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(II-5) was calculated for the oxygen f curve, sampled
at intervals of 0-1 out to &' =2-6. Values of B were
taken from O to 5 in steps of 1. The summations for
B=0 and B=1 were not very convergent within the
range used, but the values for B=2 to 5 gave p=46 A-2
from the graph of (II-3). This is the value used in
equation (1).
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his programmes and several members of the laboratory
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The Configuration of the Strained Hydrogen Maleate Ion

By S. F. Darrow

Physics Department, College of Science and Technology, Manchester 1, England

(Recetved 23 March 1961)

The strained configuration of the hydrogen maleate ion

HOOC.CH =CHCOO~-

in the potassium hydrogen maleate structure is investigated. It is shown that the strain energy is
approximately 7-5 Kcal./mole, and the corrections to the bond lengths due to the strain are of the
order of 0-01 A. With these corrections, the carbon-carbon bond lengths are equal to the pure
single- and double-bond lengths expected between carbons in the sp® state of hybridization.

In the preceding paper (Darlow & Cochran, 1961),
the three-dimensional refinement of the structure of
potassium hydrogen maleate has been described. In
this paper the bond-lengths and angles of the hydrogen
- maleate ion (HM-) in this structure are discussed.
They are shown in Fig. 1 with the oscillation correc-
tions added. The bond-length standard deviations do
not include the oscillation correction uncertainties.

The ion is considerably strained in the planar cis
configuration, and in Table 1 the experimentally
determined angles are compared with the values
expected for the corresponding unstrained angles. The
symbols used for them in the following discussion are
shown in brackets.

Fig. 1. The bond lengths and angles in the hydrogen maleate
ion. The two halves of the ion are related by a mirror plane.
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CONFIGURATION OF THE STRAINED HYDROGEN MALEATE ION

Table 1. Experimentally determined angles compared with the values
expected for the corresponding unstrained angles

Angle Experimental value Unstrained value
Cy'-C,-Cy 130-4 +0-2° (o)
C,-C;- O, 120-340-3° (f)
0,-C;-0, 122-740-3° (y)
0,-C,-C, 117-:0+0-3° (¢)

o is the average of five similar angles in unstrained
molecules, namely

Diallylsilanediol (120°) (Kasai & Kakudo, 1954),

Buta-1:3-diene (122°) (Bastiansen, quoted by Allen &
Sutton, 1950),

Vinylacetylene (123 +2°) (Morgan & Goldstein, 1952),

Acraldehyde (120 +3°) (Mackle & Sutton, 1951), and

Vinyleyanide (121:5+1°) (Wilcox, Goldstein & Sim-
mons, 1954).

Bo and & are derived from the C;0; and ;02 bond
lengths (using the relation given by Hahn (1957),
see later) and yo(=360— Bo— &) is consistent with the
average value of 125-3 +1-0° for 28 carboxyl groups
listed by Hahn.

If the Oy - - - O/, C104, C1Cz and C2Cs’ bond lengths
are labelled a, b, ¢ and d respectively, then

a=d—2¢ cos x+2b cos (a+f) . (1)

With the experimental bond lengths and unstrained
angles the value of @ would be 1-47 A. The strain thus
increilises the 0:0:" separation by approximately
0-97 A.

This strain is distributed among the bond angles
and lengths so that the strain energy is minimized
with respect to each variable. An extension of the cal-
culation of Longuet-Higgins (1950) was made, using
the expression

V=[4e(ao’ —a)*+f(b—bo)2+g(c —co)2+ bh(d — do)?
+ 15 (x = x0)2+1:5r (B~ fo)2]  (2)

for the strain energy, where a¢’ is the ‘unstrained’
length for the O.H;0:" bond; e,f,9 and h are force
constants for the bonds O, H10,’, C10;, C1Cs and CoCo';
¢ and r are the mean ‘couple constants’ for the angles
at Cz and Cy respectively; and the factors of 1-5 assume
that the other two angles at each of Cz and C; equally
share the strain in « and 8 respectively, although the
factors do not depend eritically on this assumption.
No terms were included for the straining of close van
der Waals contacts such as HoHs'.
Differentiating (2) and equating to zero gives

OV =[—Eda+2f(b—bo)6b+2g(c— co)dc+h(d — do)od

+3q(x— x0)0x+37(f— Bo)5B]=0, (3)
where E=e(ao’—a) is the strain force in the 0.H,0,’
bond.

Differentiating (1) and substituting for da in (3)
then leads to

1215 +1-0° (o)
114-2+0-6° ()
1245+ 0-7° (,)
12134 0-3° (g,)

Difference

8:941-0° (xx— )

6:1+£0-7° (S~ B,)
—1:84+0:7° (y—y,)
—4:3+04° (e—¢gp)

(b—bo) = [cos (ax+ B)/f1E, l
(c—co) =[—cosu/glE,

(d—do) = [1/RE, . @)
(o0~ xo0) = [2{csinox—b sin(a+ﬂ)}/3g]E,l
(B—PBo) = [—2bsin (x+ p)/3r]E .

Values of f=8x105 g=5x105 and & =96 x 105
erg.cm.”2, and ¢=r=0-8x10-1! erg.radian-2 were
estimated from a few force and couple constants
quoted by Westheimer (1956), but they can only be
approximate. The parameter £ was taken as 83 x 10-5
dynes, giving

(b—bo) = —0-003 &, (x— o) = 9-4°,
(c—co) = 0011 A, (B—Bo) = 4-8°,
(d—do) = 0-009 A,

and
o =do—2¢o cos xo+ 2By cos (xxo-+ Bo)=145 A |

equal to the expected value of 1-47 A with the bond
length increases allowed for. The calculated values of
9-4° and 4-8° for (& — &) and (B — Bo) compare reason-
ably with the expected values of (89+ 1-0°) and
(6:1£0-7)° in Table 1 (although ap=1-45 A and
hence =83 x 10-5 dynes were effectively determined
from these two expected values only), and the bond
length changes (b—by), (¢—co) and (d—do) due to the
strain are probably accurate to within 809, say.
With the above values equation (2) gave 51 x10-15
ergs per HM- ion or 7-5 Kcal./mole for the strain
energy, which must therefore equal an appreciable
fraction of the hydrogen-bond energy. Assuming
@’ =268 A for the unstrained O,H,0; bond length
in the equation £ =e(ay’ —a) gave e =3-5 x 104 erg.cm,—2
for the force constant of the strained hydrogen bond
compared with the value 2-7x 104 erg.cm.~2 derived
from the infrared spectrum of liquid formic acid
(Owston, 1951) for a normal OHO hydrogen bond.

Subtracting the calculated strains from the bond
lengths gave

CoC2'=1-339+0-005 &, C,0,=1-287+0-003 & ,
CeCy =1-487+0-004 A, C;0:=1-235+0-003 &

for the unstrained values. The double bond characters
of C,0; and C;0: were then calculated as 0-24 + 0-02
and 0-70 + 0-04 respectively, the standard deviations
including the uncertainties in the end values given by
Hahn (1957) for the two types of bond. The sum of
these double bond characters is 0-95 + 0-:04, which is
not significantly different from unity, so that the
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possible double bond character of C;C: is at most
0-05 + 0-04.

The C;C2 and C:C:’ bonds are between carbons in
the sp? state of hybridization and are close to the
expected values for pure single and double bonds of
1-48 and 1-337 A (Cruickshank & Sparks, 1960).

The strain for the isolated anion would be completely
relieved if the ion became non-planar with the carboxyl
groups tilted by 46° about their C-C bonds so that
O; and Oy’ lay on opposite sides of the plane of the
carbons at distances of 0-85 A from the plane. The
C=C bond prevents the carbons becoming appreciably
non-planar. Such a configuration would require a
different structural arrangement and packing.

O; and Oz have much larger temperature parameters
in a direction perpendicular to the molecular plane,
although C; and C: have not. These extra temperature
factors suggest either a r.m.s. oscillation of the
carboxyl groups of approximately 15° with a r.m.s.
displacement for O; and Oy of 0-3 A out of the
plane, or a random distribution throughout the struc-
ture of non-planar ions with Oy either above or below
the carbon plane by 0-3 A. With O; and Oy on opposite
sides of the plane H; would still be in the plane so
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that it would not have a larger temperature param-
eter perpendicular to the anion plane. This is exactly
the result obtained, although the shape of the H;
sections in Fig. 6 of the previous paper may not be
very significant.
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The Temperature Dependence of the Debye Temperature O of Silver
by X-ray Diffraction Measurements
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The study of the temperature dependence of the characteristic temperature © for silver in the
temperature range from 18 to 760 °C. is presented. The determination of @-values from measured
X-ray data was carried out by three procedures. Comparison with previous measurements is given.

1. Introduction

Several authors have presented experimental data of
the temperature variation of the Debye characteristic
temperature @ of silver obtained by X-ray diffraction
methods (Andriessen, 1935; Boskovits et al., 1958;
Spreadborough & Christian, 1959a). Their results differ
considerably so that the experimental redetermination
of the dependence of G4 on T’ seems desirable. This
work is a part of a detailed X-ray diffraction study of
the atomic vibrations in Al-Ag equilibrium solid
solutions.

2. Experimental technique

The finely grained powder of silver used for our
diffraction measurements was prepared by the reduc-
tion of a 59 solution of silver nitrate (p.a.) in the

presence of ammonia with a dilute solution of formal-
dehyde. The sample was a compressed platelet
(10 x 10 x 2 mm.) of this powder. A diffraction photo-
graph showed the absence of any preferred orienta-
tion. The sample was annealed for 10 hr. at 650 °C.
in vacuum before the measurements were carried out.
A series of diffraction photographs was taken in a
Unicam high-temperature vacuum camera in the
temperature range 18 to 760 °C. A bent quartz crystal
of the Johansson type was used for monochromatiza-
tion of Cu Kx radiation. The semifocusing method
was applied, the inclination of the flat sample surface
to the direct beam being 29° and the distance from
the focus to the centre of the cylindrical camera of
the diameter 190 mm. being 52 mm. In this way we
have obtained the optimum resolution of the last eight
diffraction lines (Simerskd & Synetek, 1959). The



