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Abstract

The new pyrazine-pillared solids, AgReO4(C4H4N,) (I) and AgsMo,04F7(C4H4N,); (C4H4N, = pyrazine, pyz) (II), were synthesized
by hydrothermal methods at 150 °C and characterized using single crystal X-ray diffraction (I—P2;/c, No. 14, Z =4, a = 7.2238(6) A,
b=74940(7)A, c¢=15451(1)A, B=92.296(4)°; II—P2/n, No. 13, Z=2, a=7.64659)A, b=7.1888(5A, ¢=19.1422)A,
f = 100.284(8)°), thermogravimetric analysis, UV-Vis diffuse reflectance, and photoluminescence measurements. Individual Ag(pyz)
chains in I are bonded to three perrhenate ReOj tetrahedra per layer, while each layer in II contains sets of three edge-shared Ag(pyz)
chains (n—n stacked) that are edge-shared to four Mo,O4F3 dimers. A relatively small interlayer spacing results from the short length of
the pyrazine pillars, and which can be removed at just slightly above their preparation temperature, at >150-175°C, to produce
crystalline AgReO,4 for I, and AgoMoO,4 and an unidentified product for II. Both pillared solids exhibit strong orange-yellow
photoemission, at 575 nm for I and 560 nm for II, arising from electronic excitations across (charge transfer) band gaps of 2.91 and
2.76eV in each, respectively. Their structures and properties are analyzed with respect to parent ‘organic free’ silver perrhenate and

molybdate solids which manifest similar photoemissions, as well as to the calculated electronic band structures.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Synthetic routes to new solids with layered structures is
often desired in order to probe the structural or physical
property effects of intercalating or deintercalating guest
molecules between the interlamellar regions. Envisioned or
existing applications include rechargeable batteries, cata-
lysts, separations, ion exchange, and gas absorption, to
name a few—for reviews of the intercalation chemistry of
layered solids, see [1]; for a few selected examples of recent
research articles, see [2]. Pillared layered structures in the
mixed metal-oxide/organic systems, for example, are
constructed through the use of organic ligands that bridge
(or pillar) across the metal sites within separated metal-
oxide layers, predisposing the structure towards guest
intercalation within the gallery or pillared areas. Chemical
systems which feature layered pillared structures include
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many types of phosphonates [3], sulfates [4], and molyb-
dates [5] as well as heterometallic solids that incorporate
additional transition metals for preferentially bonding to
the bridging organic ligands [5—7]. The late transition-metal
cations can be of a wide variety (e.g. Cu>", Ni**, Co**,
Fe? ") and are incorporated into the layer via coordination
to the intralayer anions (PO3~, MoO3™, etc.). Thus, a
significant diversity of layered pillared solids is possible by
using a variety of transition metals and/or pillaring ligands,
with some recent examples including [Cu(4,4’-bipyridi-
ne)g sMoOy] - 1.5H,O [8], [Cu(tripyridyltriazine),Mo403]
[6], [Cos(pyrazine)(HPOy),F;] [9], and [Cu(4,4'-dipyridyla-
mine)VO;] [7]. In these examples, the metal-oxide layer and
the bridging organic ligand are formally neutral, but the
removal of these pillaring molecules at relatively low
temperatures has usually not been investigated.

The utilization of Ag-containing oxide layers within the
context of organic-pillared solids remains relatively un-
explored. Among Ag-containing heterometallic oxides,
potential applications include carbon monoxide oxidation
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(AgCo00,/C0304, Ag,O/y-Mn,O3 composites, a-AgFeO,)
[10-12], oxidative dehydrogenation of propane (AgMoO,.
PO,) [13], as well as other oxidative reactions [14].
Synthesis of pillared heterometallic-organic/oxides con-
taining silver would hold promise for studying catalytic
reactions whereby the guest molecules (such as CO) could
be incorporated within the micropores. Or alternatively,
heterometallic-organic/oxides that are pillared by easily
removable ligands could potentially serve as useful
precursors to new condensed oxides, with the resultant
structure deriving from the condensation of the purely
inorganic layers. In our group, prior research efforts on
pillared solids have demonstrated that the parent AgReOy,
solid can be pillared by metal-coordinated bridges, e.g. in
M(pzc),(H,0), (M = Co, Ni; pzc = pyrazinecarboxylate)
to give M(pzc),(H,0),AgReOy [15] or in Cu(pzc), to give
the chiral Cu(pzc),AgReO4 [16]. In these examples, the
neutral water ligands that are coordinated to the axial sites
of the M(pzc), pillar can be reversibly removed without the
loss of the structure crystallinity to generate coordinatively
unsaturated metal sites, while the chelating pyrazinecar-
boxylate ligand is removed at higher temperatures
(>300°C) and can effect changes in the layer composition
owing to its charge. These three reported structures can be
viewed as derived from the AgReOy4(pyz) (pyz = pyrazine)
structure, reported herein, whereby the pyrazine ligand has
been substituted for with metal-coordinated pillars, i.e.
M(pzc)>»(H>O),. Thus, the syntheses of pyrazine-pillared
structures can be used to help forecast future structures and
compositions based on the substitutions of different
organic pillars, such as for AgzMo,04F;(pyz); described
below.

Presented herein is the synthesis, structure and physical
properties of two new pyrazine-pillared structures,
AgReO4(C4H4No)  (I)  and  AgzMo,O4F7(C4H4NL);
(C4H4N, = pyrazine, pyz) (II), which have been character-
ized for ligand loss during thermogravimetric analysis, and
also for their optical properties including photolumines-
cence and UV-Vis diffuse reflectance. The optical proper-
ties are analyzed with respect to the calculated electronic
band structure and also to that exhibited by previously
reported inorganic counterparts.

2. Experimental

Caution: Hydrofluoric acid is toxic and corrosive!

Materials: Ag,O (99%, Aldrich), MoOj3 (99.9995% +,
Alfa Aesar), Re,O; (99.9% +, Alfa Aesar), pyrazine
(99 + %, Aldrich), HCI (aqueous, 37.4% Fisher) and HF
(aqueous, 49% Aldrich) were used as received. Reagent
amounts of deionized water were also used in the synthesis.

Synthesis: The synthesis of AgReOy4(pyz) was performed
by adding 2.09x107'g (4.32x10"*mol) of Re,O-,
1.00x107'g (4.32x 10*mol) of Ag,O, 691 x 107 >g
(8.63 x 10~*mol) of pyrazine, and 6.22 x 10~ 'g (3.45 x
107> mol) of H,O to an FEP Teflon pouch. The pouch was
heat sealed and placed inside a 125mL Teflon-lined

stainless steel reaction vessel that was backfilled with
~42 mL deionized H,O before closing. The reaction vessel
was heated to 150 °C for 24 h inside a convection oven and
slowly cooled to room temperature at 6°Ch~". Colorless
bar-shaped crystals were recovered by filtration in ~85%
yield based on silver. Large (mm-sized) octahedral AgReOy,
crystals also formed as a side product. Hydrothermal
reactions at lower temperatures (e.g. 120 °C) did not result
in higher yield or purity of the product. However,
AgReOy(pyz) could be synthesized in high purity from a
hydrothermal reaction of AgReO,4 and pyrazine at 150 °C
for 24 h, resulting in only large transparent crystals of the
product. The crystals were extracted manually from the
latter for subsequent physical property measurements.

The synthesis of AgzMo,04F(pyz); was performed
analogous to the procedures above, by reacting 2.41 x
107 'g (1.67 x 10> mol) of MoOs, 5.82x 107 'g (2.51 x
10°mol) of Ag,0, 6.71x107%g (8.38 x 10"*mol) of
pyrazine, 5.94 x 10" g (1.68 x 10~>mol) of 49% aqueous
HF and 1.56 x 1072g (6.28 x 10~*mol) of concentrated
HCI in an FEP teflon pouch that was placed inside a
125mL Teflon-lined stainless steel reaction vessel and 1/3
backfilled with deionized H,O. HCI is necessary to grow
high-purity crystals, although the chloride ion itself does
not go into the structure. The reaction vessel was heated to
150 °C for 24 h inside a convection oven and slowly cooled
to room temperature at 6°Ch~'. Yellow needle- and
tubular-shaped crystals were recovered by filtration in
“75% yield based on silver.

Crystallographic structure determination: Several bar-
shaped and transparent crystals of AgReO4(pyz) were
examined under an optical microscope equipped with cross
polarizers, and were mounted for data collection on a
Bruker CCD diffractometer operating at 110 K. The unit
cell obtained was monoclinic with a = 7.2238(6)1&, b=
7.4940(7) A, ¢ = 15.451(1) A, and 8 = 92.296(4)°. One-half
sphere of reflections (+4,k,/) was collected and processed
with  SAINTPLUS [17] to 20 = 72.85° to give 47921
reflections, of which 3825 were unique and observed
(F>1lop). The structure was solved and refined using
SHELXTL [18] in the monoclinic space group P2;/c (No.
14) and checked for additional symmetry elements using
the program PLATON [19]. Hydrogen atoms on the
pyrazine molecules were refined in idealized positions at a
C-H distance of 0.96A. Final anisotropic structure
refinement converged at R;/WR, = 0.039/0.050 (R, =
0.033), with a data:variable ratio of ~35:1. The highest
residual electron density peak was 1.47¢ A3,

Yellow-colored needle crystals of AgzMo,O4F;(pyz)s
were characterized according to similar procedures as
outlined above, with the procedure modifications described
below. A single crystal was selected and fixed on a glass
fiber using epoxy and centered on an Enraf-Nonius CAD4-
MACH diffractometer operating at 148 K. The unit cell
was determined by a fit of 25 well-centered reflections in the
range of 34°<260<36°, and was measured to be monoclinic
with a = 7.6465(9) A, b = 7.1888(5) A, ¢ = 19.142(2)A, and
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Table 1
Selected crystal and refinement data for AgReO4(C4H4N,) (I) and
AgzMo,04F7(C4H4Ny); (IT)

Compound 1 11

Fw 438.16 952.72
Space group, Z P2,/c (No. 14), 4 P2/n (No. 13), 2
T (K) 110 148

a (A) 7.2238(6) 7.6465(9)

B 7.4940(7) 7.1888(5)

C 15.451(1) 19.142(2)

p 92.296(4) 100.284(8)
14 835.8(1) 1035.3(2)

# (MoKo) (mm™?) 16.79 4.05

deaie, (gem™3) 3.48 3.06
Reflections (total), Rjy 47921 3630
Data/restraints/parameters 3815/0/109 1777/0/157
Final R;, wR," [I>20(1)] 0.039, 0.050 0.025, 0.037

“Ry = X||Fo|—|Fel /21 Fol; WRy = {E[w(Fa—Fo) Y EIw(Fo) 12, w = o
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p =100.284(8)°. Two octants of data were collected
(£h,+k,+1]) twice (i.e. a redundant data set), to give a
total of 3630 reflections of which 1777 were unique and
observed (F> loy). Three standard reflections were mea-
sured every 80 min of X-ray exposure time to monitor and
correct for crystal decomposition. Data reduction utilized
routines from the NRCVAX suite of programs [20],
and the structure was solved using SIR92 [21] in the
monoclinic space group P2/n (No. 13). Final anisotropic
structure refinement converged at R;/wR, = 0.025/0.037
(Rave = 0.040) with a data:variable ratio of ~11:1. The
highest residual electron density peak was 1.16e A3 (and
—1.30eA7).

Some data collection and refinement parameters for
both solids, as well as selected atomic coordinates and
isotropic-equivalent displacement parameters are listed in
Tables 1-3. Interatomic contacts for selected bonds in both

Table 2
Selected atomic coordinates and equivalent isotropic displacement parameters (Az) for AgReO4(C4H4N,)
Atom Wyckoff letter x v z Uleq)*
Re 4e 0.47856(2) 0.84442(2) 0.61992(1) 0.02696(9)
Ag 4e 0.47852(4) 0.63526(5) 0.36809(2) 0.0266(1)
(0 4e 0.2537(6) 0.9190(7) 0.6169(3) 0.060(3)
02 4e 0.6247(7) 0.0228(6) 0.6139(3) 0.059(3)
03 4e 0.5065(6) 0.7066(5) 0.5330(2) 0.044(2)
04 4e 0.5263(6) 0.7251(6) 0.7134(2) 0.043(2)
N1 4e 0.7861(4) 0.6089(5) 0.3704(2) 0.026(2)
N2 4e 0.1701(4) 0.6082(5) 0.3686(2) 0.027(2)
C1 4e 0.8778(5) 0.5208(6) 0.3092(3) 0.030(2)
C2 4e 0.0688(5) 0.5224(6) 0.3085(3) 0.031(2)
C3 4e 0.0815(6) 0.6956(6) 0.4300(3) 0.030(2)
C4 4e 0.8896(6) 0.6947(6) 0.4305(3) 0.030(2)
“U(eq) is defined as one-third of the trace of the orthogonalized Uj; tensor.
Table 3
Selected atomic coordinates and equivalent isotropic displacement parameters (Az) for AgzMo,04F;(C4H4N»);
Atom Wyckoff letter X y z U(eq)*
Agl 4g 0.82352(3) 0.44824(4) 0.43178(1) 0.0126(2)
Ag2 2f 0.75 0.50221(5) 0.25 0.0130(2)
Mo 4g 0.69194(4) 0.51726(4) 0.63963(2) 0.0105(2)
F1 2f 0.75 0.5959(4) 0.75 0.013(1)
F2 4g 0.6786(2) 0.7825(3) 0.6248(1) 0.017(1)
F3 4g 0.9513(2) 0.5598(3) 0.6524(1) 0.017(1)
F4 4g 0.7541(3) 0.2751(3) 0.6762(1) 0.017409)
Ol 4g 0.6720(3) 0.4558(4) 0.5525(2) 0.019(1)
02 4g 0.4718(3) 0.5023(3) 0.6527(1) 0.013(1)
N1 4g 0.8319(3) 0.7550(5) 0.4351(1) 0.011(1)
N2 4g 0.8194(3) 0.1421(4) 0.4303(1) 0.011(1)
N3 2f 0.75 0.1952(6) 0.25 0.010(2)
N4 2f 0.75 0.8087(6) 0.25 0.009(2)
Cl 4g 0.6941(4) 0.8495(5) 0.4523(2) 0.013(2)
C2 4¢g 0.6885(5) 0.0409(5) 0.4494(2) 0.013(2)
C3 4g 0.9549(4) 0.0480(5) 0.4112(2) 0.011(2)
Cc4 4g 0.9609(4) 0.8540(5) 0.4138(2) 0.011(2)
C5 4g 0.6079(4) 0.0975(5) 0.2622(2) 0.011(1)
C6 4g 0.6084(4) —0.0955(5) 0.2625(2) 0.011(2)

*Uleq) is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 4
Selected interatomic distances (A) and angles (deg) in AgReO4(C4H4N>)
(I) and AgzMo,04F7(C4H4N,); (II)

Atom 1 Atom 2 Mult. Distance  Intra-polyhedral angles

|

Agl NI 2.229(3) Re 0Ol 1.717(4)
N2 2.238(3) 02 1.708(4)
02 2.686(5) 03 1.713(3)
03 2.603(3) 04 1.722(4)
04 2.644(3)

II

Agl N1 2.207(3) Mo Ol 1.705(3)
N2 2.201(3) 02 1.749(2)
Ol 2.765(3) F1 2.1552(8)
02 2.557(3) F2 1.928(2)
F3 2.560(2) F3 1.978(2)

F4 1.904(2)

Ag2 N3 2.207(4)
N4 2.203(4)
02 2 x 2.733(2)
F3 2 x 2.718(2)

solids are given in Table 4. Included in the supporting
information is a complete list of data collection, refinement
and anisotropic displacement parameters and all near-
neighbor interatomic distances.

Optical property measurements: Approximately 50 mg of
powder of each sample was mounted onto a fused-silica
holder and placed along the external window of an
integrating sphere inside a Cary 300 spectrophotometer
to measure the UV-Vis diffuse reflectance spectra (DRS).
Pressed polytetrafluorocthylene powder was used as a
reference and the data were plotted as the remission
function F(R..) = (1-R..)*/(2R..,), where R is diffuse
reflectance based on the Kubelka—Monk theory of diffuse
reflectance. Emission and excitation spectra were measured
with an ISS PC-1 fluorometer equipped with a Xenon arc
lamp using front face detection geometry to orient the
sample face at an angle of 22.5° with respect to the incident
beam. A low band-pass UG-11 filter was placed after the
excitation monochromator. Excitation spectra were cor-
rected by a rhodamine-B quantum counter and emission
spectra were corrected with respect to a standard quinine
sulfate solution and a NIST spectrum.

Thermogravimetric analyses: Weighed samples of 31.79
of T and 32.81mg of II were loaded onto Pt pans,
equilibrated and tarred at room temperature, and heated
at a rate of 1 °Cmin~"' for I or 0.5°C min~" for II to 400 °C
under flowing nitrogen on a TA Instruments TGA Q50.

Electronic band structure calculations: Extended Hiickel
calculations were carried out within the tight-binding
approximation, using the CAESAR2 program [22], for
the full structures of I and II at 960 k-points spread over
the irreducible wedge. The double zeta basis sets were
selected for the atomic orbital parameters, and the atomic

coordinates and lattice dimensions were taken from the
respective single crystal structures.

3. Results and discussion

Structural descriptions. AgReO4(pyz) (I): Colorless crys-
tals of I are comprised of neutral AgReO, layers that are
bridged via pyrazine ligands to the Ag sites in each layer, as
shown in Fig. 1. The single symmetry-unique layer stacks
directly above and below, down the a-axis, to generate the
full 3D structure. The shortest interlayer spacing is set by
the length of the pyrazine ligand at 2.78 A, while the ReOy
tetrahedra, which line the spaces between the Ag(pyz)
pillars, are separated at a distance of 4.61 A (O1-02)
across the individual layers (marked). Each ReO, tetra-
hedron bonds via three O vertices to three different Ag™ in
the layer (Ag—O of 2.603(3)-2.686(5) A), with the fourth
vertex either above or below the layer, as shown in Fig. 2.
The symmetry-unique atoms and distances are labeled in
Fig. 2B and listed in Table 4. Each Ag™ is bonded to the
three oxide groups from the three separate ReOy, tetrahedra
as well as to the nitrogen groups on two pyrazine ligands
above and below each layer, at 2.229(3)A and 2.238(3)1&
for Agl-N1 and —N2, respectively, similar to that in related
silver-pyrimidine networks [23].

Related but nondistorted AgReQy layers can be found in
the [110] planes of the ‘organic-free’ AgReO, crystal
structure [24], with however a different rotational arrange-
ment of all of the ReO, tetrahedra. Roughly, the
arrangement of cations and anions within the AgReO,
layer of both solids has each Ag™ surrounded by four
ReOy groups (though with the fourth separated at a larger
distance in AgReOy4(pyz)), and with each ReOj4 group
similarly bordered by four Ag™ cations. Thus, the layers of
I can be viewed as sections of the [110] planes in AgReOy
that have been cleaved and pillared by bridging pyrazine
ligands. However, fairly narrow ellipsoidal areas are
formed as a result of the structural changes in each layer
in AgReOy(pyz), Fig. 2B, that are approximately
3Ax12A (from O3 to O3 or O4-Agl and O2-02). The
thermal displacement parameters of Ag do not indicate any
preferential displacements into this area.

AgsMo,O04F5(pyz)s (II): The yellow-needle crystals of 11
are comprised of neutral Ag;Mo,O4F; layers that are
bridged via pyrazine ligands that bond to Ag sites in each
layer, as illustrated in Fig. 3. The pyrazine-pillared
molybdate layers stack directly above and below to
generate the full 3D structure. The shortest interlayer
spacing is set by the length of the pyrazine ligand at 2.78 A,
while Mo,O4F3 dimers border the ‘open’ areas between
the layers, together with the sets of three edge-shared
Ag(pyz) chains, and are separated at a shortest distance of
3.69 A (F2—F4) across the layers. Only the fluoride atoms of
Mo,O4F3 project between the layers, while the oxide
groups bond to Ag” in the plane of the layers.

Structural views normal to the individual layers of IT are
shown in Fig. 4, either as polyhedra (44) or with the



H. Lin et al. | Journal of Solid State Chemistry 179 (2006) 217-225 221

Fig. 1. A ~[010] polyhedral view of the AgReO4(pyz) structure with the
unit cell outlined. Red polyhedra are Ag-centered coordination environ-
ments and blue polyhedra are ReQy.

(B)

Fig. 2. Structural views of a single AgReOy layer drawn using (A) metal-
centered polyhedra and (B) 80% probability thermal ellipsoids. Symmetry
unique atoms are labeled in B, where red ellipses are O, blue are N, yellow
are Re, and purple are Ag.

symmetry-unique atoms labeled (4B). Selected interatomic
distances are listed in Table 4. The M0,O4F>~ dimer is the
first known example of a vertex-shared octahedral dimer
among oxyfluoride molybdates, although evidence for the
formation of vertex-shared tetrahedra in Mo,O,Fy in
solution and W,04F3 in Cs;[W,0,F;] were both reported
some time ago [25,26]. The M0,O4F> dimer can be viewed
as a condensation of two MoO,F3 octahedra via an F
vertex, with the Mo atoms displaced towards the two

Fig. 3. An ~[010] edge-on view of the pyrazine-bridged layers in
AgzMo0,04F;(pyz);. Both the unit cell and the shortest interlayer F-F
distance are marked. Red polyhedra are Ag-centered, blue are Mo-
centered and yellow are pyrazine molecules.

- Vi \}

(B)

Fig. 4. Structural views of a single AgzMo,04F; layer drawn using (A)
metal-centered polyhedra and (B) 80% probability thermal ellipsoids.
Symmetry unique atoms are labeled in B, where red ellipses are O, blue are
N, green are F, yellow are Mo, and purple are Ag.

nearest cis-O groups. The Mo-O and -F distances are
regular and fall within the expected ranges [27], with
two short cis-O distances of 1.705(3)A and 1.749(2)/&
(Mo—O1 and Mo-02) and four longer F distances of
1.904(2)-2.1552(8)A (Mo-F4 to Mo-F1). Each M0,O4F3"
dimer bonds via the four O vertices to Ag " in the plane of
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the layer (Agl-O1 and —O2 of 2.765(3) A and 2.557(3) A;
Ag2-02 of 2.733(2)‘1&, x 2), and also via two F atoms to
the Ag” sites (Agl-F3 of 2.560(2) A and Ag2-F3 of
2.718(2) A, x2). As a result, sets of edge-shared rows of
three Ag " each share O/F vertices to two sets of molybdate
dimers, with one vertex missing on Agl. Each Ag is
additionally coordinated to pyrazine ligands both above
and below (Agl-N1 and —N2 at 2.207(3) A and 2.201(3) A;
Ag2-N3 2207(4)A and 2.203(4)A) that bridges to
adjacent layers.

Between the layers the pyrazine groups arrange face-to-
face at a m—n stacking distance of ~3.5 A, which is within
the ranges of m—= interaction distances reported previously
[28,29]. The close n—m= interactions are formed as a result of
the sets of three edge-shared Ag™ cations in II, whereas
close m—n interactions and near neighbor Ag ™" cations are
both absent in I. The arrangement of cations and anions
within each layer has a NaCl-type repeating pattern, with
each set of three Ag" cations surrounded by four
Mo,O,F3  dimers, and conversely each Mo,O,F3 s
surrounded by four sets of three Ag™ cations.

Thermogravimetric analysis (TGA): The thermal stability
of I and II were investigated by heating each sample to
400 °C under flowing N,. Shown in Fig. 5, the TGA of I
displayed a weight-loss step of 17% extending from ~150
to 175 °C that corresponded to the loss of pyrazine ligands
(theoretical weight loss—18%). The silvery-white product
formed from heating I was determined to be crystalline
AgReO,4 by powder X-ray diffraction. Further weight loss
or change in structure up to 400 °C was not observed. The
TGA of II up to 400 °C showed a single weight-loss step of
33% extending from ~150 to 200 °C, corresponding to a
weight loss 8% greater than that expected by the loss of
pyrazine alone (theoretical weight loss—25%). A powder
X-ray diffraction of the deep red product obtained from
the TGA analysis corresponded to Ag,MoO, as well as
containing some unidentified peaks. The origin of the
additional weight loss is undetermined, but it would
correspond to a loss of half of the original O/F atoms,
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Fig. 5. Thermogravimetric curves for I, AgReO4(pyz), and II, Ag;
Mo,04F+(pyz)s, with the value at each temperature calculated as percent
of the original weight.

such as could occur in a reaction with the ligand to give, for
example, CO or CO,. Both solids begin to decompose at a
temperature only somewhat higher than their preparation
temperature (150 °C), illustrating the ease with which the
pyrazine ligands can be removed, and which also shows
pyrazine-pillared phases could hold promise as useful low
temperature precursors to condensed oxides, i.e. as shown
for AgReO4 and AgoMoOy, here.

Optical properties and electronic structure calculations:
As both solids are two-dimensional versions of insulating/
semiconducting metal oxides, the optical band gaps and
photoluminescent properties were measured to analyze the
resultant effects of pillaring and reduced dimensionality.
The UV-Vis DRS of I (AgReO4(pyz)) is plotted in Fig. 6,
and exhibits an optical absorption edge in the near
ultraviolet with an estimated optical band gap of 2.91eV.
In the case of ‘organic-free® AgReQO,, this excitation
reportedly arises from a metal-to-metal charge transfer
from Ag® to Re’" (ie. Ag'Re¥"—>Ag"ReY) at a
relatively blue-shifted energy of 3.7 eV, but which decreases
with increasing pressure at a rate of ~80meV GPa~' [30].
Significantly, this MMCT in AgReO, also results in an
orange photoluminescence at 580 nm owing to the photo-
emissive triplet state on silver [31]. This photoluminescence
is also expressed here in the pillared structure of I at a
slightly different wavelength of 575nm, shown in Fig. 7.
However, the Ag™ cations in I have farther spaced ReO,
neighbors (and different orientations) than in the simpler
AgReQ,, and are also coordinated covalently to the
pyrazine ligands. To probe the nature of this electronic
transition in AgReOy4(pyz), electronic structure calcula-
tions were performed and the densities of states (DOS)
plotted in Fig. 8. The partial DOS have been projected out
for each element type, and show a predominance of states
arising from Re (unfilled) and Ag (filled) both above and
below the band gap, as found in AgReO, as expected for a
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Fig. 6. A plot of UV-Vis diffuse reflectance spectra, F(R) vs. photon
energy (eV), for AgReOy4(pyz) (I) and AgzMo,04F(pyz); (II).
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Fig. 7. Electronic excitation (left curve) and emission (right curve) spectra
of AgReOu(pyz) (I) and Ag;Mo,04F;(pyz)s (II).

metal-to-metal charge transfer [32]. However, owing to the
addition of pyrazine to the structure, additional states
arising from the ligand (C and N) are located at just below
and also ~0.8eV above the Fermi level, and allows the
possibility of photoemissive excited states arising from a
ligand charge transfer instead. The ~0.8 eV smaller band
gap in the pyrazine-pillared structure, though with an
energetically similar photoluminescence as AgReO,, could
suggest a different electronic origin.

The UV-Vis DRS of II (AgzMo0,04F+(pyz)3), plotted in
Fig. 6, exhibits an optical absorption edge in the visible
region with an estimated optical band gap of 2.76eV. The
smaller visible-region band gap of II is confirmed by its
yellow color, compared to crystals of I which are
transparent and colorless. This lowest-energy optical
absorption arises in ‘organic-free’ molybdates from
a ligand-to-metal charge transfer (LMCT) between
0%~ and Mo®", to yield short-lived (transient) Mo® " and
O~ sites. The energy of this transition is typically ~2.81eV

Densities of States

Densities of States

-18 -12 -6 0
Energy (eV)

Fig. 8. Calculated electronic densities of states (DOS) for AgReO4(pyz) (I)
and AgzMo,04F;(pyz); (I), with projections of partial densities of states
for each element.

for related molybdates [33] and which is close to that for II
here. Shown in Fig. 7, a strong photoluminescent emission
was also observed for II at A = 580 nm with a maximum
excitation at A = 380 nm. Photoluminescence of a related
oxyfluoromolybdate, CdMoO5F, [34], arises from the same
type of LMCT and occurs at A= 660nm, which is
significantly red-shifted compared to II. In order to
investigate the type of lowest-energy electronic transition
in AgzMo,O4F;(pyz);, electronic structure calculations
were performed and the DOS) plotted in Fig. 8. In analogy
to that for I, the partial DOS have been projected out for
each element type, and show the predominant number of
states both above and below the Fermi level arise from
filled Ag (higher energies) and O (lower energies)-based
states and empty Mo-based states. These results suggest an
MMCT transition (i.e. Ag'Mo¥'—>Ag"Mo'"Y), similar to
that in AgReOy4(pyz), is lower in energy and likely favored
over the higher energy LMCT transition. Thus, it is
expected that both I and II exhibit nearly energetically
similar photoemissions (560 vs. 575nm) arising from the
photoemissive excited states on silver in both cases.
However, a small amount of additional states arise from
the pyrazine ligands (C and N) at just below and above the
Fermi level that could also act as excited-state (n*)
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acceptors, such as found similarly in the DOS for 1. The
effect of the pyrazine pillars in the electronic structures of I
and II is the introduction of additional pyrazine-based
states near the Fermi level, and suggests a similar origin of
their photoluminescence that is related but different to that
found in AgReO,.

4. Conclusions

As part of research efforts to uncover new layered solids,
two new pillared hybrid structures containing Ag(pyz)
chains were synthesized under hydrothermal conditions,
AgReOy(pyz) and AgzMo,O4F;(pyz);. The pyrazine-
bridged layers in AgReOy4(pyz) are analogous to the [110]
planes of layers in the simpler AgReO,4 compound, with a
different orientation of the ReOy, tetrahedra. The octahe-
dral Mo,O4F3 dimers in AgsMo,04F-(pyz); share vertices
with sets of three edge-shared Ag(pyz) " chains that form
n—mn stacked pillars. In both the pyrazine pillars are
removed at temperatures slightly higher than the prepara-
tion temperature, with a full loss of ligand that results in
crystalline AgReO4 for I and Ag,MoQO,4 and an unidentified
product for II. Both pyrazine-pillared solids exhibit
photoluminescence likely arising in both from a charge
transfer excitation (MMCT or LMCT) and photoemi-
ssion that is analogous to that reported for AgReOy.
The synthesis of future pillared structures that are
microporous and photoluminescent would hold promise
for small molecule detection as well as for probing the
fundamental chemical origins of the optical properties of
the layers.

Supporting information available: Powder X-ray diffrac-
tion data for post-TGA products for I and II. Crystal-
lographic data (excluding structure factors) for the
structure(s) reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC 252350 & 252351.
Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (44) 1223 336-033; e-mail: deposit@ccdc.-
cam.ac.uk).
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