. These two crystal
structures have the same arrangement of single chains and potassium cations except

that the unit cell of this work is double of Hauf’s. In the Hauf’s model, PO, groups
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have two disordering oxygen positions (O7 and O8) coordinated to the phosphorus. In
the single crystal model with double b axis, the PO, tetrahedra are all in tetrahedral
coordination without any disorder. When we compare these two crystal structures
viewed long the ¢ axis, we can see that the overlapping of two different orientations
PO, groups along b-axis in single crystal model is exactly the case of two sets of
disordered PO, tetrahedra in the crystal structure of Hauf (it is clearly shown in Fig.
3.89). So doubling the b axis just solve the problem of disordering oxygen positions.
It is need to note that the disordering oxygen positions could not be ordered even at
low temperature (-120 °C) [31]. This gives another hint that the crystal structure of
Hauf was determined from a twin crystal. The different domains influence the X-ray
data which gave the b-axis with half value. The single crystal X-ray data clearly show

that b-axis has to be doubled (details see crystal structure determination part). The

double b-axis solved the problem of the disorder and gave a reliable structure.

Figure 3.89: (a):Crystal structure of K;3[B;PO;o(OH)s] [88] (twin) viewed along the
c-axis shows the disorder of O7 and O8; (b): Crystal structure of K;3[BsPO10(OH)s3]
(single crystal) viewed along the c-axis shows PO, tetrahedra having reasonable tetra-
hedral coordinations. BO, tetrahedra and BOj trigonal planar: light grey, PO, tetra-
hedra: dark grey; K atoms: medium grey spheres, H atoms: dark grey spheres (small
sphere).
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Another proof to show Hauf’s model is twin lying in the space group transforation.
P2, /¢ (this work) is the subgroup of P2/c (Hauf) with the condition of ' = 2b via the
Klassengleich. The Bérnighausen [140] tree (Fig. 3.90) shows the transformation from
P2/c to P2y /c. In principle, one 4g position in P2/c spacegroup must be transferred
to two 4e positions in P2;/c spacegroup, but the Bérnighausen tree shows that O7
and O8 (position: 4g) positions in Haufs’ only was transferred to one 4e position each
separately in the single crystal model. This clearly indicates that the crystal structure

of this work is from a single crystal, while the crystal structure of Hauf is from a twin

crystal.
K,[B.PO,,(OH),], P2/c (No. 13)
Ki: 4¢ K2: 21 P1: 2¢ B1: 4¢ B2: 4¢ B3: 2f 01: 4¢
0.1523 172 0 0.1847 0.3582 12 0.2251
0.2342 0.6366 0.64 0.9902 0.2306 0.1292 0.0841
0.04574 1/4 1/4 0.3005 0.4208 1/4 0.4072
K2, b’ =2b
K2: 4e K3: 4e Kl: 4¢ Pl: 4e B1: 4e B3: 4e B4: 4e BS: 4e B2: 4e 04: 4e 08: 4e
0.8497 0.14841 0.47093 0.98 0.1843 0.8088 0.6294 0.3553 0.5000 0.22833 0.77314

0.11218 0.12173 0.18217 0.18071 0.00381 0.00832 0.11109 0.11784 0.06472 0.0407 0.04284
0.45128 0.04192 0.73502 0.76866 0.79987 0.69893 0.07741 0.41584 0.24997 0.40718 0.09264

K,[B.PO,,(OH),], P2,/c (No. 14)

K,[B.PO,,(OH),], P2/c (No. 13)

02:47 | 03:4g | O4:4g | O5:4e | O6:d4g | O7:4g | O8:dg
0.5134 | 0.1403 0.329 0 0.3725 0.0557 | 0.1316
02629 | 0.7765 | 0.0102 0.085 0.6483 04629 | 0.5836
0.1537 | 03188 | 0.2305 1/4 0.0091 0.2133 0.1395

k2,b’ =2b

\d v
O1: 4e 02: 4e 06: 4e 07: 4e 03: 4e 09: 4e 013: 4e 05: 4e 010: 4e O11: 4e 012: 4e
0.50516 0.48286 0.86377 0.14821 0.66381 0.67727 0.0062 0.604 0.3521 0.05682 0.86541
0.12838 0.13356 0.11426 0.11239 0.0008 0.00988 0.04111 0.6742 0.18246 0.26975 0.20776
0.15107 0.34342 0.67934 0.81738 0.76674 0.27171 0.24736 0.9844 0.50249 0.71333 0.85935

K,[B.PO,,(OH),], P2,/c (No. 14)

Figure 3.90: Barnighausen system tree shows the structure relationship between
the single crystal structure (P2;/c) and the twin crystal structure (P2/c) [88] of
K3[B5P010(OH)3].
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4 Discussion
4.1 Templates

The organo-templated borophosphates, reported in this work, were prepared with
aliphatic diamines. The numbers of carbon atoms range from 2 to 6. Differences
in their lengths and shapes are shown in Fig. 4.1. The length of the template molecule
is given by the distances N---N taken from the single crystal structure data. The
molecule shapes of 1,2-ethylenediamine (en) and 1,3-diaminopropane (DAP) represent
like rectangles, but the length of 1,3-diaminopropane (DAP) (494 pm) is longer than
that of 1,2-ethylenediamine (en) (374 pm). The shapes of piperazine (PIP) and diaza-
bicyclo[2.2.2]-octane (DABCO) are like flat cylinder and sphere, respectively. In most
of the cases, template molecules are protonated to balance the charge of anionic frame-
works or ribbons and act as pure templates locating either in the channels or around
the anionic part structures. The special case is observed in the crystal structure of
zndabcocl of which (HDABCO)™ ions act as ligands to anionic part structures. The
different shapes and sizes of the template molecules give rise to the differences in the
shapes and sizes of the channels which were confirmed by the manganese borophos-

phates containing DAP and PIP as templates.

4.2 Structural relationships of anionic partial structures in
the borophosphates under investigation

Borophosphate partial structures of new compounds described in this work have quite
a wide molar ratio ranging from B: P =1:3 to B: P = 5 : 1. They nearly cover the
whole region of B : P ratios for known borophosphate partial structures. Boron is in
tetrahedral coordination except that boron in the crystal structure of K3BsPO1q(OH);3
has both 3-coordinated planar and tetrahedral surroundings.

The borophosphate partial structures of the compounds under investigation con-
tain oligomers and single chains. The characterization of the borophosphate partial
structures is shown in Table 4.1 and Fig. 4.2.

The relationships among them can be considered based on {[BP,Og(OH),]°~}
trimers in the crystal structure of (C3H;2Ng)(HyO),[Fe™sB,PgO32(OH)g]. To add one
PO, group to one free O-corner of BO, group leads to {{[BP3013]®"} tetramers in the
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crystal structure of dapvbpo. Two {[BP2Og(OH),]°"} trimers were connected to-
gether forming {[ByP4O15(0OH),]% } hexamers by sharing two free O-corners of BO,
group in one trimer to BO4 and POy, groups in the other trimer. {{BP,Og(OH)y)>~}
trimers connect to each other by sharing PO, groups, meanwhile two -OH groups
coordinated to boron replaced by fluorine, leading to one dimensional unbranched
zweier single chains | {[BPO,F3]?"} in the crystal structure of (CoHyoNy)[BPO,F,].
{[B2P4015(0OH);]%"} hexamers connect to each other by sharing the branched PO,
groups resulting in loop-branched single chains ! {[ByP30,5(OH)]*"} in the crystal
structures of DAP-Mn and PIP-Mn. The detailed relationships of the anionic par-
tial structures in the borophosphates under investigations are shown in Fig. 4.2.

Molecular structure Space-filling mode Molecular shape d (N---N) [pm]
and formula

o
i '...‘ 7 374

1,2-ethylenediamine
H,NCH,CH,NH,

AN NNk, ‘

’) — -
v

1,3-diaminopropane

H,NCH,CH,CH,CH,NH,
I/\/NH
H /\/
piperazine a‘ S 286
CiHy N,
©9 252
1,4-diaza-bicyclo[2.2.2]octane Y 7

CeHi:N,

Figure 4.1: The summary of template molecules (diamine) used in the preparation of
templated borophosphates shows their shapes and lengths.
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Table 4.1: Classification of borophosphate partial structures investigated in this work.

Compound B[CN]* B:P Structure of the
molar ratio) complex anion
(CnggNg)Q[VmngngpgoggHg] 4 B:P=1:4 tetramer
(CngQNQ)(H20)4[Fe]]]6B4P8032(0H)8] 4 B:P=1:2 trimer
(06H14N2){Zn[ZnB2P4015(OH)2] . (06H13N2)Cl} 4 B:P=1:2 hexamer
(C3H;12N2)[MnB>P3012(0OH)] 4 B:P=2:3 loop-branched
(C4H;12N2)[MnB>P3012(0OH)] 4 B:P =2:3 single chain
(CQHloNg)[BPO4F2] 4 B:P=1:1 unbranched

single chain

K3[B5;PO19(OH)3] 3,4 B:P =5:1 open-branched
single chain

*coordination number of boron

(@

e

tetramer {[BP,0,,] *} trimer {[BP,04(OH),] 5} hexamer {[B,P,0,;(OH),] ®}

(d) . , (o)
A A ﬂd%m‘rg%w‘r
unbranched single chain {[BPO,F,] >} loop-branched single chain {[B,P;0,,(OH)] *}

Figure 4.2: Borophosphate partial structures: (a) {{BP3O;3]® } tetramers in the crys-
tal structure of dapvbpo; (b) {[BPyOg(OH),]>~} trimers in the crystal structure
of (C3H19Ny)(H0)4[FesB,PgO39(OH)gl; (¢) {[B2P4O15(OH)5]%~} hexamers in the
crystal structure of zndabcocl; (d) Unbranched zweier single chain L {[BPO,F5]*"}
in the crystal structure of (CyHpoNy)[BPO4Fs]; (e) Loop-branched single chain
L{[B2P3012(OH)]*"} in the crystal structures of DAP-Mn and PIP-Mn; PO, tetra-
hedra: dark grey, BO, tetrahedra: light grey; Hydrogen atoms: black spheres.
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5 Conclusion and outlook

The new borophosphates described here were synthesized under mild hydrothermal con-
ditions (170 °C or 220 °C). Powder X-ray diffraction and single crystal X-ray diffraction
were employed to determine and refine the crystal structures. DTA-TG methods were
used to analyze the thermal stability of the compounds. High temperature powder
X-ray diffraction (HT-XRD) was applied to identify the intermediate phase during
the decomposition. Chemical analyses were performed to quantitatively determine the
chemical composition of these compounds. Magnetic susceptibility measurement was
employed to investigate the magnetic properties of the compounds containing transi-
tion metals. "F MAS NMR was applied to check the number of fluorine positions in

the crystal structure. The following compounds were prepared and characterized.

(CyH1gNo)[BPO,Fy]

(C¢H14N2){Zn[ZnByP,015(0OH);]-(C¢H13N2)Cl} (zndabcocl)
(C3H15N5){Mn[BoP30:2(OH)]} (DAP-Mn) and (C4H;2N5){Mn[ByP3015(0OH)]} (PTP-Mn)
(C3H12Ng)Fellg (Hy0)4[B4PgO32(OH)sg]

(C3H12N3)o { VI, VIV3ByP3O33Hg} (dapvbpo)

Kg[Bg)POlo (OH)3]

(CoH1oNy)[BPO,F5] is the first fluorine substituted borophosphate and the first
borophosphate with crystal structure closely related to the pyroxene type structure.
The unbranched zweier single chain | {[BPO,F3]?~} represents a new type of boro-
phosphate partial structure. The introduction of fluorine coordinating to boron makes
the single chain more straight which may be due to its electronegative character.

(CeH14N2){Zn[ZnByP4015(OH),] - (C¢H13N2)Cl} (zndabcocl) represents the first
organo-templated zincoborophosphate. The crystal structure is built from tetrahe-
dral zigzag ribbons, ! {[ZnByP4O:5(OH)y)*"}, running along [010]. The structure
contains diaza-bicyclo[2.2.2]-octane (DABCO) which acts in its diprotonated form
(H,DABCO)** as a pure template and in its monoprotonated form (HDABCO)™ as

a ligand to Zn-positions at the borders of ribbons to complete structural motif. This
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compound is also the first example containing a quaternary Zn-tetrahedron (ZnO,NCl),
and can formally be described as an adduct of (C¢H14No)Zn[ZnByP,Oq5(OH),| with
diaza-bicyclo[2.2.2]octane-hydrochloride. The thermal behavior of zndabcocl has been
studied by temperature-dependent powder X-ray diffraction and thermal analysis in
the temperature range 25-600 °C. The new phase occurring during the decomposition
has been identified as HT-NH4[ZnBP,Og.

(C3H15N2){Mn[ByP3015(OH)|} (DAP-Mn) and (C4H12N5){Mn[B,P30,5,(OH)|} (PIP-
Mn) contain identical framework interconnections but differences in the shape of re-
sulting channels, which are due to the different shape of organic templates. The crystal
structures are built from the same building units: loop-branched infinite single chains
are connected via MnOg-octahedra resulting in a three dimensional structure with
intersecting channel systems running along [100], [011] and [011], respectively. The
different shape of the templates controls the shape of the channels, especially channels
running along [100], resulting in dramatic shape-differences. The linear (HyDAP)**
ions make the channels more elongated, while the cyclic (Hy,PIP)?** ions give rise to
more regular shaped channels. The different shape of channels influence the symme-
try of the crystal structure. Thus, the space group changes from I'ma2 (PIP-Mn) to
Pmc2; (DAP-Mn), representing a supergroup/subgroup relation. The flexibility of
frameworks may be due to the more flexible coordination of Mn-atoms (octahedron
and square pyramid).

(C3H1oNy)Fell (Hy0)4[B4PgO32(OH)g| is a new borophosphate with 3-D framework
structure with 1D 10-membered ring channel (778 x 867 pm?) which is occupied by
organic templates. The magnetic susceptibility measurements show it to exhibit anti-
ferromagnetic susceptibility at low temperature (Ty ~ 14 K).

(C3H1oN5)o{ VI, VIV By PgO33Hg } (dapvbpo) is the first mixed-valence vanadium
borophosphate with a new structure type. Its structure can be considered as an ”inter-
growth” of puckered vanadium(III) borophosphate layer (VI'BPO-layer) and planar
vanadium(IV) phosphate layers (VIVPO-layer) stacked and interconnected alternately
along [001], which results in a new and unusual building motif. The corner sharing
trimers of vanadium octahedra are observed for the first time in vanadium borophos-
phates. This structure can also be treated as a pseudo intercalated or pillared structure
in which VIVPO-layer acts as a solid layer and VI'BPO-layer acts as a pillar.

K3[B5;PO1o(OH);] has a double unit cell of a twin crystal structure having the
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same chemical formula. The double b-axis solve the disorder problem of two oxygen
positions coordinated to phosphorous. It represents a much more reasonable structure

determination. Boron atoms are in both tetrahedral and trigonal-planar coordination.

Further investigation on borophosphates would be desirable on the following direc-

tions:

1. Rare earth borophosphates with low-dimensional composite structures.

2. Polyoxoclusters (e.g., V, Mo, W) involved in the crystal structures based on

borophosphate matrices.

3. To study building-fragments present in solution which is good for the processes

of self-organization and crystallization.
4. Fluorine substitute borophosphates with higher dimensional structure.
Preparations, analyses and characterizations are required in order to obtain these

compounds. Meanwhile it is also interesting to study the properties of these

compounds, for instance, catalytic properties.
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CHAPTER 6. APPENDIX

6 Appendix

6.1

Table 6.1:

Atomic

coordinates in

asymmetric

units

and

Atomic coordinates in asymmetric units of DAP-Mn and
PIP-Mn

equiva-

lent /isotropic displacement parameters (10 %pm?) in the crystal structure of
(C3H12N3){Mn[B2P30:2(OH)]} (DAP-Mn), e.s.d.’s are given in parentheses.

| Atom Site =z y z Ueq/ Uiso
Mnl 26 0.5000 0.12708(5)  0.72354(4)  0.01163(8)
Mn2  2a  0.0000 0.32081(5)  0.76658(4)  0.01055(8)
Pl 26 0.5000 0.14313(8)  0.43465(6)  0.01032(13)
P2 2b  0.5000 0.44249(8)  0.89564(7)  0.01217(13)
P3  2a  0.0000 0.43122(8)  0.49859(6)  0.01074(13)
P4 de  0.25167(4) 0.24048(5)  0.66760(5)  0.00917(8)
P5 24 0.0000 0.02412(8)  0.34476(7)  0.01195(13)
Bl 4c  0.09609(16) 0.1836(2)  0.50871(19) 0.0098(3)
B2  4e  0.40273(16) 0.3620(2)  0.52793(19) 0.0100(3)
01  4e  0.33272(11) 0.14514(16) 0.72457(14) 0.0143(3)
02 de  0.19180(11) 0.14745(15) 0.57396(14) 0.0122(2)
03  2a  0.0000 0.1559(2)  0.57708(19) 0.0101(3)
04  4c  0.40112(11) 0.24475(16) 0.44057(13) 0.0128(3)
05  4e  0.09918(11) 0.09401(18) 0.40121(14) 0.0167(3)
06 26 0.5000 0.5192(3)  0.7738(2)  0.0246(5)
o7 2b 0.5000 0.3510(2) 0.59927(17) 0.0093(4)
08  de  0.17344(12) 0.30772(17) 0.75043(12) 0.0142(3)
09  4e  0.30860(12) 0.36306(16) 0.60049(13) 0.0121(3)
010 4 0.09865(11) 0.33251(16) 0.47171(14) 0.0133(3)
011 2a 0.0000 0.0690(3) 0.2127(2) 0.0205(4)
012 24 0.0000 0.1304(3)  0.8585(2)  0.0205(5)
013 26 0.5000 0.0480(2)  0.5424(2)  0.0151(4)
014 4e  0.40159(11) 0.49976(17) 0.46340(14) 0.0132(3)
015 2a  0.0000 0.4698(2)  0.6269(2)  0.0161(4)
016 2b 0.5000 0.2870(2) 0.8824(2) 0.0175(4)
017 20 0.5000 0.0619(2)  0.3217(2)  0.0172(4)
018 2a  0.0000 0.4503(3)  0.9135(2)  0.0216(5)
N1 4e  0.30207(19) 0.0812(3)  0.9634(2)  0.0216(4)
N2 4e  023707(19) 0.4111(3)  0.2910(2)  0.0242(4)
Cl  de  02407(2)  0.1997(3)  0.0122(2)  0.0270(5)
C2  de  0.1974(2)  0.3449(3)  0.1806(3)  0.0287(5)
C3  4e  0.2664(3)  0.2236(3)  0.1400(2)  0.0308(6)
HI 26 0.5000 0.453(8) 0.708(8) 0.11(3)*
H2  2a  0.0000 -0.003(5)  0.180(7) 0.12(3)"
H3  de  0.274(3) 0.003(6) 0.984(4) 0.063(13)*
H4  de  0.296(3) 0.081(4) 0.891(3) 0.032(9)*
H5 e 0.358(3) 0.083(4) 0.983(3) 0.038(11)*
H6 e 0.225(2) 0.499(4) 0.293(3) 0.031(9)*
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Table 6.1 Continued
| Atom Site =z Yy z Ueq/ Ulso |

H7  4c  0.196(4) 0.373(5) 0.352(4)  0.067(14)*

H8  4c  0.305(4) 0.399(5) 0.285(4)  0.063(14)*

HO  4c  0.262(3) 0.282(5) -0.027(4)  0.054(13)*

HI0 4c  0.170(3) 0.193(4) -0.004(3)  0.045(10)*

HI1  4c  0.236(5) 0.413(7) 0.116(5) 0.12(2)*

HI2  4c  0.123(3) 0.319(4) 0.207(3)  0.036(9)*

HI3  4c  0.258(4) 0.136(6) 0.195(5)  0.10(2)*

HI14  4c  0.342(4) 0.258(6) 0.153(4)  0.079(16)*

*refined with isotropic displacement parameters
Table 6.2: Atomic  coordinates in  asymmetric units and  equiva-

lent /isotropic displacement parameters (10 *pm?) in the crystal structure of
(C4H12N3){Mn[B2P3012(OH)]}(PIP-Mn), e.s.d.’s are given in parentheses.

| Atom Site =z Yy z Ueq/ Uiso |
Mnl 4b  0.2500 0.91166(5)  0.23472(4)  0.00924(12)
P1 4a 0.0000 0.0000 0.15496(8) 0.00853(18)
P2 4b  0.2500 0.65205(9)  0.45512(8)  0.00952(18)
P3  4b  0.2500 0.24022(10) 0.35361(9)  0.01118(19)
Bl 8  0.1533(2)  0.0870(3)  0.0057(2)  0.0098(5)
Ol 8  0.08080(14) 0.91674(19) 0.22132(17) 0.0134(4)
02 8¢ 0.05813(15) 0.11063(19) 0.07461(15) 0.0110(4)
03 8¢ 0.15063(14) 0.55267(18) 0.44950(17) 0.0116(4)
04  4b 02500 0.7490(3)  0.3540(3)  0.0183(6)
05  4b  0.2500 0.7728(3)  0.0722(2)  0.0145(6)
06  4b  0.2500 0.3001(3)  0.2278(3)  0.0198(6)
07 8 0.15060(16) 0.3010(2)  0.41557(17) 0.0154(4)
08  4b  0.2500 0.0840(3)  0.3518(3)  0.0152(6)
09  4b  0.2500 0.0991(2)  0.0760(2)  0.0077(5)
N1 8  0.0545(2)  0.6329(3)  0.0991(3)  0.0196(5)
02 8 0.0495(3)  0.9549(4)  0.4945(3)  0.0286(3)
C3 8  0.0490(3)  0.5464(4)  0.2062(3)  0.0317(8)
HI  4b  0.2500 0.260(10)  0.199(9) 0.12(4)*
H2 8¢ 0.053(4) 0.899(4) 0.444(4) 0.047(13)*
H3 8  0.383(4) 0.014(5) 0.491(3) 0.048(14)*
H4 8¢ 0.124(4) 0.672(4) 0.106(4) 0.049(13)*
H5 8  0.000(3) 0.697(3) 0.094(3) 0.012(8)*
H6 8  0.119(3) 0.495(4) 0.208(3) 0.030(10)*
H7 8  0.052(3) 0.609(4) 0.275(3) 0.024(10)*

*refined with isotropic displacement parameters
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6.2 Anisotropic displacement parameters

Table 6.3: (CyH1oN2)[BPO4Fy): anisotropic displacement parameters U;; [10~*pm?],

e.s.d.’s are given in parentheses.

| Atom  Up Uso Uss Uas Uis Uis

P 0.0177(6)  0.0213(5)  0.0273(6)  -0.0007(4)  0.0003(4)  -0.0068(4)

B 0.017(2)  0.027(2)  0.037(3)  -0.002(2)  -0.0012(18) -0.0079(18)
O1  0.0154(15) 0.0219(14) 0.0346(16) -0.0001(11) 0.0017(11) -0.0068(10)
02 0.0247(16) 0.0397(17) 0.0246(15) 0.0000(12) 0.0015(11) -0.0124(12)
03  0.0184(15) 0.0275(15) 0.0377(17) -0.0088(12) 0.0019(11)  -0.0094(11)
04  0.0183(15) 0.0241(15) 0.0465(18) 0.0057(13) -0.0013(12) -0.0054(11)
F1  0.0315(15) 0.0449(16) 0.070(2)  -0.0303(14) 0.0044(13) -0.0162(12)
F2  0.0362(16) 0.0418(16) 0.0604(19) 0.0245(13) -0.0007(12) -0.0115(12)
N1 0.022(2)  0.0242(19) 0.0293(19) -0.0028(15) -0.0004(15) -0.0074(15)
C1  0033(3) 00282  0.023(2)  0.0004(17) 0.0026(17) -0.0070(18)
N2 0.026(2)  0.0240(18) 0.028(2)  0.0005(15) 0.0002(15)  -0.0066(14)
C2  0031(3)  0.026(2)  0.029(2)  -0.0028(17) -0.0005(19) -0.0085(18)
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Table 6.4: (C6H14N2){ZH[ZDB2P4015(OH)Q] . (CGH13N2)CI} (zndabcocl): anisotropic
displacement parameters U; [10-*pm?], e.s.d.’s are given in parentheses.

Atom U11 U22 U33 U23 U13 U12

Znl  0.0146(3) 0.0163(3) 0.0177(3)  -0.0007(2)  -0.0005(2)  0.0011(2)
Zn2  0.0122(3)  0.0139(3) 0.0161(2) -0.0005(2)  0.0014(2)  0.0005(2)
Cll1  0.0369(8)  0.0405(8)  0.0192(6) -0.0018(5)  0.0106(5)  0.0010(6)
P1 0.0148(6)  0.0124(6)  0.0179(6)  -0.0019(4)  0.0021(5)  -0.0029(4)
P2 0.0161(6)  0.0128(6)  0.0193(6)  0.0024(4)  0.0022(5)  -0.0017(4)
P3 0.0143(6)  0.0115(6)  0.0223(6)  -0.0030(5)  0.0031(5)  0.0009(4)
P4 0.0216(7) 0.0197(7)  0.0207(6)  -0.0052(5)  0.0093(5)  -0.0064(5)
B1 0.011(2)  0.014(3)  0.015(2)  -0.0013(18) 0.0006(19)  0.0007(18)
B2 0.024(3)  0.008(2)  0.025(3)  0.001(2) -0.002(2)  -0.001(2)
01 0.0242(19)  0.0228(19) 0.0154(16) -0.0029(13) 0.0046(14)  -0.0091(14)
02  0.0125(17) 0.0120(17) 0.037(2)  -0.0017(14) 0.0044(15)  0.0019(12)
03 0.0161(18) 0.0119(17) 0.043(2)  0.0088(15) -0.0026(16) -0.0006(13)
04 0.0153(18) 0.021(2) 0.046(2) 0.0013(16)  -0.0045(17) -0.0054(14)
05 0.0180(18) 0.033(2) 0.0129(15) 0.0042(14) 0.0003(13) -0.0028(15)
06 0.0149(17) 0.0169(17) 0.0168(16) 0.0007(12)  -0.0036(13) 0.0034(13)
07  0.0127(17) 0.0119(17) 0.0330(19) 0.0021(14)  0.0001(14) -0.0005(12)
08 0.0170(18) 0.0123(16) 0.0286(18) 0.0080(14)  0.0019(15)  0.0000(13)
09 0.0142(18) 0.0201(19) 0.040(2) -0.0111(16) 0.0002(16)  0.0000(14)
010 0.042(2) 0.0198(19) 0.0204(18) -0.0015(14) -0.0023(17) 0.0011(16)
O11  0.047(3)  0.017(2)  0.0254(19) 0.0019(16)  0.0033(18)  0.0014(19)
012 0.039(2)  0.0159(19) 0.045(2)  -0.0002(17) 0.023(2) 0.0061(16)
013 0.0223(19) 0.0185(18) 0.032(2)  -0.0002(15) 0.0079(16)  0.0076(15)
014  0.027(2)  0.025(2)  0.0236(18) 0.0031(15) 0.0078(16) -0.0090(16)
015  0.030(2)  0.0114(19) 0.099(4)  0.011(2) -0.019(3)  -0.0059(16)
016  0.106(5)  0.030(3)  0.048(3)  -0.019(2)  0.055(3) -0.027(3)
017  0.060(3)  0.041(3)  0.029(2)  -0.0167(18) 0.027(2) -0.027(2)
N1 0.036(3)  0.019(2)  0.035(3)  -0.009(2)  -0.003(2)  0.004(2)
N2 0.027(3)  0.017(2)  0.033(2)  -0.0094(18) 0.007(2) 0.0013(18)
N3 0.016(2)  0.031(3)  0.024(2)  -0.0025(19) -0.0045(18) 0.0009(19)
N4 0.0136(19) 0.016(2)  0.0183(19) 0.0002(16)  -0.0021(15) 0.0008(16)
C1 0.028(3)  0.043(4)  0.036(3)  -0.008(3)  -0.001(3)  0.013(3)
C2 0.044(4)  0.037(4)  0.036(3)  -0.005(3)  0.027(3) 0.000(3)
C3 0.025(3)  0.051(4)  0.046(4)  -0.015(3)  0.011(3) -0.005(3)
C4 0.045(4)  0.027(3)  0.050(4)  0.002(3) 0.014(3) -0.005(3)
C5 0.056(5)  0.027(3)  0.036(3)  0.008(3) -0.002(3)  0.009(3)
C6 0.054(5)  0.040(4)  0.031(3)  -0.004(3)  -0.009(3)  0.010(3)
C7 0.036(4)  0.086(6)  0.059(5)  -0.050(5)  -0.027(4)  0.030(4)
C8 0.036(4)  0.092(7)  0.042(4)  -0.033(4)  -0.017(3)  0.024(4)
C9 0.059(5)  0.028(4)  0.123(9)  0.029(4) -0.067(6)  -0.012(4)
C10  0.080(7)  0.032(5)  0.131(9)  0.021(5) -0.082(7)  -0.007(4)
C11  0.019(3)  0.175(11) 0.030(4)  0.031(5) -0.006(3)  -0.025(5)
C12  0.020(4)  0.201(13)  0.036(4)  0.034(6) -0.002(3)  -0.017(6)
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Table 6.5: (C3H1aN2){Mn[ByP3045(OH)]} (DAP-Mn): anisotropic displacement pa-
rameters U;; [10~*pm? ], e.s.d.’s are given in parentheses.

| Atom  Upy Uso Uss Uss Uis Uis |

Mnl  0.00874(17) 0.01366(19) 0.01264(18) 0.00286(17)  0.000 0.000
Mn2  0.01045(18) 0.01033(17) 0.01087(17) -0.00023(15) 0.000 0.000

P1  00107(3)  0.0098(3)  0.0105(3)  -0.0018(2)  0.000 0.000

P2 0.0121(3)  0.0120(3)  0.0118(3)  0.0043(3)  0.000 0.000

P3  0.0127(3)  0.0090(3)  0.0105(3)  0.0013(2)  0.000 0.000

P4 0.00617(17) 0.01126(19) 0.01008(17) -0.00037(18) -0.00015(17) -0.00

P5  00128(3)  0.0113(3)  0.0124(3)  -0.0032(3)  0.000 0.000

Bl 0.0095(8)  0.0095(8)  0.0104(8)  -0.0005(7)  -0.0007(7)  0.0004(7)
B2 0.0088(8)  0.0109(8)  0.0105(8)  0.0017(7)  -0.0004(7)  -0.0004(7)
Ol  0.0096(6)  0.0177(7)  0.0155(6)  0.0032(6)  0.0019(6)  -0.0027(5)
02  0.0091(6)  0.0116(6)  0.0158(6)  -0.0013(5)  0.0026(5)  -0.0009(5)
03 0.0084(8)  0.0118(9)  0.0101(8)  0.0000(8)  0.000 0.000

04  00113(6)  0.0143(6)  0.0126(6)  -0.0034(5)  0.0017(5)  -0.0019(5)
05  0.0108(6)  0.0129(6)  0.0159(6)  -0.0057(5)  0.0004(5)  0.0008(5)
06  0.0318(12) 0.0170(10)  0.0129(10)  0.0016(9)  0.000 0.000

07  0.0065(8)  0.0128(9)  0.0086(9)  0.0002(7)  0.000 0.000

08  00113(6)  0.0181(7)  0.0131(7)  -0.0009(5)  -0.0037(5)  0.0000(5)
09  0.0086(6)  0.0115(6)  0.0162(7)  0.0005(5)  -0.0034(5)  -0.0003(5)
010  0.0102(6)  0.0136(6)  0.0163(6)  0.0025(5)  -0.0036(5)  -0.0005(5)
011  0.0410(14) 0.0185(11)  0.0144(10)  -0.0031(9)  0.000 0.000
012 0.0211(11) 0.0124(9)  0.0189(11) -0.0038(8)  0.000 0.000
013 0.0179(10)  0.0130(9)  0.0143(9)  0.0010(8)  0.000 0.000
014  0.0114(6)  0.0230(8)  0.0156(7)  0.0097(6)  -0.0006(5)  -0.0023(5)
015  0.0238(11) 0.0130(9)  0.0115(9)  -0.0008(8)  0.000 0.000
016  0.0281(12) 0.0140(10) 0.0194(11)  0.0017(9)  0.000 0.000
017  0.0222(11)  0.0139(10)  0.0153(10)  0.0067(8)  0.000 0.000
018  0.0275(12)  0.0164(10)  0.0209(12)  -0.0099(9)  0.000 0.000

N1 0.0212(10) 0.0257(10) 0.0178(9)  0.0007(8)  -0.0031(8)  0.0006(8)
N2 0.0261(11)  0.0232(10)  0.0232(10)  -0.0007(8)  -0.0043(8)  0.0009(8)
C1  0.0320(13) 0.0251(12)  0.0238(12)  -0.0037(10)  0.0025(10)  -0.0069(11)
C2  0.0260(13) 0.0247(11)  0.0353(14)  0.0056(11)  0.0040(11)  0.0015(9)
€3 0.0373(15) 0.0311(14) 0.0239(13)  0.0027(10)  0.0032(10)  0.0104(12)
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Table 6.6: (C4H12N2){Mn[ByP30:2(OH)]} (PIP-Mn): anisotropic displacement pa-
rameters U;; [10~*pm?], e.s.d.’s are given in parentheses.

| Atom U11 U22 U33 U23 U13 U12 |

Mnl  0.0090(3)  0.0087(2)  0.0099(2)  0.0005(2)  0.000 0.000

P1 0.0067(4)  0.0098(4)  0.0091(4)  0.000 0.000 -0.0001(3)
P2 0.0103(5)  0.0085(4)  0.0097(4)  0.0020(3)  0.000 0.000

P3 0.0116(4) 0.0106(4) 0.0114(4)  -0.0037(4)  0.000 0.000

B1 0.0099(14) 0.0085(11) 0.0108(11) -0.0017(10) 0.0002(10)  -0.0004(10)
01 0.0088(9)  0.0166(8)  0.0148(10) 0.0025(8)  -0.0011(8)  0.0003(7)
02 0.0096(9)  0.0095(8)  0.0139(9)  -0.0004(7)  -0.0017(7)  -0.0007(7)
03 0.0081(9)  0.0126(8)  0.0142(8)  0.0029(7)  0.0033(7)  0.0017(7)
04  0.0194(14) 0.0172(13) 0.0182(13) 0.0125(12)  0.000 0.000

05 0.0146(14) 0.0120(13) 0.0167(13) 0.0021(11)  0.000 0.000

06 0.0324(18) 0.0142(12) 0.0130(12) -0.0025(13) 0.000 0.000

07 0.0095(10) 0.0177(9)  0.0190(9)  -0.0096(8)  0.0009(7)  0.0004(7)
08 0.0208(15) 0.0109(12) 0.0139(13) -0.0035(11) 0.000 0.000

09 0.0061(12) 0.0094(12) 0.0076(12) 0.0006(9)  0.000 0.000

N1 0.0177(13) 0.0131(11) 0.0279(12) 0.0010(9) 0.0025(12)  -0.0004(11)
C1 0.040(2)  0.0279(16) 0.0176(14) -0.0015(13) -0.0121(14) -0.0116(16)
C2 0.043(2)  0.0304(17) 0.0224(16) 0.0012(13)  0.0097(15)  -0.0064(17)

Table 6.7: (C3H5Ny)(H,0)4[Fe™sB,PgO3s5(OH)g: anisotropic displacement parame-
ters Uj; [10™*pm?], e.s.d.’s are given in parentheses.

| Atom  Un Us2 Uss Uss Uis Uiz |

Fel  0.0092(3) 0.0069(2) 0.0090(2) -0.00053(17) 0.0043(2) 0.00011(18)
Fe2  0.0064(4) 0.0086(3) 0.0076(3) -0.0003(2)  0.0025(3)  0.0001(2)
Pl 0.0081(5) 0.0062(4) 0.0083(4) 0.0002(3)  0.0032(4)  0.0001(3)
P2 0.0080(5) 0.0081(4) 0.0078(4) -0.0014(3)  0.0041(4)  -0.0007(3)
Bl 0.009(2)  0.0057(15) 0.0068(17) -0.0024(12)  0.0034(17) -0.0007(13)
Ol  0.0214(16) 0.0064(11) 0.0119(12) -0.0002(9)  0.0097(12) -0.0019(10)
02 0.0123(15) 0.0076(11) 0.0087(12) 0.0003(9)  0.0012(12) 0.0028(9)
03 0.0093(14) 0.0113(11) 0.0140(13) -0.0020(10)  0.0071(12) -0.0020(9)
O4  0.0090(14) 0.0120(11) 0.0136(13) 0.0049(10)  0.0054(12) 0.0021(9)
05  0.0155(15) 0.0082(11) 0.0159(13) -0.0009(9)  0.0100(12) 0.0013(10)
06 0.0096(15) 0.0161(13) 0.0131(13) 0.0050(10)  0.0054(13) 0.0005(10)
07  0.0077(14) 0.0116(11) 0.0132(13) 0.0011(9)  0.0031(12) -0.0029(9)
08  00142(15) 00115(12) 0.0113(12) -0.0021(9)  0.0076(12) -0.0036(10)
09  0.0201(17) 0.0180(13) 0.0138(13) -0.0068(10)  0.0096(13) -0.0010(11)
010  0.0103(15) 0.0180(13) 0.0156(14) 0.0037(10)  0.0051(13) 0.0052(10)
O11  0.0143(18) 0.0261(16) 0.0211(16) 0.0046(13)  0.0069(15) 0.0058(13)
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Table 6.8: (C3H15Ny)o[VE,VV 3By PsOs5Hg] (dapvbpo): anisotropic displacement pa-
rameters U;; [107*pm?] of the framework atoms, e.s.d.’s are given in parentheses.

| Atom Uy Uso Uss Uss Uis Uio |

VI 00155(9) 0.0152(9) 0.0148(9) -0.0005(7) -0.0006(7) -0.0005(7)
V2 0.0287(16) 0.0216(14) 0.0149(13) 0.000 0.000 0.0071(12)
V3 0.0168(16) 0.0269(19) 0.0165(15) 0.000 0.000 -0.0009(14)
V32 0.0168(16) 0.0269(19) 0.0165(15) 0.000 0.000 -0.0009(14)
V4 00155(16) 0.037(5)  0.0146(14) 0.000 0.000 0.007(3)
V42 0.0155(16) 0.037(5)  0.0146(14) 0.000 0.000 0.007(3)
Pl 0.0165(14) 0.0182(14) 0.0119(12) 0.0000(10) 0.0011(10) -0.0005(11)
P2 0.0147(14) 0.0230(15) 0.0165(14) -0.0042(11) -0.0008(11) 0.0042(11)
P3 0.0173(14) 0.0232(15) 0.0169(13) -0.0003(12) 0.0031(11)  0.0006(11)
P4 0.0193(14) 0.0166(14) 0.0211(14) 0.0000(11) 0.0016(12) -0.0003(11)
Bl 0.022(7)  0.028(7)  0.026(7)  0.011(6)  0.000(6)  -0.006(5)
01  0.022(4)  0027(4)  0.0154)  0.003(3)  -0.002(3)  -0.003(3)
02  0.043(6)  0.008(4)  0.029(5)  0.006(3)  0.0104)  0.001(4)
03 0017(4)  0031(5)  0021(4)  -0.002(4)  -0.001(3)  -0.005(3)
04  0.021(4)  0.040(6)  0.027(5)  -0.005(4)  -0.009(4)  0.010(4)
05  0018(4)  0030(5) 0.014(4)  -0.001(3)  0.003(3)  -0.005(3)
06  0.043(6)  0.018(4)  0.027(5)  -0.005(4)  0.008(4)  0.006(4)
07  0.022(4)  0019(4)  0.027(4)  0.0054)  0.002(4)  -0.004(3)
0%  0.036(5)  0031(5)  0.029(5)  0.003(4)  0.0154)  0.003(4)
09 0.021(4)  0.023(4)  0.025(4)  0.007(4)  -0.009(4)  0.000(3)
010  0.016(4)  0.041(6)  0.035(5)  -0.005(4)  0.004(4)  -0.002(4)
O11  0.027(5) 003805  0.016(4)  -0.001(4)  0.001(4)  0.009(4)
012 0.024(4) 00305  0.016(4)  0.001(4)  0.003(3)  -0.004(4)
013 0.036(8)  0.041(8)  0.019(6)  0.000 0.000 0.010(6)
014  0.030(5)  0033(5) 0.044(6)  -0.003(5)  0.015(5)  -0.008(4)
015 0.018(4)  0039(5)  0.020(4)  -0.008(4)  -0.006(3)  0.004(4)
016  0.044(6)  0.028(5)  0.044(6)  0.013(5)  0.008(5)  0.009(4)
017  0.022(6)  0.041(7)  0.013(5)  0.000 0.000 -0.008(6)
018  0.019(4)  0.026(5)  0.048(6)  0.001(4)  0.004(4)  0.004(4)
019  0.050(6)  0.046(6)  0.014(4)  -0.008(4)  -0.003(4)  0.014(5)
020  0.031(7)  0.027(7)  0.037(8)  0.000 0.000 -0.001(6)
021 0.036(8)  0.029(8)  0.069(12)  0.000 0.000 -0.014(7)
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Table 6.9: Kg[B5POlo(OH)3]§
e.s.d.’s are given in parentheses.

anisotropic displacement parameters Uj [10~*pm?],

Atom Uy, Usz Uss Uss Uss Uso

K1 0.02018(19) 0.01280(17) 0.0261(2) 0.00048(15)  0.00510(16) -0.00136(14)
K2 0.0227(2)  0.0204(2)  0.01674(19) 0.00348(15)  0.00194(15) -0.00098(15)
K3  0.02041(19) 0.0281(2)  0.01583(19) -0.00414(16) 0.00281(15) 0.00053(16)
P1 0.00991(18) 0.00756(18) 0.0125(2) -0.00023(15) 0.00191(15) 0.00027(14)
Bl 0.0093(7)  0.0090(8)  0.0126(8)  0.0008(6)  0.0007(6)  0.0011(6)
B2 0.0100(7)  0.0107(8)  0.0111(8)  -0.0004(6)  0.0034(6)  -0.0003(6)
B3 0.0100(7)  0.0091(8)  0.0130(8)  0.0001(6)  0.0014(7)  -0.0013(6)
B4 0.0125(8)  0.0113(8)  0.0146(9)  -0.0022(7)  0.0024(7)  -0.0020(6)
B5  0.0120(8)  0.0115(8)  0.0119(8)  0.0019(7)  0.0006(6)  0.0006(6)
01  0.0127(5)  0.0135(6)  0.0152(6)  -0.0043(5)  0.0043(5)  -0.0055(5)
02  0.0123(5)  0.0119(5)  0.0155(6)  0.0037(5)  0.0050(5)  0.0032(4)
03  0.0103(5)  0.0153(6)  0.0143(6)  -0.0053(5)  0.0037(4)  -0.0039(4)
04  0.0164(6)  0.0163(6)  0.0112(6)  -0.0024(5)  0.0038(5)  -0.0061(5)
05  0.0255(7)  0.0335(8)  0.0211(7)  -0.0152(6)  0.0123(6)  -0.0162(6)
06  0.0138(5)  0.0098(5)  0.0132(5)  0.0014(4)  -0.0011(4)  -0.0015(4)
07 0.0133(6)  0.0100(5)  0.0174(6)  -0.0023(5)  -0.0029(5)  0.0031(4)
08  0.0135(6)  0.0164(6)  0.0108(5)  0.0023(5)  0.0031(4)  0.0050(5)
09  0.0098(5)  0.0153(6)  0.0111(5)  0.0023(5)  0.0023(4)  0.0024(4)
010  0.0305(8)  0.0227(7)  0.0190(7)  -0.0109(6)  0.0115(6)  -0.0128(6)
011  0.0217(6)  0.0106(6)  0.0215(6)  0.0016(5)  0.0046(5)  -0.0030(5)
012 0.0197(6)  0.0189(6)  0.0226(7)  -0.0048(5)  0.0103(5)  -0.0002(5)
013 0.0088(5)  0.0078(6)  0.0247(7)  0.0026(5)  -0.0014(5)  -0.0005(5)
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