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ABSTRACT

In this Account we describe the hydrothermal synthesis of some
new materials including microporous crystals, ionic conductors,
complex oxides and fluorides, low-dimensional aluminophos-
phates, inorganic—organic hybrid materials, and particularly con-
densed materials such as diamond and inorganic helical chains.
Hydrothermal synthesis in biology and environment sciences is also
introduced. The increasing interest in hydrothemal synthesis
derives from its advantages in terms of high reactivity of reactants,
easy control of solution or interface reactions, formation of
metastable and unique condensed phases, less air pollution, and
low energy consumption.

Introduction

Hydrothermal synthesis refers to the synthesis by chemical
reactions of substances in a sealed heated solution above
ambient temperature and pressure. It involves the prepa-
ration of new materials, the understanding of mechanisms
of hydrothermal reactions, and the development of novel
synthetic methods and techniques. Understanding the
mechanism of hydrothermal reactions is particularly
necessary for both the suitable application of a method
to a specific synthesis and the exploration of new materials
with desired properties. Basically, the mechanism of
hydrothermal reactions follows a liquid nucleation model.*
It is different from that of solid-state reactions, where the
reaction mechanism involves mainly diffusion of atoms
or ions at the interface between reactants. However, in
the supercritical region of water, less data are available
at present, and only those for pure water and simple
saltwater solutions are known. New methods and strate-
gies play an important role in the investigation of hydro-
thermal synthesis. The various methods such as induced
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growth through crystal seeds, structure-directing agent
technique, mineralizing, templating, complexing, non-
aqueous solvothermal routes, high temperature and pres-
sure technique, and redox environment control make
hydrothermal reactions particularly available for new
advanced solid materials.?

Hydrothermal synthesis has been successful for the
preparation of important solids such as microporous
crystals,® superionic conductors,* chemical sensors,® elec-
tronically conducting solids,® complex oxide ceramics and
fluorides,”® magnetic materials,® and luminescence phos-
phors.? It is also a route to unique condensed materials
including nanometer particles, gels, thin films, equilibrium
defect solids, distinguished helical and chiral structures,
and particularly-stacking-sequence materials. In addition
to the synthesis of new materials, hydrothermal synthesis
has been important in biology and environmental sci-
ences, for examples, in the origin of life!!2 and in the
supercritical water oxidation process for decomposing
organic wastes.!®

In this Account we describe the hydrothermal synthesis
of some new materials including microporous crystals,
ionic conductors, complex oxides and fluorides, low-
dimensional aluminophosphates, inorganic—organic hy-
brid materials, and unique condensed materials such as
diamond and inorganic helices. Hydrothermal synthesis
in biology and environment sciences is also introduced.

Microporous Crystals

Zeolites are basically prepared from hydrothermal sys-
tems. Traditionally, they refer to a class of microporous
crystalline aluminosilicates with TO, (T = Si or Al)
tetrahedra as basic building units. The discovery of high-
silica zeolites, sometimes the so-called pure SiO, zeolites,
namely silicalites | and 11, by the use of organic molecules
in synthesis introduced the new concept of a “templating
agent”. These compounds are mainly amines and organic
ammonium ions such as tetrapropylammonium ions in
the synthesis of ZSM-5.3 Microporous aluminophosphates
(AIPO4-n) developed by Wilson et al.'* at Union Carbide
are a new family of neutral framework zeolites. However,
most of the framework structures such as types A, Y, and
ZSM-5 developed before AIPO4-n were constructed from
TO, tetrahedra (T = Si, Al, and P). The application of these
zeolites to catalysis was based on the utilization of their
large intersurface areas, channel shape-selectivities, and
acidic properties.

The variety of the microporous crystals was extremely
enlarged due to the appearance of mixed TO3, TO,, TOs,
and TOg basic building blocks involved in the framewaorks.
Starting with a structural observation of some mi-
croporous gallophosphates, in which mixed four-, five-,
and six-coordinate Ga atoms were found by Parise,'® a
number of new microporous crystals were prepared from
R—Gazog—ons—Hzo and R—M(l,ll)—A|203—Bzo3—H20 Sys-
tems (where R is a template such as an organic amine
and M is a monovalent alkali or divalent alkaline earth
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FIGURE 1. Structure of JDF-20 (template molecules interact with
terminal oxygen atoms through H-bonds as indicated by the fine
lines). Reprinted with permission from ref 46. Copyright 2000 Elsevier.

metal) by our group, including GaPO,—C,, n = 1-12,167
and microporous aluminoborates, B—C,, n = 1-10.%®
Moreover, the 18-membered ring VPI-5,1° 20-membered
ring microporous Cloverite,?® and 24-membered ring zinc
phosphate ND-12! were also reported. A new microporous
titanosilicate, JLU-1, was recently synthesized in a SiO,—
TiO,—Na,0—H,0—(TMA),O system;?? its framework is
composed of tetrahedral SiO, and octahedral TiOs. High-
resolution transmission electron microscopy revealed its
microporosity for a uniform window size of ca. 6.0 A.

Following the first discovery of silica sodalite from
nonaqueous systems by Bibby and Dale,? a large number
of new compositions were prepared, including zeolites
containing five-membered-rings®* and a 20-membered
ring microporous crystal, JDF-20, [AlsPsO24H]-2[EtsNH]-
2H,0.%5 JDF-20 was prepared with triethylene glycol (TEG)
as the solvent of the reaction system and Et;N as the
template; it has a three-dimensional (3D) framework with
Al/P ratio of 5/6 and consists of 20-membered ring
channels with an elliptical aperture (6.2 A x 7.9 A), as
shown in Figure 1. An unusual microporous alumino-
phosphate with an anionic framework, [Al;,P130s,] [(CH,)e-
N4H3]*t, denoted AIPO—CJB1, possesses Bronsted acidity
upon removal of its template molecules at 600 °C.?6 AIPO—
CJB1 was prepared from nonaqueous systems containing
ethylene glycol solvent and hexamethylenetetraamine
template. Its open framework along the [001] direction is
shown in Figure 2. The Bronsted acidity originates from
the existence of AlOs units and protons from the decom-
position of the template.

lonic Conductors

Co-doped nanocrystalline ceria-based compositions,
Ce1_yM,Bip40,6-4, M = Ca, Sr, and Ba, x = 0.01—0.15, serve
as good examples for describing the hydrothermal syn-
thesis and doping for ionic conductors.?”26 CeO,-based
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FIGURE 2. Open framework of AIPO—CJBL along the [001] direction.
Reprinted in part with permission from ref 26. Copyright 2000
American Chemical Society.

materials doped with aliovalent cations show promising
ionic transport properties in application to solid oxide fuel
cells and oxygen pumps. Pure phase CeO,_, with the cubic
fluorite structure shows mixed electronic and ionic con-
duction, and the introduction of lower-valence metal ions
into the lattice of CeO, greatly improves their ionic
conduction due to the quantitative formation of oxygen
vacancies and in some cases eliminates its electronic
conduction.

The synthesis and doping strategy was based on the
hydrothermal technique. A typical synthetic procedure for
CeopoBag1Bio4025 began with mixing cerium(lll) nitrate
hexahydrate, bismuth(lll) nitrate pentahydrate, and Ba-
(NO3), with deionized water to form a solution, to which
NaOH as a mineralizer was added dropwise with stirring
to form a dark yellowish mixture. The mole composition
of the final reaction mixture was 1.00 Ce0,:0.42 Bi,03:0.05
Ba0:580 H,0:2.60 Na,O. The mixture was sealed in Teflon-
lined stainless steel autoclaves and crystallized at 240 °C
for 24 h. The particle sizes of all the products were in the
nanometer range due to the use of a hydrothermal
synthesis technique. The ionic conductivity has been
greatly enhanced in these codoped systems. The highest
ionic conductivity for CeggsCaosBip4O255 at 600 °C was
1.7 x 1072 S-cm™%, which was much higher than that of
the well-known Ca-stabilized zirconia and calcium mon-
odoped ceria.

A protonic NASICON, HZr,P30:,, was synthesized
under hydrothermal conditions and characterized as a
humidity sensor operated at relatively high temperatures.?®
Fluorite-type Bi;;V3033 obtained from the hydrothermal
system showed special superlattice structure and oxygen
ion conductivity.?® Another example is the hydrothermal
synthesis of a new potassium phosphatoantimonate, Kg-
ShgP,02+8H,0, exhibiting ionic conductivity.3!

On the other hand, with the aim to search for new
microporous materials showing both channels and mobile
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Table 1. List of Hydrothermally Synthesized Complex
Oxides and Fluorides

reaction

materials T(°C) t(days) ref
Bi17V3033 180 5 30
Cu4BizV2013 240 3 41
Cel—xMxBiOAOz,a—x (M = Ca, SI’, Ba) 240 3 27
MyLag3—x3TiO3 (M = Na, Li, Ag) 240 7 36
La;-xMxMnO3z (M = Ca, Sr, Ba) 240 1 9
NaMTi,0s (M = Nd, Ce) 240 3 36
MMo(W)O4 (M = Ca, Sr, Ba) 240 3 36
Bi2MOg (M = Mo, W) 180 5 42
BasNb4015 240 1 43
Pb,Bi,O; 140 1 38
M,Sn;07 (M = La, Bi, Y, Gd) 240 3 7
ABF; (A = Li, K; B = Ba, Mg) 140 5 8
ABF4; (A=Li,K;B=Y, Er, Ho) 220 3 39

ion transport, we developed a number of materials
exhibiting excellent ionically conducting properties, ca-
pable of ion-exchange and strong potential as chemical
sensors. A series of crystalline, microporous germanates,
M3HG97016'XH20 (M = NH4+, Li+, Na+, K+, Rb+, and CS+),
showed considerable ionic conductivities due to their
particular framework structures which are composed of
(Ge04)3(Ge0g)4 subunits where one-fourth of the oxygens
were four-coordinated, contributing to a weak interaction
between the mobile ions and anionic framework.3?-34
These materials have three-dimensional (3D) structures
with channels where mobiled cations are located. The best
ionic conductivity, 2.0 x 1073 S.cm~* at 400 °C, was found
with CS3HG€7015.33

Complex Oxides and Fluorides

The hydrothermal technique has been extensively applied
to the syntheses of advanced inorganic materials, which
are difficult or impossible to prepare by high-temperature
solid-state reactions. A variety of novel hydrothermal
reactions for the synthesis of advanced complex oxides
and fluorides have been developed. Hydrothermal syn-
thesis is advantageous due to the relatively mild condi-
tions required, one-step synthetic procedure and control-
lable particle size distribution. Table 1 summarizes
conditions for selected complex oxides and fluorides by
hydrothermal synthesis in our laboratory.35~43

Perovskites, ABO; (A = Ca, Sr, Ba, Pb; B = Ti, Sn, Zr),
were hydrothermally prepared;*® complex oxides contain-
ing rare earth ions, e.g., NaxLay/3—x/3Ti03, NaxAgyLas/s—(x+yys-
TiOz and NayLiyLay/s—(x+y)3TiOs, synthesized hydrother-
mally at 200—240 °C show enhanced electrical conductiv-
ity.%¢ Further, giant magnetoresistance (GMR) materials,
La;—xAxMnO;3; (A = Ca, Sr, and Ba), were recently synthe-
sized from hydrothermal systems at 240 °C; for example,
the Ba analogue, LagsBapsMnQOs, was obtained by heating
an aqueous reaction mixture containing KMnO, and
MnSQO, reactants. LagsBagsMnO3 began to crystallize after
2 h, and the crystallization was complete after 24 h. The
valence change of Mn atoms from KMnO, and MnSO, for
the formation of the product LagsBags(Mn®tosMn*t5)O03
is suggested to occur as follows:

0.5Mn(VII) + 1.5Mn(11) — 2(Mn* ;Mn**, ) (1)

LagsBagsMnO; crystallizes in cubic symmetry with a =
3.913 A; it contains mixed-valent Mn atoms with an
average valence state ca. 3.5 and exhibits giant magne-
toresistance.®

Complex oxides with garnet®” and pyrochlore struc-
tures,® such as SrsM,(OH)y,, PbyBi,O7, and M,Sn,0; (M
= La, Bi, Gd, or Y), were readily synthesized from hydro-
thermal systems. For the Bi,O3;—PbO, hydrothermal sys-
tems, the formation of Pb,Bi,O; was dependent upon the
starting reagents. The use of Bi(NO3); and PbO, as the Bi
and Pb sources led to a relatively simple reaction from
the point of view of oxidation state changes from the
reactants to products. In an alternative synthesis, NaBiO3
and Pb(NOs3), were also found to be suitable starting
reagents for the formation of Pb,Bi,O;. However, when
NaBiO3z;, PbO, and Pb(NOz), were employed, Bi,Pb,O-;
formed by a more complicated mechanism. In this system,
the redox reactions involved in the formation of Pb,Bi,O;
might occur as follows:

2NaBi°" 0, + 2Pb* O + H,0 —
Bi*",Pb*",0, + 20H™ + 2Na" (2)

2NaBi®*0, + 2Pb*"(NO,), + 20H™ —
Bi*",Pb*",0, + H,0 + 2Na" + 4NO,~ (3)

2NaBi’** 0, + 2Pb*"0, + H,0 —
Bi*",Pb*",0, + O} + 20H™ + 2Na* (4)

Complex fluorides show various interesting structures
and physical properties such as piezoelectric character-
istics, photoluminescence behavior, ionic conductivity,
and nonmagnetic insulating behavior. The preparation of
complex fluorides by high-temperature solid-state reac-
tions was previously reported, but requirements for the
synthetic apparatus due to the corrosive nature of fluo-
rides limited the study by solid-state synthesis. Hydro-
thermal syntheses of LiBaF; and KMgF; with perovskite
structures were carried out at 120—240 °C in the presence
of a mineralizer, HF or NH4HF,. Crystalline KMgF; was
obtained by mixing KF and MgF, with deionized water,
adding hydrofluoric acid, and heating at 120—240 °C under
autogenous pressure for several days.® LiBaF; was syn-
thesized in the same way either from a reaction mixture
of LiF, BaF,, and water, or from LiOH and Ba(OH),
solutions to which NHsHF, was added. As an extension,
complex fluorides with scheelite and wolframite structures
were hydrothermally synthesized and doped with photo-
sensitive rare earth elements. The complex fluorides, ABF,
(A = Li, K; B =Y, Er, Ho), were synthesized at 140—240
°C, and doping of Eu®* ions in LiYF, and KYF, was carried
out by directly adding Eu,O; into the reaction mix-
tUreS.lO’39’4O

Low-Dimensional Aluminophosphates

The well-known microporous aluminophosphates, de-
noted AIPO,-n, are typically built up from strict alternation
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of AlO, and PO, tetrahedra to form neutral 3D frameworks
with an Al/P ratio of unity. Recently, novel chains and
layers of low-dimensional metal phosphates were ob-
served in solvothermal synthesis. These low-dimensional
metal phosphates, which constitute an important area of
materials chemistry, are rare in nature, but in nonaqueous
systems they show reasonable stability in either one-
dimensional (1D) or two-dimensional (2D) forms. Among
low-dimensional metal phosphates, denoted as MePOs
(Me = Fe, Co, In, Zn, Ti, or Al), a number of members of
a novel class of low-dimensional aluminophosphates
(AIPOs) provide good examples, for they were well defined
by both theoretical network modeling and experimental
synthesis.*~46 Apparently, the organic solvent plays an
important role in decreasing the dimensionality in AIPOs.
Part of the reason for this may be the coverage and space
effects of organic solvents on certain reactive groups of
aluminum and phosphor species. Indeed, in their struc-
tures various basic units of Al-centered polyhedra such
as AlQy, AlOs, AlO4(OHy),, and terminal P—OH and/or P=
O groups exist, leading to their Al/P ratios less than unity;
the common AIl/P ratios are 1/2, 3/5, 2/3, 3/4, and 4/5,
and as a result, the networks are negatively charged with
the empirical formula Al,Pn1104(n+1)3” (N =1, 2, 3, and 4).
The negative charges are compensated by protonated
organic ammonium cations located in the structures.
Typical stoichiometries of low-dimensional aluminophos-
phates are AIongsi, A|3P502067, A|2P30123’, A|3P401637, and
A|4P502037.

The Al;P4,016%~ layers exhibit rich structural diversity
and have been found in a number of 2D compounds with
different sheet structures and organic templates. There are
unique six sheets constructed by 4—6—8(l), 4—6—12,
4—6(1), 4—6(I1), 4—6(111), and 4—6—8(1l) rings, respectively,
in the following six compounds: [Al;P4016]-[NH3(CH,),-
NH3][OH2(CH2);0H][OH(CH_),0H], [AlsP4046]-3[CH3(CH5),-
NHj3], [Al3P4016]-1.5[NH3(CH,)sNH;], [AlsP4046]-3[CH3(CH>)3
NH3], [A|6P8032]'3[NH3CHMecHzNH3]H20, and [A|3P4015]'
2[CsNaHg][NH,], where 11 and 111 represent different styles
of combination for the same ring. The difference in their
structures is the style of combination of various rings in
a sheet. Figure 3 shows the six distinct 2D sheet patterns,
including the combinations of 4—6—8(l), 4—6—12, 4—6(1),
4—6(11), 4—6(111), and 4—6—38(Il) rings above six AIPOs.
These aluminophosphate layers are held by interlammel-
lar template cations and stack in various sequences, such
as AAAA, ABAB, ABCABC, and ABCDEF. Figure 4 shows a
sheet composed of the 4—6—12 rings stacked in an ABAB
sequence, which creates a 12-membered ring channels
along the c-axis in the structure of [Al;P;046]+1.5[NH3(CHy)4-
NHj3]. The numerous ring combinations and sheet stacking
sequences provide the possibility to explore devised
structures for catalysis and for pillared microporous
materials.

Other low-dimensional [AIP,0OgH,(OH;),]-[N2.C3Hs],
[A|2P3010(OH)2]’[C6NH3], [A'PzPOgHz]‘[EthH], and [Ale-
OgH]-[HsNCH,CH;NHj3] were also prepared from non-
aqueous systems. These 1D chains and 2D sheets are
stabilized by protonated organic amines (templates) by
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FIGURE 3. Six distinct styles of combination of (a) 4—6—8(1) rings,
(b) 4—6—12 rings, (c) 4—6(1) rings, (d) 4—6(l1) rings, (€) 4—6(IlI) rings,
and (f) 4—6—8(ll) rings in 2D AIPOs (terminal oxygen atoms are
omitted). Reprinted with permission from ref 46. Copyright 2000
Elsevier.

H-bonding interaction with certain regularity. The tem-
plating ability of various organic amines for the inorganic
layers depends on the energies of the template—layer
interactions. Therefore, this study provides a rational way
to synthesize theoretically designed AIPOs.

Inorganic—Organic Hybrid Materials

Hydrothermal reactions have been extensively applied to
the synthesis of inorganic—organic hybrid materials, such
as coordination polymers and clusters. The coordination
polymers and clusters, which bridge the molecular and
atomic solids, possess potential functions such as enan-
tiomer separation, chiral synthesis, ligand exchange, and
selective catalysis. The coverage of this section is limited
to some examples of our recent hydrothermal syntheses,
for many works in the field have been well reviewed.*”~%0

Our recent efforts in this field are focused mostly on
the design and hydrothermal synthesis of novel coordina-
tion polymers and clusters by using neutral donor ligands
(i.e., 4,4'-bipyridine, pyrimidine, pyrazine), strictly anionic
ligands (i.e., carboxylate), and their combination. For
example, the hydrothermal reactions of V,0s, H,C,0,, Ni-
(NOg3),, ethylenediamine (en) or 1,2-diaminopropane
(enMe), and water yield two layered vanadium oxides with
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FIGURE 4. The 4—6—12 ring sheets stacked in an ABAB sequence, creating 12-membered ring channels along the c-axis in the structure
of [Al3P4016]+1.5[NH3(CH,)sNHs). Adapted from our previously published data (Thomas, J. M.,; Jones, R. H.; Xu, R; Chen, J.; Chippindale, A. M,
Natarajan, S.; Cheetham, A. K. Novel Porous Sheet Aluminophosphate: AlgP4016%~1.5[NHs(CH,)sNHs]?™. J. Chem. Soc., Chem. Commun.

1992, 929—931).

FIGURE 5. View of the structure of [Ni(en);]os[V307] down the b-axis,
showing the layers of vanadium oxide with interlayer {Ni(en),}2".
Reprinted with permission from ref 51. Copyright 1999 American
Chemical Society.

interlayer metal coordination complexes, [Ni(en),]os[V30-]
and [Ni(enMe)]os[H.enMe]os[VsO14].5t Both compounds
consist of 3D mixed-valence vanadium oxides with inter-
layers of {Ni(en),}?", or {Ni(enMe)}?* and H,enMe?*. In
the structure of [Ni(en).]os[V307], @ novel sheet arrange-
ment of vanadium and oxygen atoms of {V30;}~ was
found with a sheet composition {V°*(V4),07} . In the
structure of [Ni(enMe)z]os[H.enMe]os[VeO1s], both {Ni-
(enMe)}?" and H,enMe?* serve as unusual pillars between
{V6014}?™ sheets. The structure of [Ni(en),]os[Vs0-] consists
of {Ni(en)}?* cations bridged through {V;0;} ~ layers into
a 3D framework (Figure 5). The structure of [Ni(enMe),]os-

FIGURE 6. View of the structure of [Ni(enMe);]os[HenMe]os[VeO14]
down the a-axis, showing the layers of vanadium oxide with
interlayer { NilenMe);} 2+ and { H,enMe} 2", Reprinted with permission
from ref 51. Copyright 1999 American Chemical Society.

[H.enMe]os[V6O14] is constructed from {Ni(enMe),}?* and
H,enMe?* through the {VsO14}2" layer into a 3D framework
(Figure 6). It is interesting to see the different arrange-
ments of VOs and VO, in the inorganic layers. The zigzag
chains are arranged in a manner of A—B—A—B through
tetrahedral VO,. In the structure of [Ni(en),]os[V307], the
direction of the apical oxygen of the neighboring square
pyramids is exactly opposite, whereas only the apical
oxygens of the middle pyramid are reversed in the case
of [Ni(enMe),]os[H26nMe]os[VeO14] (Figure 7).

A family of inorganic—organic hybrid compounds with
formula CuL(VO,)(PO,) (L = 4,4'-bipyridine (4,4'-bipy),
1,10-phenanthroline (1,10-phen), and 2,2'-bipyridine (2,2'-

VOL. 34, NO. 3, 2001 / ACCOUNTS OF CHEMICAL RESEARCH 243



New Materials in Hydrothermal Synthesis Feng and Xu

a
4N 4
N P .HE.\ i:
Pans e Ty s .
- N + HH
S P & P
£ N
) : 177
35 a=a gl
A0 . - £
<k T orp
& ] i i
/14 H T
- T
i
4
- 3L AL
muEa aN FH
\¢<EE7}7 o B
AT B, A5 AT
Q\L\d_%l IJ\ll){l\{{I; ilA \l\lk H
; :
p. A
A P A A
< P S
N P

Va

pa
o

AN

HH
o

T
T
Py
T T EERES

i N G

FIGURE 7. View of the vanadium oxide layers of (a) [Ni(en)2]os-
[V507] and (b) [Ni(enMe);]os[HzenMelos[VeOia]. Reprinted with permis-
sion from ref 51. Copyright 1999 American Chemical Society.

A

A

bipy)) were hydrothermally synthesized at 160 °C for 120
h.52 The use of different bidentate organodiamine ligands
in the initial reaction systems gave raise to a variety of
structures of the products with the same inorganic
composition. Cu(4,4'-bipy)(VO,)(PO,) and Cu(1,10-phen)-
(VO,)(PO,4) possess the same {(VO,)(PO,)}, four-mem-
bered rings (4-MRs), whereas the structure of Cu(2,2'-
bipy)(VO,)(PO,) contains {(VO,)(PO4)}. infinite chains.
The structure of Cu(4,4'-bipy)(VO,)(PO,) has a 3D frame-
work, consisting of infinite inorganic layers of { CuV,P,015}
(Figure 8a), linked by the coordination of 4,4'-bipy with
Cu atoms, as shown in Figure 8b. As expected, the
replacement of 4,4'-bipy by 1,10-phen makes the structure
change from 3D to 1D. Cu(1,10-phen)(VO,)(PO,) is con-
structed from {(VO,)(PO4)}.*~ 4-MRs and Cu(1,10-phen)?*.
A zigzag chain along the c-axis is generated in a sequence
of {CuVPO3} 3-MRs, {V,P,0,} 4-MRs, {CuVPO3} 3-MRs,
and {Cu,P,0,} 4-MRs (Figure 9). The adjacent chains of
{Cu(1,10-phen)(VO,)(PO,)}.. are closely connected through
a so-called #—x interactions of the 1,10-phen. Cu(2,2'-
bipy)(VO,)(PO,) consists of two {(VO,)(PO,)}. chains
linked by Cu(2,2'-bipy)?* fragments into a pair of 1D
chains (Figure 10). These paired chains are aligned in a
parallel way and are closely packed.

A hydrothermal reaction of NaVOs;, H3BOs;, Zn(CHs-
COO0),, ethylenediamine, and H,O gives a coordination
cluster [Zn(en)z]e[(VO)1205818039(OH)3]‘13H20. The struc-
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FIGURE 8. (a) View of the {CuV,P,012} layer parallel to the a-axis.
(b) View of the structure of Cu(4,4'-bipy)(VO,)(PO) along the b-axis,
showing the virtual channels. Reprinted with permission from ref
52. Copyright 2000 American Chemical Society.

ture consists of 18-membered rings of B;g035(OH)3 sand-
wiched between two alternating edge-sharing vanadium—
oxygen clusters VgOs5 by six B—(u3-O)—V, bonds and three
B,-(13-O)—V bonds (see Figure 11). Each of six zinc atoms
is coordinated by two ethylenediamine molecules and
connected with the B;5039(OH); ring by one Zn—(u3-0)—B
bond. A water molecule occupies the center of the
structure. The oxidation states of vanadium in the com-
pound are V(IV) and V(V) in a ratio of 3:1.5°

Specially Condensed Materials

Hydrothermal synthesis favors the control of morphology,
particle size, and elemental valence of synthetic materials
by the chemical operations in a specific process of
synthesis such as in the synthesis of the nanocrystalline
Ce0O,-based materials and the mixed-valance GMR mate-
rial mentioned above. On the other hand, the hydrother-
mal synthesis is a unique route to specially condensed
phases such as superhard materials, helical and chiral
structures, and specially arranged coordination states.
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FIGURE 9. View of the 1D chain of Cu(1,10-phen)(VO,)(PO,) along
the c-axis. Reprinted with permission from ref 52. Copyright 2000
American Chemical Society.

FIGURE 10. Pair of 1D chains of Cu(2,2'-bipy)(VO,)(PO). Reprinted
with permission from ref 52. Copyright 2000 American Chemical
Society.

Superhard materials such as diamond and gallium
nitride (GaN) were recently crystallized from hydrothermal
and solvothermal systems, respectively.>* Apparently, high
temperature and high pressure are favorable for diamond
as a thermodynamically stable phase. Experimentally, in
a typical procedure for diamond growth, powdered nickel,
glassy carbon, diamond seeds, and water were sealed in
autoclaves and heated at 800 °C and 1.4 kbar. This
diamond-on-diamond decomposition under hydrother-
mal conditions appeared to achieve bigger diamond
crystals than the seeds. The solvothermal synthesis of GaN
was performed under relatively mild conditions by the
reaction of GaCl; with LisN in benzene in an autoclave at
280 °C for 12 h.%

Helical or multiple helical structures, which were
constructed by a self-assembly of molecules, are often
found in nature and are of particular interest in biology
and pharmacology. The rational synthesis of inorganic—
organic compounds with a helical array is challenging. The
most notable has been the hydrothermal synthesis of
inorganic double-helix, chiral [(CHz),NH]K4[V10010(H20)-
(OH)4(PO,)7]:4H,0 reported by Soghomonian et al. This
compound was prepared by a hydrothermal treatment of
KVQO3;, V, HsPO,4, CH3PO(OH),, (CH3),NH, and water at 200
°C for 4 days. Its structure consists of a 3D covalently

FIGURE 11. View of the structure of [Zn(en);]s[(VO)1206B15039(0H)s]*
13H,0, showing six Zn(en), connected with the BygV1, cluster; a water
molecule occupies the center of the cluster. Reprinted with permis-
sion from ref 53. Copyright 1999 Academic Press.

bonded framework built up from VOg octahedra, VOs
square pyramids, and PO, tetrahadra. It contains chiral
double helices formed from interpenetrating spirals of
V-0 pentamers bonded together by P5*. These double
helices are in turn intertwined with each other in a
manner that generates unusual tunnels and cavities that
are filled with (CH3),NH," and K* cations, respectively.
Three other examples of spirals occur in the hydrothermal
product of RbIn(OH)PO, reported by Lii,%" a spiral-shaped
chain of [{ Cu(en)(OH,)} MosP,0,3]*~ reported by Lu et al.,%
and chiral layered trans-Co(dien);-Al3P,06-3H,0 (dien =
bis-(2-aminoethyl)amine) with a unique six-layer stacking
sequence reported by Bruce et al.>®

A new helix, M(4,4'-bipy)2(VO,)2(HPO4), (M = Co and
Ni; bipy = bipyridine), contains not only an infinite helical
chain [(VO,)(HPO,)]. but also both left-handed and right-
handed helical chains in a structure as shown in Figure
12.5° This structure was obtained by hydrothermal reaction
of NaVOg3;, NaH,P0O,, Co(NOg), or Ni(NO3),, 4,4'-bipy, and
H,O at 160 °C for 5 days. It has a novel 3D structure
constructed from two subunits, e.g., [(VO,)(HPO,)]. helical
chains and [M(4,4'-bipy),]?* fragments. These helical
chains are composed of alternating corner-sharing HPO,
tetrahedra and VO,N trigonal-bipyramids. The formation
of the helix in the structure may be due to the interaction
of arigid [M(4,4'-bipy),] pillar as an “extra force” with each
vanadium atom on the helical chains at a certain angle,
ca. 48.5°, which is structurally necessary for stabilizing the
helix.

A special five-coordinate titanium was observed in a
hydrothermally prepared layered solid, Na,Ti,SigO,:4H,0,
namely JDF-L1.%* It is the first synthetic material with five-
coordinate titanium, and only one other material, the
titanosilicate mineral fresnoite, Ba,TiSi,Og, is known to
have a structure similar to that of JDF-L1. It was synthe-
sized using tetrabutyl orthotitanate, fumed silica, sodium
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FIGURE 12. View of the space-filling plot of the left-helical and
right-helical chains [(VO,)(HPO,)]... Color key: V, green; P, yellow;
O, red; N, blue. Reprinted with permission from ref 60. Copyright
2000 Wiley.

hydroxide, aqueous hydrogen peroxide, and water as a
reaction mixture, which was heated at 180 °C for 10 days.
The uniqueness of its structure was found useful in
catalyzing hydrocarbon oxidation in the presence of
hydrogen peroxide at low temperatures.

Materials, Life, Environment, and Societal
Issues

In addition to new materials, currently attractive studies
on the origin of life, environmental, and societal issues
are increasingly related to hydrothermal synthesis or
hydrothermal chemistry. It is hypothesized that rich
chemical reactions occurred in the warm sea and all
microorganisms have high-temperature ancestors. It is
found that most microorganisms living at very high
temperatures are archaea on the molecular biological tree.
More and more evidence supports the model of the
hydrothermal origin of life. However, the most interesting
research, such as that into nonenzyme hydrothermal
synthesis from inorganic to organic or biological species,
needs to be explored further for both deeper understand-
ing of life evolution and possible industrial applications.
In contrast to the mild hydrothermal synthesis, the
supercritical water oxidation process will effectively de-
compose almost all organic wastes into smaller molecules
and CO,, serving as a friendly tool for the environment.
Accordingly, hydrothermal synthesis (chemistry) provides
new materials, helps to clean up our environment, and
helps to understand the origin of life.

Conclusions

In summary, a huge number of new materials have been
synthesized from hydrothermal systems. The increasing
interest in hydrothemal synthesis derives from its advan-
tages in terms of high reactivity of reactants, easy control

246 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 34, NO. 3, 2001

of solution or interface reactions, formation of metastable
and unique condensed phases favored, less air pollution,
and low energy consumption. Hydrothermal synthesis has
been found to be an effective route for rational synthesis
and crystal engineering of microporous crystals, ionic
conductors, complex oxides and fluorides, low-dimen-
sional aluminophosphates, inorganic—organic hybrid ma-
terials, and particularly condensed materials. These new
materials have provoked significant interests in new
structural architectures and potential applications to many
fields such as photochemistry, electromagnetism, catalysis,
and biology.

This work was supported by the National Nature Science
Foundation of China (NSFC) and the Ministry of Science and
Technology of China (MOSTC).
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