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Distribution of hydrogen bond 
angles in molecular crystals 
THE structures of hydrogen-bonded molecular crystals have 
been studied extensively, and the resulting histograms of 
the distributions of the 0-H · · · 0 bond angles 0 show 
maxima at approximately 15° from the linear configura
tion1-3. At first sight this seems odd, because theoretically 
a linear hydrogen bond is stable'·'. Kroon and Kanters' have 
indicated, however, that because the number of possible 
hydrogen bond configurations at any value of 0 is propor
tional to sinO, these histograms should not be interpreted to 
indicate that the configuration of 0= 15 ° is, energetically, 
the most stable. They applied the sinO correction to the 
statistics of a series of 196 values of hydrogen bond angles 
in molecular crystals, and showed that the experimental 
distributions are not inconsistent with an assumed 
preference for linear hydrogen bonds. 

One of us (M.H.)' has calculated the potential energy 
function for the bending of the hydrogen bond 0-H-0 · · · 
0 - H, using the method of CNDO / 2, one of the semi
empirical LCAO MO SCF methods which includes all the 
valence electrons. We intend to show here that the histo
grams of Kroon and Kanters' can be explained by Hase
gawa's' potential energy function. 

The potential function' can be represented approximately 
by the following quadratic form: 

llE=s0'/2 (I) 

in which the linear hydrogen bond is most stable and ll£ 
represents the strain energy for the bending through 0 
degrees of the hydrogen bond. The value of the force 
constant, s, is estimated at 0.4 eV /rad'. In the case of 
the hydrogen-bonded water dimer, the dependence on 
the angle w of the strain energy tl£ is small, so that factor 
is neglected here. 

If it is assumed that the distribution among configura
tions in various molecular crystals may be approximated by 
a Boltzmann distribution, the distribution function f(O) for 
the bending of the hydrogen bonds is represented by 

f(O) = C sinO exp(- sO' / 2kT) (2) 

where C is the normalisation factor, k is the Boltzmann 
constant, and T is temperature, taken to be 300 K. The 
factor, sinO, is necessary because the number of possible 
configurations at a given value of 0 is proportional to sinO 
and the energy dependence on w is neglected. 

The histogram for the distribution of the 0-H · · · 0 
hydrogen bond angles can be calculated using this pro
cedure (Fig. 2). 

Figure 2 also shows Kroon and Kanters's histogram' of 
196 0-H · · · 0 hydrogen bond angles observed in molecular 

Fig. 1 A bent hydrogen-bonded configuration. 
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Fig. 2 The superimposed hi stograms of the theon:tical and 
experimental distributions of 0 - H · · · 0 hydrogen bond 
angles. The experimental histogram is from Fig. 2 of ref. 3. 
Excess of experimental frequency over theoretical fre · 
quency is indicated by solid shading and excess of 
theo-retical frequency over experimental frequency is in· 
dicated by hatching. Thus. open column indicates the 
amount of frequency common to both theory and 

experiment. 

crystals. The two histograms agree quite well with each 
other: in our calculation the distribution shows a maximum 
at 14.5 °, and the maximum from the molecular crystal data 
is approximately 15". The slightly narrower distribution of 
our theoretical histogram compared with the experimental 
histogram may be because of the omission of the higher 
order terms in the right hand side of equation (I). 

The hydrogen bond angle is a factor of the molecular 
structure and molecular arrangement in each crystal. The 
fact that the distribution of 0, found when the values of 
the hydrogen bond angle in various crystals are treated 
statistically, coincides with the distribution for an isolated 
hydrogen bonded structure, seems to suggest that the 
perturbation experienced by a structure of 0-H · · · 0 in 
molecular crystals is very small. 
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Marks of unknown carbonate-decomposing 
organelles in cyanophyte borings 
BLUE-GREEN algae are a major agent of destruction of car
bonate rocks and sediments, particularly in the littoral and 
shallow marine environments. The organisms discussed here 
are endolithic, that is, the individual algal filaments reside 
snugly in made-to-measure tunnels of their own, excavated 
chemically. Data presented here suggest that much of this 
geologically significant bioerosion is actually caused by what 
may be called digestion of the mineral substance, and is not, 

(Continued on page 237) 
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as previously thought, a more or less accessory effect of 
extracellular secretion. Endolithic cyanophytes may even 
turn out to be 'rock-caters' in the true sense. 

Scanning electron microscope (SEM) studies of borings 
of a filamentous blue-green alga of the Hormatonema 
form'-:' revealed the marks of a precisely controlled excava
ting process, suggesting the existence of specialised boring 
organelles in the alga (Fig. I). Indeed, the discovery in the 
cyanophytcs of very refined adaptations to an endolithic 
mode of life should hardly be a surprising find, since these 
organisms, according to palaeontological data, have been 
boring into calcareous substrates at least since the early 
Ordovician (that is, for about 500 Myr) and perhaps much 
longer than that'· ' . 

The boring mechanism of endolithic algae has previously 
been described as an extracellular dissolution process: acid 
or chelating fluids, released by the terminal cell, supposedly 
dissolve small volumes of the mineral substrate and the algal 
filament penetrates step by step into a tunnel formed by a 
sequence of small hollows" ·'. How the fluids are removed 
from the inner end of the inhabited tunnel, whether by 
extracellular circulation/diffusion or by metabolic uptake 
and intracellular transport, is not known. In the dissolution 
process, the micromorphology of the excavated space is 
determined by the solubility characteristics of the bored 
substrate and is thus beyond the immediate control of the 
organism. For example, the void space in bored calcite spar 
replicates the calcite rhomb', and borings in dolomitic 
limestone may contain residual crystals of poorly soluble 
dolomite which has resisted the attack7

• 

The material described here derives from saline rock 
pools in the upper swash zone in modern beachrock west 
of Stazousa Point on the northern coast of Cyprus (see ref. 
8). The bored rock consists in part of a coarse crystalline 
limestone, with optically uniform calcite crystals, several 
hundred micrometres across. These crystals provide excel
lent substrates for the study of algal borings by means of 
SEM. 

The endolithic algae consist of dark blue filaments, about 
300 JLm long and I 0 JLm in diameter. Exposed to acid solu
tions the dark blue pigment turns reddish-brown, a reaction 
considered typical in Hormatonema'·'. In isolated colonies 
consisting of a few filaments, the algae grow radically away 
from a common starting point whereas in crowded colonies 
parallel filaments grow perpendicular to the rock surface. 
These arrangements are consistent with the observation that 
algal filaments commonly repel each other and avoid con
necting with other tunnels•. 

The cavity formed by an individual filament is a fairly 
straight tunnel, replicating the organism. Branching of 
tunnels has not been observed. 

As reconstructed from the microtopography of the tunnel 
walls, the boring process proceeds through the etching out 
of small grooves, about I JLm in width and depth and 10 JLm 
in length (Fig. 1 ). The wall relief increases slightly behind 
the terminal cell. The orientation of the grooves is approxi
mately at right angles to the long axis of the tunnel. 
Interestingly enough, there are two laterally opposite sets 
of grooves, meeting in a zone of small pyramids. The 
arrangement indicates a bilateral symmetry in the boring 
apparatus. 

The pattern of grooves shows no relationship to the 
internal ultrastructure or to the crystallographic parameters 
of the bored substrate. For example, where several tunnels 
run at different angles within a single calcite crystal, each 
tunnel has its own set of grooves which are perpendicular 
to the tunnel axis and are not related to the crystallographic 
structures of the continuous calcite lattice. 

The bored rock material was collected for geological pur
poses and the samples were only rinsed in distilled water 
and air dried. Because of this crude treatment, the material 
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Fig. 1 Cyanophyte borings. in calcite: SEM micrograp~s of 
fractured material. a, Penetrating tip of algal filament, shghtly 
withdrawn from the inner end of the tunnel by shrinkage during 
preparation (note threads on the filament surface); b, obli9ue 
fracture cutting four algal tunnels tn homogeneous calcrte, 
showing one side of the bilateral pattern of grooves and the zone 
of small pyramids; c, inner end of algal tunnel with grooves and 

pyramids. Scale bars IOJ,Im. 

is not suitable for a study of soft tissues, and the marks of 
the boring process cannot be related to specific parts of the 
algae. Complete algal cells, about 15 JLm long and 10 JLm in 
diameter, can obviously be ruled out as direct operators, but 
identification of possible boring organelles must await 
properly fixed and dehydrated algal material. 

It is, however, interesting to observe that even in this 
poorly preserved material the algal filaments have a sparse 
coat of small threads, about 0.2 JLm in diameter and 2-6 JLm 
long (Fig. la). Similar threads have not been noted in the 
rich assemblages of endolithic algal filaments found in 
marine calcareous sediment grains'·"-". Although there is 
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no real evidence to suggest that the threads are boring 
apparatus, their presence here is probably significant. 

Three conclusions can be drawn from the micromorph
ology of the borings. First, excavation is a chemical 
process, but is not straightforward extracellular dissolution 
on a whole-cell scale. Second external organelles, about 
I JLm wide and I 0 JLm long, are the immediate operators. 
Third, the boring apparatus has a bilateral symmetry. 

It can be added that, although this article considers a 
single species of Hormatonema at one locality only, I have 
observed similar borings in the course of SEM analyses of 
sedimentary carbonates from the North Sea and the Baltic 
Sea. It seems probable that the described mode of boring is 
common in the cyanophytes. 

This work is part of a Marine Carbonates Programme 
supported by grants from the Swedish Natural Science 
Research Council, the Swedish Royal Academy of Science 
through the Hierta-Retzius Foundation, and the Magn. 
Bergvall Foundation. 
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Correlation between selenium and mercury in 
man following exposure to inorganic mer~ury 
THE ability of selenium compounds to modify profoundly the 
toxicity of both organic and inorganic mercury compounds has 
been demonstrated in experimental animals by Parizek and co
workers1·2. The analytical data of Ganther et a/. 3 on tuna and 
of Koeman et a/. 4 on marine mammals showed that natural levels 
of mercury and selenium are strongly correlated. Here we report 
an approximately molar ratio for these elements in certain 
human organs following exposure to high levels of inorganic 
mercury. 

Mercury in post-mortem samples from three groups of people 
-workers in the mercury mine at ldrija, Slovenia, inhabitants 
of the town of Idrija and a control group with no known 
exposure-has been analysed over the past three years5•6• The 
study has been extended to include selenium. Although we do 

Nature Vol. 254 March 20 IY75 

not intend to discuss the mercury levels in detail, some interesting 
findings emerged (Table I). Notably, the high accumulation and 
retention of mercury in the thyroid and pituitary; in the miners 
increases are of the order of a thousandfold, and in the popu
lation group about tenfold, relative to the controls. The kidney 
has previously been considered to be the prime accumulator of 
inorganic mercury, but in all eight mine workers, it ranked only 
third. Seven of them had been in retirement for periods up to 
16 yr before death (see legend to Table 2), yet the pattern of 
distribution was essentially similar. It is clear that the retention 
of mercury in the organs with the highest accumulated levels, 
namely, thyroid, pituitary, kidney and brain, is very great. 

In more recent post-mortem samples we have analysed both 
selenium and mercury to find a possible relationship between 
these elements in exposed humans. Both elements were analysed 
simultaneously by neutron activation from the same sample 
aliquot, using a volatilisation technique' modified to allow 
separation and measurement of both mercury and selenium'. 
The results to date are shown in Table 2, and clearly demonstrate 
an approximately I : l molar ratio for those organs which 
accumulate and retain mercury strongly, namely, thyroid, 
pituitary, and kidney. The same effect is also seen in brain 
samples (Table 3), with different sections of the same brain all 
displaying a near molar ratio. Since selenium, as an essential 
trace element, will normally be present in at least typical physio
logical levels, whereas mercury in non-exposed persons should 
only approach insignificant amounts, a molar ratio will only be 
observed for rather elevated values. Even slightly increased 
mercury levels, however, seem capable of raising the selenium 
content; the ratio oft he increments over normal levels approaches 
the molar ratio in many cases. 

The correlation coefficient r between mercury and selenium 
in the organ group thyroid, pituitary, kidney and brain (subject 
T.A.) from the miners is 0.998, with two virtually identical 
regression equations (r very nearly unity) of the form 

(Se)p.p.m. c~ 0.41(Hg)p.p.m. 0.21 p.p.m. 

In molar terms, the ratio Hg-Se is 0.96: I. This ratio in the liver 
of marine mammals' was near I :I in molar terms over a 2.5 decade 
mercury concentration range, but only a small fraction of the 
mercury could be recovered as methylmercury. In our work, 
methylmercury levels in the exposed groups, as determined by 
an isothermal distillation and gas chromatographic method'', 
were unremarkable, exceeding normal values only slightly. This 
also confirms the absence of any significant in vivo methylation 
in man. 

The I :I molar ratio naturally suggests a direct Hg-Se linkage, 
though at this stage we can only speculate about the nature of 
the group or complex and its mode of attachment. Keeping in 
mind that the time between death and termination of exposure 
in the professionally exposed subjects varied greatly, it seems 
that the effect is both accumulative (as in the case of marine 
mammals and tuna) and retentive. This emphasises the strength 
of the Hg-Se interaction and suggests their removal from 
biological turnover. The coaccumulation of selenium observed 
in this study is certainly not the result of coexisting high levels of 

Table 1 Average mercury content with standard deviation of human organs in p.p.m. fresh weight 

Group Thyroid Pituitary Kidney 
Mercury mine workers 35.2±28.5 27.1-+: 14.9 8.4:Jc4.9 

(8) (7) (8) 
7.8-101 13.8-64.3 2.3- 18.5 

Idrija population 0.70±0.45t 0.46±0.54 0.66± 1.13 
(10) (II) (II) 

O.o3- 3.6 0.02-1.76 O.o3- 4.0 

Non-exposed controls 0.030±0.037 0.040±0.026 0.14-+:0.16 
(16) (6) (7) 

0.003-0.13 0.007 - 0.064 0.01 -0.37 

Figures in parentheses refer to the number of subjects analysed, ranges are given below. 
*Excluding T.A.; see Tables 2 and 3. t Excluding P.M. 

Liver Lung Brain 
0.26 cL0.25 I. II f 0.89 0.70j_0.64* 

(8) (5) (6) 
0.04-0.79 0.13- 1.58 0.18-1.50* 

0.107 + 0.059 o.l27_ecO.IOO 0.038 ± 0.045t 
(II) (10) (9) 

0.02-0.21 0.005-0.24 0.002-0.11 

0.030 :±_ 0.017 0.0042 c::: 0.0026 
(8) (5) 

0.01 -0.05 0.001 -0.007 
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