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The Equilibrium Hydrogen—Hydrogen Distances in the Water Molecules in
Potassium and Rubidium Oxalate Monohydrates
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From the proton magnetic-resonance spectra of single crystals of K>C,04. H20 and Rb2C204 . H20
held at room temperature, the equilibrium length, R., and orientation of the proton-proton line seg-
ments in the water molecules have been determined. The two salts are isomorphous, and the water
molecules are situated on the twofold axes making an angle ¢ with the ¢ axis. The following results are

obtained:
K2C204 . HzO
Rb.C,04 . H,O

.=1-5341+0-0030 A
R.=1-5474+0-0030 A

po=22+1°
Po=26+1°

These results are discussed on the basis of the known crystal structures.

Pake (1948) first detected and analysed the presence
of fine structure in the proton magnetic-resonance
spectra of hydrate single crystals and powders. He
showed that it is possible from the distance between
the fine-structure components to calculate the distance
between the hydrogen atoms in the water molecules
bound in the lattice of the hydrate. Since this classical
study the question has existed whether or not it is
possible to detect a significant variation in this distance
from one hydrate to another, which would indicate
variations in the shape of the water molecule. McGrath
& Silvidi (1961) concluded, after re-evaluating data on
ten different hydrates, that the observed variations
were not significant. But later investigations have
shown that the distances deduced in earlier studies may
include systematic errors due to intermolecular inter-
actions (Holcomb & Pedersen, 1963 ; Pedersen & Hol-
comb, 1963), and further that the motion of the water
molecules has a large effect on the deduced value of
the intramolecular proton—proton distance (Pedersen,
B, 1964), invalidating the conclusion of McGrath &
Silvidi (1961).

When the effects of the motion were corrected for,
Pedersen (1964) found that the equilibrium proton-
proton distances deduced from studies of four differ-

ent hydrates and ice, where the necessary data were
available, were all equal within the experimental un-
certainty +0-01 A, and equal to the value observed
for an isolated water molecule, 1-51 A.

In this paper we shall report on a room temperature
proton magnetic-resonance study of potassium oxalate
monohydrate (KOMH) and rubidium oxalate mono-
hydrate (RbOMH) where a significant difference be-
tween the nuclear magnetic-resonance data for the two
components has been detected, and where this differ-
ence will be interpreted as arising from a significant
difference in the equilibrium intramolecular proton—
proton distances between the two compounds.

The compounds chosen for this study are isomor-
phous and ideally suited for a proton magnetic-reson-
ance study for several reasons. The water molecules
are located on the twofold axes in the monoclinic
structure, and they are all structurally equivalent with
all intramolecular proton—proton vectors parallel. The
water molecules are well separated from each other,
reducing the intermolecular effects to a tolerable min-
imum. The compounds do not contain any other
nuclei with large magnetic moments, in particular no
protons other than those situated in the water molec-
ules. It is further fairly easy to grow single crystals



BJORN PEDERSEN

sufficiently large to give a good signal/noise ratio. The
reason for choosing an isomorphous pair of com-
pounds is that we hoped that any variation detected
could be easier interpreted on the basis of the minor
structural differences between the two compounds
mainly brought about from the larger size of the rubi-
dium ion compared with the potassium ion.

The distribution of closest neighbors about the water
molecules in this structure is unique. Each water molec-
ule is surrounded by two cations and two oxygen atoms
from two different oxalate ions in an approximately
planar arrangement (Pedersen, B.F., 1964; Chidam-
baram, Sequeira & Sikka, 1964).

Of the five available alkali metal oxalates only the
three heaviest form hydrates. Hendricks (1935) showed
that KOMH and RbOMH are isomorphous, but he
had no further data for RbOMH. However, Pedersen
(B.F., 1965) has determined the positions of all atoms,
except hydrogen, from three-dimensional X-ray data
for this compound. Caesium oxalate monohydrate is
not isomorphous with the other two (Pedersen & Pe-
dersen, 1965).

We shall in this paper first give the theoretical basis
for the interpretation of the proton magnetic-reson-
ance spectra. Then we shall show, in greater detail than
is usual, how the distance between the fine structure
components is derived from the spectra. Finally, the
detected difference between the structural information
deduced will be discussed on the basis of the model of
the motion of the water molecules in KOMH proposed
by Paine & McGrath (1964) and the known crystal
structures.

Theory

As first shown by Pake (1948) the proton magnetic-
resonance spectrum of a hydrate single crystal, where
all intramolecular proton—proton vectors are magnetic-
ally equivalent, will in general contain two peaks. The
distance between the peaks, 4 H, measured in magnetic
field units (G), was given by equation (1) by Pake
(1948). 3
AH = 7g(3 cos? 0—1). 1)

Here R is the length of the intramolecular proton-
proton distance, 6 the angle between R and the ex-
ternal magnetic field, and x4 the magnetic moment of a
proton (u=14-1042 A3 G).

Recently, Holcomb & Pedersen (1963) have shown
that equation (1) is valid only for a system of isolated
water molecules. In a real crystal the water molecules
are magnetically coupled to each other; the fine-
structure components, therefore, have a finite width
and a shape which in general is asymmetric. A closer
analysis has shown that the distance between the cen-
tres of gravity of the two line components is still de-
termined by intramolecular parameters only, as in
equation (1), to first order in the intramolecular inter-
actions. AH is therefore given by the following
equation:
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S”hz [g'(h)—g'(— R} dh
AH = 22 . )
So hig'(h)—g'(— )} dh

Here g'(h) is the spectrum measured with the use of
conventional modulation techniques, h= H — Hy, where
H is the value of the external magnetic field, and H,
its value in the centre of the spectrum.

Furthermore, as is well known, the water molecules
are not static in the lattice, as assumed by Pake (1948),
but are executing vibrational motion of different kinds.
Pedersen (1964) has shown from a simple model of the
motion that proper averaging of equation (1) over the
motion leads to the following equation:

AH=0-980 % [3(1 — (02 y— 2(62) cos? 0+ 3((62
—{62)) cos? y—(1=32N]. (3)

Here R. is the equilibrium intramolecular proton-
proton distance, (6% is the mean-square amplitude of
the torsional, rigid body vibration of the water molec-
ule about its twofold axis, {42, the mean-square am-
plitude of the rigid body vibration about an axis
normal to the plane of the molecule, and y is the angle
between the twofold axis of the molecule and the ex-
ternal field.

In this paper we shall discuss the application of
equations (2) and (3) in analysing two sets of proton
magnetic-resonance spectra, one set for KOMH and
one for RbOMH. Both sets have been obtained by
rotating the crystals about an axis parallel to the two-
fold axis of the water molecule, hence, y=m/2.

Furthermore, it will be seen that in both cases
{#2)=<0%). Under these two conditions equation (3)
simplifies to

AH=0-980 [1—3(62)] % (Bcosf—1). (4

By comparing this equation with equation (1) we
can see that they are equal if 3u/R3 is put equal to
0-980 [1—3¢6%)] 3u/R3.

Experimental

The potassium oxalate monohydrate used was p.a.
purchased from E.Merck, Germany. The rubidium
oxalate monohydrate was made from Rb,CO; (purum
Fluka AG) and C,H,0,.2H,0 (p.a.* E.Merck, Ger-
many).

The crystals were grown from a saturated water
solution cooled from about 50°C to 30°C or by slow
evaporation of a saturated solution at room temper-
ature. Small seed crystals were hung on a ‘glass tree’
submerged in the solution, and the tree was rotated
slowly in the liquid during the growth. The crystals

* Guaranteed pure.
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used were transparent with well developed faces and a
volume of 4 to 1 cm3.

The crystals were glued on a Teflon pin about 7 cm
long, which was mounted on a goniometer head made
out of non-magnetic materials (a factory-adapted
Nonius Y-814 goniometer head). The crystals were
oriented visually by means of their external shape to
a selected orientation within +1°. The goniometer
was placed on a device enabling us to rotate it about a
direction normal to the magnetic field, and the angle
of rotation was read on a circular dial 10 cm in diam-
eter.

The proton magnetic-resonance spectra were re-
corded on a Varian Asc. DP-60 Dual Purpose NMR-
spectrometer (V-4302), which is operating at 60 Mc.
sec”!, equipped with a 12" Varian Asc. Magnet
(V-4012). The magnetic field was stabilized and swept
by means of a ‘Fieldial’ unit also from Varian Asc. The
‘Fieldial’ and spectrometer were connected to an X,
Y-recorder from Electro Instrument, Model 500 M.
The maximum sweep rate used was 0-08 G.sec™!,
maximum radio frequency amplitude (H;): 1| mG and
modulation amplitude 0-14 G. The signal/noise was
better than 10:1.

Analysis of the spectra

The crystals were always oriented with the monoclinic
b axis parallel to the rotation axis which is orthogonal
to the magnetic field. In both oxalates the water molec-
ules are sitting on the twofold axes parallel to the b
axis. Hence, the angle y in equation (3) is 90°, and
equation (3) can in this case be written:

AH=3a; cos? (¢ —¢p)—a, (%)
where
3p 2 2
a; =098 = (1—-46%)—2¢6%) (6)
and a,=0-98 2"; (1-3¢(6%). @)

Here ¢ is the angle between the magnetic field and the
¢ axis, and ¢, the angle between R, and the c axis.
In Fig.1 are given 19 spectra for K,C,04. H,O ob-
tained by rotating the crystal in steps of 10° from 0 to
180°. The set of spectra used in the analysis was ob-
tained by rotating the crystals in steps of 5° in the
same angular interval. Two spectra were recorded at
each setting.

To extract 4H from each spectrum the following
procedure was used. Each spectrum was copied on
graph paper by drawing a smooth curve through the
noise. The centre of the spectrum was marked by a
small water peak (omitted from Fig. 1) due to occluded
water. Each half of the spectrum was treated in the
following way. The ordinate was divided into arbitrary,
but equidistant parts, d, such that x;=d. i, and the
value of the spectrum, y;, was read at each x;. The
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value of d was chosen so that the line component was
divided into about 25 points. The y;’s on correspond-
ing points on each half of the spectrum were sub-
tracted, i.e. y;=y;—y_,;, giving the y;’s that formed
the basis for the further treatment.

The following quantities were then calculated from
the experimental values:

A,= X2 xty; withn=0,1,2.
i=0

It was found that a rather small error in the choice of
base line could affect the values of A4,. If we assume
that the chosen base line is parallel to the true base
line, this can easily be detected and corrected for. This
is due to the fact that if we had chosen the true base
line, then A, should be zero. It is therefore easy to show
that the corrections are

. 1 .
An=A"— ;1:+_ 'l’x;;,Ao.

From the values obtained of these 4,’s the line split-
ting, 4H, can be derived.

AH=A2/A1 .

The values of 4H thus deduced were first plotted on
graph paper to correct the experimentally determined
@o from the positions of the extrema, and then the
values of 4 H were fitted analytically to equation (5) by
a least-square analysis. The results are:
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Fig.1. A set of proton magnetic-resonance spectra of a single
crystal of potassium oxalate monohydrate. The b axis of the
crystal is always normal to the magnetic field, and ¢ is the
angle between the direction of the magnetic field and the
intramolecular proton-proton line in the water molecule.
The curves have been drawn from the equation 4H=10-4
(3cos2p—1).
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KOMH:
a;=10-35+0-03 G, a,=10-41 £ 0-03 G,
a=015G, ¢=22°+1°
RbOMH:
a;=10-14+0:03 G, a,=10-12+0-03 G,
c=015G, ¢p=26°%1°.

o is the standard deviation in the individual values of
AH, and the standard deviation in the a’s is also given.
The individual values of 4H are given in Figs.2 and 3,
where 4H is plotted as a function of cos? (¢ — ¢y).

Discussion

It follows from the functional form of equation (5)
that the deduced value of a; will be more susceptible
to a deviation between the b axis of the crystal and the
actual rotation axis than a,. It is assumed that this
deviation is not more than 2°. The values obtained for
a, and a, for each compound are therefore equal within
the experimental uncertainty. The data could therefore
be analysed with the same over-all fit on the basis of
the simple Pake formula, as has been done earlier
(Pedersen & Holcomb, 1963). In the light of the mod-
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Fig.2. Observed line splittings in K,C,0,4 . H,O as a function
of angular rotation about the b axis.
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Fig. 3. Observed line splittings in Rb,C,0, . H;0 as a function
of angular rotation about the b axis.
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ified equations, however, equations (5), (6), and (7),
the equality of a; and a; tells us that (6% = (62 for the
potassium and rubidium salts at room temperature.
Hence, equation (4) is applicable in both cases and we
put

3
ay=a,=AHy=0-98 7‘; (1-362) .

The experimental values obtained for 4H, for the
two salts seem to be significantly different, as the dif-
ference between the two is about ten times the standard
deviation. From equation (4) it follows that this differ-
ence can either be due to a change in R, or in {62), in
going from the potassium to the rubidium salt. In
other words, the observed change in the value of 4H,
can either be due to a change in the shape, or a differ-
ence in the motion of the water molecules in the two
isomorphous salts. These two possibilities will now be
discussed on the basis of a proton magnetic resonance
investigation of KOMH by McGrath & Paine (1964),
and the refinement of the crystal structures of KOMH
and RbOMH carried out by Pedersen (B.F., 1964) and
Pedersen (B.F., 1964, 1965).

McGrath & Paine (1964) have studied the temper-
ature dependence of the proton magnetic-resonance
spectrum of a single crystal of KOMH in different
orientations relative to the magnetic field. Within the
stated, probable error in 4H,, +0:12 G, they could
not observe any variation in 4H from —200°C to
120°C in any of the orientations used. The temperature
dependence should be a measure of the temperature
dependence of {62). {62) has been shown earlier to be
given by the following equation obtained from a
harmonic model of the motion:

{6%>=0-200 V05 (1 +[exp (201 VO5/T)—1]"1). (8)

Hence, if {#?) is only slowly changing with temper-
ature, the potential well in which the water molecules
are trapped has to be deep, i.e. the value of V has to
be large. In earlier studies it has been found that V is
equal to the energy of the two hydrogen bonds by
which the water molecule is bound by in the lattice,
and one should therefore expect in this case, where
the oxygen—oxygen distance in the hydrogen bond has
the normal value of 2-77 A*, that V was about 6
kcal.mole~!, (Holcomb & Pedersen, 1962). But this
value inserted in equation (8) would give rise to a much
larger variation in {(62) than observed. McGrath &
Paine (1964), however, point out that there are four
fairly close cations in the neighbourhood of each water
molecule, and that coulomb repulsion between these
cations and the hydrogen atoms, assumed to carry a
positive charge of 0-33 e, will increase the value of V.
A calculation by these authors shows that this effect,
calculated on the basis of a simple electrostatic point
charge model with each cation carrying a charge +e,

* KOMH: 2:746+0-011 A (Pedersen, B.F., 1964)
RbOMH: 2-785+0-019 A (Pedersen, B.F., 1965).
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will increase V' from 6 kcal.mole-! to 14 kcal.mole~1.
Such an increase in V will bring down the predicted
variation in 4H, from 1-1 G to 0:3 G when the tem-
perature increases from —200°C to +120°C.

If this model is correct one should expect only a
minor difference in ¥ between KOMH and RbOMH.
The radius of the Rb+ ion is about 0-15 A larger than
the K+ ion (Slater, 1964), and the shortest K-H dis-
tances in KOMH are about 3 A. Hence, the shortest
cation-hydrogen distance is expected to increase about
5% in going from KOMH to RbOMH. As the pot-
ential energy is inversely proportional to the distance,
the part of the potential, ¥, due to coulombic repulsion
between equal charges, will decrease not more than 5%.
Furthermore, because the oxygen—oxygen distances in
the hydrogen bonds are found to be equal within the
experimental uncertainty in the two salts, the parts of
V due to the hydrogen bonds are expected to be the
same in the two compounds. Therefore, if ¥in KOMH
is 14-0 kcal.mole~?, ¥ in RbOMH is expected to be
reduced to, at most, 13-5 kcal.mole-1. These two values
of ¥ have been used to calculate (#2) in the two salts,
and from these values we have calculated the value of
the equilibrium intermolecular proton-proton dis-
tances; the results of the calculations are given in
Table 1.

Table 1. The equilibrium proton—proton distances
in KOMH and RbOMH
AHO <9z2> 3[1/R63 Re
KOMH 10:41+003 00311 11-72+0:03 1-5341+0-0014
RbOMH 10-12+0-03 0-0320 11-42+0-03 1-5474+0-0014

It follows from the data in Table 1 that the reduction
in the value of ¥ from KOMH to RbOMH is not
sufficient to make the two values of R, equal. A simple
calculation shows that if R, in RbOMH were equal to
R, in KOMH it would require a value of ¥ equal to
9-8 kcal.mole~! in RbOMH, which is very much lower
than the value estimated for KOMH by McGrath &
Paine (1964), 14-0 kcal.mole™!. It is difficult to under-
stand how the small differences in the crystal struc-
tures of the two isomorphous compounds can lead to
such a substantial difference between the potentials as
4-2 kcal.mole—!.

The uncertainty limits given on R, in Table 1 are as
calculated from the uncertainty in 4H,, +0-03 G. But
the accuracy of the derived values of the proton-
proton distances depends also, obviously, on the accur-
acy with which we know the values of V. The standard
deviation in ¥ is not known, however, but we will
estimate it to be + 1-0 kcal.mole~, which probably is
not too optimistic. This will lead to a standard devi-
ation in R, of 0-0026 A, so that the combined un-
certainty from both sources, 4H, and V, gives a stan-
dard deviation of 0-0030 A. The observed difference
between the values of R, in RbOMH and KOMH,
0-0133 A, is therefore 3-1 times the estimated standard
deviation of this difference. Hence, according to the
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criteria given by Cruickshank (1949), this difference
must be regarded as significant. We therefore conclude
that the value observed for R, in KOMH, 1-5341 +
0-030 A, is significantly different from the value of R,
in RbOMH, 1-5474 + 0-0030 A.

R, in the isolated water molecule in the gas phase
has been found by Benedict, Gailar & Plyler (1956) to
be 1-5140 +0-0010 A. Hence R, in KOMH is 0-0201 A
larger than the gas value, and RbOMH is 0-0334 A
larger, and these, according to the above discussion,
must therefore be regarded as highly significant dif-
ferences. This increase in the value of R, when the
water molecule is bound in the lattice can be under-
stood from inspection of the crystal structures. In both
structures the angle between the hydrogen bond ac-
ceptor oxygen-water oxygen is larger than the H-O-H
angle in the isolated water molecule, 119-7°+0-7° in
KOMH and 126-2°+0-7° in RbOMH compared with
104-52° in the isolated H,O molecule. It is then under-
standable that R. is stretched slightly under the in-
fluence of the hydrogen bond acceptor atoms, as both
the O-H bond length (Lippincott & Schroeder, 1955)
and the H-O-H angle are expected to increase in this
situation.

The value obtained for R, in KOMH, 1:5341 +
0-0030 A, can be compared with the value obtained by
Chidambaram et al. (1964) in their neutron diffraction
study, 1:557 + 0-028 A. However, the latter result is un-
corrected for thermal motion, which also affects the
interatomic distances determined from neutron data
in a complicated way, as thoroughly discussed by
Hamilton (1962).

The validity of the conclusions one can draw from
the values obtained for R, in the two compounds under
study, with regard to the configuration of the H,O
molecule, is somewhat uncertain, as the equilibrium
configuration of this molecule is determined by two
parameters, and we have determined only one. If we
assume, however, that the H-O-H angle is unchanged
from the value in the isolated water molecule, 104-52°,
as discussed by Chidambaram (1962), we calculate the
O-H distance to be 0-:970 A in KOMH and 0978 A
in RbOMH. These values are slightly smaller than the
value found empirically by Hamilton (1962) from neut-
ron diffraction data, when the O-O distance is 2:77 A:
099 A. As the H-O-H angles in the H,O molecules
in KOMH and RbOMH are expected to be larger than
the equilibrium value, owing to non-linear hydrogen
bonds, these relatively short O-H distances just derived
seem to support an earlier theoretical prediction (Chid-
ambaram, 1962 ; Korst, Savel’ev & Sokolov, 1964) that
the H-O-H angle decreases when the H-O bonds are
stretched. If this view is correct, R, might not be very
susceptible to configurational changes in the H,O mol-
ecule when it is bound in the lattice of a hydrate, as an
increase in the O-H length and a decrease in the H-O-H
angle will partly compensate each other in affecting
the value of R,. The somewhat surprising results ob-
tained earlier (Pedersen, B., 1964), that the values of
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R; in four different hydrates and ice are all equal within
the experimental uncertainty, +0-01 A, and equal to
the corresponding distance in the free molecule, should
therefore not necessarily mean that the configuration
of the H,O molecule does not change appreciably in
these compounds; it might be that the change is such
as to lead to an insignificant change in Re.

The observed angle between the ¢ axis and R., ¢,
is somewhat larger in RbOMH, 26°, than in KOMH,
22°. This is in accordance with the crystal structure
where the angle between the ¢ axis and the plane de-
termined by the two hydrogen bond acceptors and the
water molecule is also larger in RbOMH, 29-5°, than
in KOMH, 27°. These results seem to indicate that the
water molecule is twisted out of the plane determined
by the hydrogen bond acceptors and the water molec-
ule. This conclusion is supported both by the neutron
diffraction study of KOMH by Chidambaram et al.
(1964), where the same results are obtained, and the
model proposed by McGrath & Paine (1964), where
this twist is explained as being due to. the proximity
of the surrounding cations.

Conclusion

The equilibrium proton—proton distance in the water
molecule has been found to be 1:5341+0-:0030 A in
potassium oxalate monohydrate and 1-5474 4+ 0-0030 A
in the isomorphous rubidium oxalate monohydrate
from an analysis of the room temperature proton
magnetic-resonance spectra of the two salts. The effects
of the motion of the water molecule have been cor-
rected for on the basis of a method given by Pedersen
(1964) and a model of the motion given by McGrath
& Paine (1964). The difference between the two values
of the equilibrium distance obtained in the two salts
are concluded to be significant, and also significantly
different from the value of the corresponding distance
in the free molecule, 1:514 A. The stretching of R, in

Acta Cryst. (1966). 20, 417
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the two oxalates is explained on the basis of the known
crystal structures, as determined by Pedersen (B.F.,
1964, 1965), as resulting from effects of non-linear
hydrogen bonds.

This work was supported by the Royal Norwegian
Council for Scientific and Industrial Research. We
should like to thank Miss Merete Lange for extensive
technical assistance, and various members of the staff
at the Institute for valuable discussions.
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The Structure of Liquid Aluminum-Iron Alloys

By P.J.BLACK AND J.A.CUNDALL*
Physics Department, University of Birmingham, Birmingham 15, England

(Received 24 May 1965 and in revised form 9 August 1965)

X-ray diffraction measurements have been made on liquid alloys of aluminum containing up to 4 at. %
of iron, at temperatures between 760°C and 1000°C. The results indicate that the liquids consist of a
random array of the two types of atom and do not contain polyhedral structural units of the type
found in the intermetallic compounds occurring in the solid phase of these alloys. This conclusion is
supported by calculations of the scattering expected from various random and polyhedral models.
A detailed fit of observed to calculated scattering cannot be made because of the difficulty of con-
structing accurate radial distribution functions for a multi-component system.

Introduction
The compounds which are found in aluminum-rich
alloys of aluminum with transition metals are char-

* Present address: Mullard Research Laboratories, Redhill,
Surrey, England.

acterized by very narrow ranges of composition and
complicated crystal structures. According to one inter-
pretation (Black, 1956) the significant features of these
structures are the polyhedra formed by the arrange-
ments of aluminum atoms around a <entral transition



