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The chemistry of coinage metals is rich and surprising, and
considerable differences are found between copper, silver,
and gold."! Among the compounds of Group 11 metals, those
of divalent silver are in many ways unique and owe their
properties to the remarkable electron-withdrawing power of
oxidizing silver(IT).™* As a consequence, many simple binary
and ternary connections of divalent silver have not yet been
prepared. Particularly intriguing is that a sulfate of silver(II)
has not yet been synthesized, given that anhydrous CuSO, has
been meticulously characterized in the past,”] and the related
AuSO, has been known for a decade. This inconsistency is
further emphasized by the fact that few other oxo derivatives
of silver (IT) are known, including fluorosulfate, triflate,”) and
oxoargentate(IIT), Ag[AgO,],.”) Indeed, it has been recently
shown that inorganic sulfates resist the presence of Ag" from
AgF, up to fairly high temperatures of about 300°C."”) Herein
we present two distinct synthetic pathways to AgSO,, which is
a genuine sulfate of divalent silver and neither a mixed-
valence Ag'/Ag"™ compound nor the peroxodisulfate of
Agl.[IO]

Black AgSO, can be prepared by metathesis in anhydrous
HF solvent:

Ag(SOF4); aairy + KoSO, iy — AgSO, | +2 KSbF, (1a)

or by displacement of a weaker acid by a stronger one:
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AgF, + H,S0, — AgSO, | +2HF 1 (1b)

The product of Reaction (1a) is contaminated by sub-
stantial amounts of amorphous KSbF, (see the Supporting
Information); therefore, all results reported herein are for the
superior-quality product of obtained from Reaction (1b).

AgSO, crystallizes in the triclinic P1 space group (Table 1
and Figure 1; for Rietveld refinement see the Supporting
Information). The unit cell of silver(II) sulfate is the second
smallest amongst the transition metal sulfates after CdSO,.

Table 1: Crystallographic data for AgSO,.

P z=2 V=151.761(6) A®

a, b, c[A:  4.6923(1) 4.7535(1) 8.0125(2)

a, B,y [ 103.403(1)  76.478(1) 118.078(1)

Agl 1a 0 0 0

Ag2 1h 0.5 0.5 0.5

S12i 0.1593(9) —0.3276(11) 0.2508(6)

01 2i —0.0787(17) —0.6544(16) 0.1980(12)

02 2i 0.4286(19)  —0.337(2) 0.2989(9)

03 2i 0.2749(19)  —0.142(3) 0.1072(11)

04 2i 0.0017(13)  —0.1713(14) 0.4029(11)
R,=6.12% R,,=6.26%

Ag1-0O (A): 2.107(8) 2.107(8) 2.113(13)  2.113(13)
Ag2-0 (A): 2.094(10) 2.094(10) 2.198(5)  2.198(5)
s—0 (A):  1.427(12) 1.457(7) 1.458(13)  1.503(8)

The closest Ag-Ag separation is as large as 4.6835(2) A, thus
preventing formation of the short metal-oxygen—-metal
bridges seen in homologous CuSO,. The structure of AgSO,
is also remarkably different from that of AuSO,, which
contains short Au—Au bonds. All oxygen atoms of the sulfate
anion in AgSO, are utilized for bonding, in a similar fashion
to CdSO, or PdSO,, serving as O—S—O linkers between
silver(I) cations, forming a three-dimensional network.!"!
There are two non-equivalent silver atoms in the structure
that are surrounded by oxide anions in a square-planar
fashion, with Ag—O separations falling in a narrow range
between 2.094(10) A and 2.198(5) A. Similarities in the
coordination spheres of both silver centers suggests the
Ag"SO, formulation in contrast to the binary oxide “AgO”,
which is in fact the mixed-valence species Ag'Ag™0,.'!l The
increased Lewis acidity of AgSO, (AgO-SO;) appears to
prevent disproportionation™ in a similar fashion to some
gold(II) derivatives.')

The sulfate anion has four distinct S—O bonds that vary
between 1.427(12) A and 1.503(8) A. This feature, super-
imposed on mutual interactions between similar frequency
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Figure 1. Top: Unit cell of AgSO,, emphasizing propagation of one-
dimensional [Ag(SO,)].. chains along the main cell diagonal and the
coordination spheres of Agl and Ag2. Bottom: Projection of the crystal
structure of AgSO, on the ac plane, emphasizing connectivity of the
network and absence of terminal oxygen atoms. Ag gray, O red,

S yellow.

oscillators inside the unit cell (Z =2), leads to splitting of the
broad sulfate band (950-1200 cm™, S—O stretching vibra-
tions) and of the bands corresponding to the O-S-O bending
vibrations (500-700 cm ™) in the MIR spectrum (Figure 2; for
wavenumbers of the bands in the IR and Raman spectra of
AgSO,, see the Supporting Information).
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Figure 2. Far/mid IR and (inset) near IR spectra of AgSO,.

A characteristic increase of absorbance above 1420 cm™

(broad feature leveling off at about 7500 cm™'; see Figure 2,
inset) corresponds to a low-energy electronic excitation
across the band gap of circa 0.18 eV. The charge-transfer
nature of this excitation (O*”—Ag*"; Ag" is a potent
oxidizer) is discussed below and in the Supporting Informa-

tion. The low-energy electronic absorption explains deep
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black color of the compound,™ but it also heralds its
thermodynamic instability. Indeed, as deduced from ther-
mogravimetric and differential scanning calorimetry (DSC)
profiles (Figure 3 and Supporting Information), and from
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Figure 3. Thermal gravimetry curve (left scale; ——) and differential
scanning calometry curve (right scale; ----- ) for AgSO,. Heating rate:

10 Kmin™".

simultaneous evolved-gas analysis (consisting of IR and MS;
Supporting Information), AgSO, decomposes exothermally
above 120°C (Q = —26.5 kImol™") with evolution of molec-
ular oxygen. This observation suggests that AgSO, is thermo-
dynamically unstable at ambient conditions owing to both
enthalpy and entropy contributions to the Gibbs free
energy.[1®1]

The mass loss during thermal decomposition of AgSO, is
3.8 wt%, which corresponds to the theoretical value of
3.9 wt % associated with the chemical reaction:

AgSO, — 1/2Ag,$,0,+1/20, | )

The crystalline decomposition product was confirmed to
be the previously ill-characterized compound silver(I) pyro-
sulfate, Ag,S,0,, by XRD and IR spectroscopy (Supporting
Information). Upon further heating, this compound decom-
poses endothermally in two steps in the 250-370°C temper-
ature range with loss of 18.3 wt % (theoretical: 19.6 wt %'l
in the form of SO;:

AgS,0; — Ag,SO, +1/280; 1 3)

The paramagnetic nature of divalent silver (electronic
configuration 4d’) in Ag"SO, raises questions about the
strength of spin interactions. The temperature dependence of
the magnetic susceptibility (Figure 4) shows that the magnetic
behavior of AgSO, above 40 K can be fit well with a Bonner—
Fisher model"” of strongly antiferromagnetically coupled
one-dimensional chains with isotropic interactions between
nearest neighbors (H =—-2JZS;S;). The obtained exchange
integral is J=—217 K per pair of interacting Ag*" cations
(i.e., 9.5 meV per formula unit), whilst a value g=2.087 was
obtained from the ESR data."8! The antiferromagnetic
coupling, which is similar to that observed for various
derivatives of Cu®" or V** ! persists even at temperatures
around 100°C at the onset of thermal decomposition. This
observation is consistent with ESR spectra of AgSO,
(Figure 4, inset), which show presence of a very broad (1.0-
2.6 kG) antiferromagnetic signal centered around 3250 G
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Figure 4. Temperature dependence of the magnetic susceptibility ¥mol
and (inset) ESR spectrum of AgSO, at 292 K. The increase of
susceptibility below 15 K is caused by an unknown magnetic impurity
or by a phase transition.

(g=2.087) in the entire 2.4-292 K temperature range.”” (For
the temperature dependence of parameters of the ESR signal,
see the Supporting Information).

The exchange integral |J| between the nearest neighbors
for AgSO, is over one order of magnitude higher than those
previously observed for other transition metal sulfates. For
example, sulfates of nickel(II), iron(II), and cobalt(II) order
antiferromagnetically at 37K, 21K, and 155K, respec-
tively.”!! As each of these compounds contains between two
or four unpaired electrons per transition metal cation
(compared to one for AgSO,), superexchange for AgSO,
must thus be viewed as unusually strong. Even more striking
is the contrast between AgSO, and CuSO,: Anhydrous
CuSO, orders antiferromagnetically below 36 KP! despite
the fact that magnetic superexchange in this compound takes
place over direct oxo bridges, and not much longer covalent
O—S—O linkers as in AgSO,.

To gain insight into the nature of magnetic interactions
and electronic band structure of AgSO,, we performed spin-
polarized DFT calculations using the GGA and GGA+U
methods. Pathways for magnetic interactions are very com-
plex; we therefore describe only the simplest model
(Figure 5) with a magnetic unit cell identical to crystal unit
cell. The artificially enforced antiferromagnetic state con-
verged to a metallic solution within the GGA framework, as is
typical for transition metal open-shell systems. However, the
GGA + U calculations confirm an antiferromagnetic ground
state of AgSO,, with ferromagnetic and metallic solutions
lying higher in energy by 3.1 meV and 20.3 meV per formula
unit, respectively. The derived magnetic superexchange con-
stant is 6.2 meV per one silver atom in the one-dimensional
coupling model, and it is thus 1.5-fold underestimated relative
to the experimental value. This discrepancy could certainly be
decreased by allowing variation of semiempirical Mott—
Hubbard U parameters for Ag(d), O(p), and S(p) electrons.
The superexchange pathway involves the O—S—O bridge, but
is largely over a direct O--O polarization, thus omitting the
sulfur atom (Figure 5).

The calculated magnetic moments on the silver atoms
(—039 uz and +0.44 pz) are much smaller than those
calculated for the copper atoms in CuSO, (+ 0.80 p3), because
spin density is considerably smeared over oxygen atoms for
the former compound, but much less for the latter (see the
Supporting Information).”? Indeed, strongly oxidizing sil-
ver(I) easily introduces holes to oxygen-based bands, result-
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Figure 5. Top: The electronic band structure of AgSO,. o red, 3 blue.
Bottom: Projection of spin density on the 011 plane as calculated
using spin-polarized GGA+ U method. Red and blue colors corre-
spond to the largest excess of a and f§ density, respectively.

ing in the lack of thermodynamic stability of AgSO, and
evolution of O, upon its heating.

The band structure of AgSO, shows that the uppermost
two spin-majority and two spin-minority states are consid-
erably separate from each other in the vicinity of the Fermi
level. This result can be traced to the presence of two non-
equivalent silver cations in the magnetic unit cell (Supporting
Information). In consequence, the band gap between occu-
pied (O-predominated) and unoccupied (Ag-predominated)
o bands is much smaller than the corresponding gap for
states. The calculated band gap at the Fermi level of 0.18 eV
agrees strikingly well with the experimental estimate, render-
ing AgSO, a narrow-band-gap magnetic semiconductor; it
also explains the spin-allowed optical charge-transfer a—a
absorption responsible for its black color. The band gap of
AgS0, is one order of magnitude smaller than that of 2.34 eV
calculated for CuSO, with the LSDA + U method (Support-
ing Information). Attempts are now ongoing in our labora-
tory to form a pressure-induced or chemical-doping-induced
metallization of the AgSO, antiferromagnet.

Experimental Section
H,SO, (95-98%), AgF, (98%), K,S,0; (99%), and K,SO, (99 %)
were purchased from Sigma-Aldrich. Ag(SbF,), was synthesized
from AgF," and SbF; in anhydrous HF (aHF).” HF was dried with
K,NiF; and distilled before use. Equipment used in the work is
described elsewhere.*"

AgSO, [Eq. (1a)]: A mixture of Ag(SbF),, K,SO,, and solid HF
at —196°C was allowed to heat up inside a fluoropolymer reactor; a
black precipitate formed immediately after the first droplets of liquid

www.angewandte.org

Chemie

1685


http://www.angewandte.org

Communications

1686

HF formed at —83°C. AgSO, was separated from crystalline KSbF;
by-product by washing the latter away 18 times with aHF and dried.

AgSO, [Eq. (1b)]: The reaction between AgF, and H,SO, was
carried out inside an argon-filled glovebox. Fine AgF, powder was
added slowly to a 13-fold excess of cold acid (—35°C) to prevent a
violent reaction. After the mixture stopped bubbling, the black
precipitate was purified by washing away the remaining H,SO, with
aHF and drying.

DFT calculations: GGA and GGA + U calculations (VASP)
were carried out for magnetic cell identical to the unit cell, with
fractional atomic coordinates preoptimized at the GGA/PAW level
(Supporting Information), and utilizing relativistic Vanderbildt-type
pseudopotentials. Numerical parameters applied: cutoff 800 eV, k-
point grid 4 x 4 x 2, electronic convergence 10”7 eVatom™, U(Ag,y) =
U(Oy)=4eV, U(S;,) =2 eV, J(all atoms)=1¢eV.

Further details of the crystal structure may be obtained from
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopolds-
hafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de) on quoting the appropriate CSD number CSD-421341.
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