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INTRODUCTION

Hydrogen occurs in nearly all rock-forming minerals in
major, minor, or trace amounts. Protonation of non-silicate oxy-
gen positions is by far the most common mechanism of hydra-
tion of silicates by hydroxyl (OH–). The isostructural
pyroxenoids, serandite NaMn2 [Si3O8(OH)], and pectolite
NaCa2[Si3O8(OH)], however, contain stoichiometric hydrogen
as hydroxyl bound to a non-bridging silicate oxygen in the
chain. The resulting SiIV-OH bond provides the unique oppor-
tunity to study the geometry of a silanol group associated with
a very strong (short) hydrogen bond.

The nature of Si-OH bonding is relatively unknown com-
pared to the ubiquitous Si-O bond (Pauling 1980). Nyfeler and
Armbruster (1998) searched the Inorganic Crystal Structure
Database (Bergerhoff et al. 1983) for silanol groups and found
31 inorganic compounds with 46 Si-OH groups. They restricted
their search to compounds and minerals in which the distance
from Si to H was less than 2.8 Å, and they excluded structures
with disordered or poorly defined hydrogen positions. Serandite
and pectolite were not included in their investigation because
the proton position was not unambiguously known from the
available X-ray structure refinements of pectolite (Prewitt 1967;
Takéuchi and Kudoh 1977) and serandite (Takéuchi et al. 1976).

Buerger (1956) solved the main aspects of the pectolite struc-
ture using film methods. The structure was refined in space
group P1

–
 by Prewitt and Buerger (1963), who first proposed

that a hydrogen bond most likely exists between the very close
(2.48 Å), non-bridging oxygen pair, O3 and O4, along the chain.
They applied Pauling’s valence sum at O3 and O4 and found
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ABSTRACT

The crystal structure and hydrogen positions of serandite, NaMn2[Si3O8(OH)], have been refined
from single-crystal X-ray and time-of-flight neutron diffraction data at ambient conditions. The
proton occupies an asymmetric, double-well position between O3 and O4, confirming one of the
shortest asymmetric hydrogen bonds known in minerals with d(O3…O4) = 2.464(1) Å (X-ray) and
2.467(1) Å (neutron). The proton position closest to O3 has about 84% occupancy and an O-H
distance of 1.078(3) Å, and the position closest to O4 has an occupancy of 16% and an O-H distance
of 1.07(1) Å. The d(H…O) of these hydrogen bonds is 1.413(3) Å and 1.41(1) Å, respectively.
Hydrogen bond angles are 164° for H1 and 168° for H2. The SiIV-OH bond length [1.628(1) Å] is
intermediate in length among the three other Si-O bonds in the dominantly (84%) hydrated Si1
tetrahedron. These new structure data for a very strong hydrogen bond may be useful for extending
spectroscopy-structure correlation diagrams into the region of very low energy O-H stretching.

that both sites are equally underbonded by about 0.5 valence
units. Prewitt (1967) further refined the pectolite structure from
digital X-ray diffraction data, and identified a small residual
peak between O3 and O4 in the electron density difference-
Fourier. Although the residual was not significantly above the
background, it had a clear maximum about 0.97 Å from O3,
and spread out smoothly towards O4.  Prewitt (1967) proposed
that an asymmetric hydrogen bond might form with O3-H…O4,
but that it would be highly unusual for such a short hydrogen
bond distance.

Takéuchi et al. (1976) refined the structure of serandite and
found that the O3…O4 distance was about 2.453(4) Å, signifi-
cantly shorter than in pectolite. They also observed a residual
charge density between O3 and O4, but found that the peak was
about 1.25 Å from both oxygen positions, resulting in a more
symmetrical hydrogen bond than proposed by Prewitt (1967)
for pectolite. Although Takéuchi et al. (1976) were unable to
uniquely determine the hydrogen position, they postulated an
alternate mode of hydrogen bonding in which H would form a
hydrogen bond between O3 and the O3' of an adjacent silicate
chain. Subsequently, Takéuchi and Kudoh (1977) studied a
manganoan pectolite crystal by X-ray diffraction with the inten-
tion of resolving the (X-ray) hydrogen position. They found that,
in agreement with Prewitt (1967), the difference-Fourier peak in
the electron density from H was closer to O3, but also very broad.
On the shoulder of this broad peak and closer to O4, they de-
fined a second H position, H2. From this model, they proposed a
disordered mode of H bonding along the chain that would alter-
nate between O3-H…O4 and O3…H-O4 configurations.

Structural interpretation of infrared absorption spectra of
hydrogen bonds from frequency-distance correlations in organic
compounds (Lutz 1995; Mikenda 1986; Nakamoto et al. 1955;*E-mail: steven.jacobsen@colorado.edu


