several forms of ice (5, 6). On the as-
sumption that the intramolecular HOH
angle is the same in the vapor and in
the condensed phases, this implies the
existence of “bent” hydrogen bonds in
the amorphous solid. The distribution
of intramolecular DOD angles can be
measured by neutron scattering tech-
niques if the experimental range can be
extended to very large O, since there
the molecular form factor dominates
the Q dependence of the scattering.

For the present we shall not com-
ment further on the detailed struc-
turec of amorphous solid water except
to emphasize that it has a truly amor-
phous character; there is no evidence of
Bragg-scattering from crystalline mate-
rial in these neutron scattering data or
in the x-ray scattering data. This infer-
ence is supported by calculations of the
diffraction patterns of polycrystalline
samples with extremely small (for ex-
ample, ten-molecule) crystallites. For
these models there is scattering intensity
at non-Bragg angles by virtue of in-
complete cancellation of interference
terms resulting from the very small
crystallite size. Both hexagonal and
cubic ice crystallite models were tried,
and both gave similar, poor agreement
with experiment. Most promising as a
model for the structure of amorphous
solid water is the random network
model, which is presented in the report
by Alben and Boutron (8).

Note added in proof: More Tecent
x-ray data show that there are at least
two forms of amorphous solid water
(9). When deposited at low temperature
(~ 10°K), the density is 1.2 g cm—3
and the RDF shows a peak at ~ 3.3 A;
these features persist when the sample
is heated to 77°K. When deposited at
high temperature (~77°K), the density
is 0.93 g cm—? and the peak in the
RDF at 3.3 A is missing. The control
of deposition of amorphous solids is
notoriously difficult to standardize;
seemingly trivial differences can be im-
portant. It is possible that the deposits
used for this neutron diffraction study
were of the high-temperature form
despite the temperature of the sub-
strate. This is suggested by the results
of Alben and Boutron’s calculations.

Jack WENZEL*
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Research Establishment Risg,
Roskilde, Denmark
STUART A. RICE
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Continuous Random Network Model for Amorphous

Solid Water

Abstract, Continuous random network models representing amorphous solid
water have been constructed. The x-ray and neutron Scattering predictions for
one type of model agree quite well with experimental results.

The art of model-building has come
to play an important role in our under-
standing of diverse types of amorphous
solids (). This is so because descrip-
tions of amorphous structure based on
attenuating the long-range order of
crystals or starting from near-neighbor
coordination relationships present in the
liquid are never precise and calcula-
tions from them require many adjust-
able parameters. By contrast, model
structures are perfectly well-defined
representations of finite regions within
an amorphous sample. Models can be
built sufficiently large so that, for struc-
tural studies at least, the finite size of
the models is not a serious problem.

In this report, we present for the
first time predictions for x-ray and co-
herent neutron scattering for a specific
model structure for amorphous solid
water (2). The model is a continuous
random network (CRN), a type of
model distinguished by the fact that
the loss of correlation between atoms
builds up more or less uniformly with
separation and does not occur suddenly
at grain boundaries or other defects.
The starting point for our model was
a relaxed version (3) of the 519-unit
fourfold-coordinated network of Polk
and Boudreaux (4). This model was
built by hand out of plastic and metal
tetrahedral units according to various
criteria including compactness and the
absence of broken bonds or large

angular distortions. The model build-
ing was stopped at 519 units, since it
appeared that the model could be con-
tinued indefinitely without any signifi-
cant change in the average properties. .
Studies of other examples built ac-
cording to the same criteria indicate
that the Polk-Boudreaux model is fully
representative of this type of CRN (5).

In our model for amorphous solid
water the units of the Polk-Boudreaux
model were taken to represent oxygen
atoms separated by bonds with an aver-
age length of 2.75 A. The model was
then “decorated” with hydrogen atoms,
one on each interior bond, in a direct
line between the two bonded oxygens,
a distance of 1 A from one oxygen and
approximately 1.75 A from the other
(as in ordinary ice Ih). The choice of
the near oxygen for each hydrogen was
then modified according to a procedure
which ensured that the “ice rules” (two
near and two distant hydrogens for each
oxygen) were satisfied for interior units.
The hydrogen positions were then
further modified so that the angle
formed by an oxygen and its two near
hydrogens was exactly the tetrahedral
angle. The final model contains 519
atoms of oxygen and 892 atoms of
hydrogen and represents an approxi-
mately spherical sample of amorphous
solid water 32 A in diameter.

Our calculation for x-ray scattering
was carried out as follows. First, the
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Fig. 1 (ieft). Comparison of calculated x-ray scattering l..(k) in electron units per H.O for amorphous solid water (solid line)
with the experimental results of Dowell and Rinfret (8) (X) and of Bondot (9) (), both normalized to have the same
maximum values as the theoretical curve. Wave vector k =4 = sin#/x. The data of (8) were originally given as relative
intensities and were converted to relative I... The symbols used to represent the data of (8) and (9) describe the data but are

not actual data points.

Wenzel et al. (12) for amorphous solid heavy water D:O.

pair distribution functions for hydrogen-
hydrogen, hydrogen-oxygen, and oxy-
gen-oxygen pairs were computed in
histogram form with a bar width of
1/20 of the oxygen-oxygen near-neigh-
bor distance. These functions were then
corrected for the finite size of the
models by reference to the difference
between the pair distributions for
finite uniform spheres, with the sphere
being of different radii for the two
types of atoms, and the pair distribu-
tions for an infinite uniform sample
(6). The corrected pair distribution
functions together with x-ray form fac-
tors for neutral oxygen and hydrogen
were used to compute the scattering in
electrons units (7), according the “exact
method” described by Warren (7). The
calculated curve as a function of wave
vector k (= 4 = sin /A, where 20 is
the scattering angle and A is the wave-
length) compared with two sets of ex-
perimental data (8, 9) is shown in Fig.
1. The agreement is generally good.
Except for the subtle structure near 2.2
and 5.3 A-1, the calculation is within
the range of variation of the different
experimental results. The results of
recent x-ray experiments of Venkatesh
et al. (10) appear to be quite different
from the data shown in Fig. 1. We be-
lieve that this reflects a fundamental
difference in microscopic structure be-
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tween the sample of Venkatesh er al.
(10) and those which agree with the
model presented here.

The coherent neutron scattering for
the model was calculated from the
corrected pair distribution functions ac-

15}

» H
0 HO

10} HHAAYRQ

ARDF (weighted)
|
(3]

-10

-15

Fig. 2 (right). Comparison of the calculated neutron structure function S(k) with data points of

cording to standard methods (). Since
deuterium (2H) is a far better coherent
scatterer than protium (*H), and ac-
cordingly since experiments have been
done on D,0O, we used scattering
lengths appropriate to D,O (b, = 0.65,

10 15

r (X)

Fig. 3. Model radial distribution function ARDF(r), with the smooth parabolic back-
ground subtracted, weighted appropriately for neutron scattering for amorphous solid
heavy water D.O. The first few peaks are labeled according to the pairs (HH, OH,

or O0) with which they are associated.
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by = 0.577) (11). The resulting struc-
ture function, normalized to unity for
uncorrelated scattering, is shown in Fig.
2, compared with the experimental
data of Wenzel et al. (12). The overall
agreement is excellent. Even the small
discrepancies can be understood; the
overestimate of the oscillations in S(k)
for large k is due to the static nature
of the model, whereas the displacement
of the experimental points from the
theoretical curve at low k could be due
to experimental correction factors.

A striking feature of both the neu-
tron and x-ray experimental results is
the strong first peak at k = 1.7 A-1
It can be shown that the presence of
this peak in the calculated results is due
to an anisotropic layer structure which
cxtends over a distance of at least the
order of 15 A in the Polk-Boudreaux
type of CRN model (/3). It would thus
appear that this type of relatively long-
range order is present in typical samples
of amorphous solid water. It should be
emphasized that none of the peaks in
S(k) for k<8 A—1 can be ascribed
to intramolecular scattering, and that
the structure observed and calculated
for small k is determined by relatively
long-range correlations.

In Fig. 3 we show the excess (above
a smooth parabolic background) of the
weighted radial distribution function
(RDF) for a slightly modified version
of the model. (Here the HyO groupings
were taken to have the same shape as
gas-phase  H,O molecules.)  This
weighted RDF determines the neutron
scattering S(k) according to the rela-
tion:

re

S(k) :fARDF(r) sin kr

kr

where r, is aocutoﬂc distance taken as
20 A. The first few interatomic separa-
tions give rise to well-defined peaks
labeled according to the pairs of atoms
involved. The oscillatory behavior for
large r with period ~3.7 A cor-
responds to the sharp peak in §(k) at
k=1.7 A-1 discussed above.

In order to examine the sensitivity of
our results to the properties of the Polk-
Boudreaux model, we have constructed
another random network which incor-
porates as much as possible large cages
such as occur in the clathrate hydrates
(2, 14). The near-neighbor coordina-
tions in this model are essentially the
same as those of the Polk-Boudreaux
model, but there are differences in the
longer-range  correlations  (distances
greater than 10 A). We find that the
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strong first peak is not reproduced by
the cage model. We have also carried
out calculations for a version of the
Polk-Boudreaux model with one hydro-
gen for each bond, but placed without
regard to the ice rules. This model also
does not agree with experiment nearly
as well as the original model.

RICHARD ALBEN*

PIERRE BOUTRON
Laboratoire de Magnétisme du Centre
National de la Recherche Scientifique,
Avenue des Martyrs,
38000-Grenoble, France
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Enzymatic Characterization of Scluble Organic

Phosphorus in Lake Water

Abstract. Although the concentration of soluble organic phosphorus in lake
water often exceeds that of orthophosphate severalfold, little is known of its
composition. By using enzyme assays it was determined that up to 50 percent
of the organic fraction is hydrolyzable by phytase. The enzymatically degradable
material consists of both low and high molecular weight fractions.

During periods of maximal algal
growth the concentration of ortho-
phosphate in natural waters approaches
nondetectable levels. During such algal
blooms organically bound phosphorus
often constitutes 85 to 99 percent of
the total soluble phosphorus (I). Nu-
cleic acids (2) and nucleotides (3)
have been identified as minor constitu-
ents of naturally occurring organic
phosphorus; the preponderant portion,
however, is undefined. Furthermore,
the potential availability of organic
phosphorus for algal growth is virtu-
ally unknown.

Because the ability of various organic
phosphorus compounds to satisfy algal
growth requirements depends on their
susceptibility to enzymatic liberation of
orthophosphate (4), we characterized
naturally occurring soluble organic
phosphorus by incubation with differ-
ent enzymes and measurement of the
orthophosphate released. Enzymes em-
ployed included (i) alkaline phos-
phatase, (ii) phosphodiesterase and
alkaline phosphatase, incubated sequen-
tially, and (iii) phytase (a nonspecific

phosphatase capable of hydrolyzing
phytic acid). We determined that up
to 50 percent of the soluble organic
phosphorus is hydrolyzable by phytase,
the hydrolysis kinetics of the degrad-
able fraction being identical to that of
myoinositol hexaphosphate.

Two small lakes of mesotrophic and
highly eutrophic nutrient enrichment
status (5) were studied between March
1973 and April 1974. Four-liter samples
were obtained from the upper 1 m and
were immediately passed through mem-
brane filters and subjected to cation
exchange. Because the soluble organic
phosphorus content seldom exceeded
40 ug of POy per liter we concentrated
samples by partial freezing (6). After
concentration by a factor of 10 to 12,
recovery of soluble phosphorus rou-
tinely exceeded 80 percent.

The enzymes employed included
commercial preparations (Sigma) of
alkaline phosphatase and phosphodies-
terase, and a phytase which we ex-
tracted and purified from wheat bran
(7). They were added (at 0.04 to 0.06
mg of protein per milliliter) to con-
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