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Neutron-diffraction spectra have been obtained at 80°K for polycrystalline D20 ice IT prepared from
ice Th at 3 kbar and 195°K. An analysis of the 55 peaks in the 20 diffraction angle between 10° and 57.3°
has been made. The results of this study are in accord with the existence of a proton-ordered arrange-
ment for this ice as proposed by Kamb. Ice II has a rhombohedral unit cell with lattice parameters agp=
7.74340.002 4, ap=113.0940.03°. Indexed on the triply primitive hexagonal cell, ice II has the parameters
ag=12.9204-0.003 A and cg=6.234-0.002 A at 80°K. The transformation of ice V to ice II by decom-
pression at —33°C, an alternate way of forming ice II, has been observed to be slow. Although the O-0-O
bonds in ice II are appreciably distorted from the tetrahedral arrangement found in ice Ih, the computer-
refined position parameters for the deuterons indicate that the D-O-D angles are 106°43°. These results
support the existence of bent hydrogen bonds in ice II.

INTRODUCTION

Ices IT and IX were recovered by Tammann® in a
metastable state at atmospheric pressure by quenching
the samples in liquid nitrogen before releasing the
pressure required for their formation. This procedure
has been of inestimable value in simplifying the experi-
mental requirements for the study of the high-pressure
forms of ice. The current work is part of a program
to determine, with the methods of neutron diffraction,
the lattice parameters as well as the proton and oxygen
positions in a number of the ice polymorphs. In the
trst paper of this series,? the structure of ice IX was
wamined. Ice II is clearly set apart from ices Ih, III,
V, and VI, for example, by its lack of dielectric dis-
persion® and its residual entropy.® This entropy, which
has been associated with proton ordering in this ice,
has been shown® to be 0.77 cal deg~!-mole™! less than
that for ice Ih between —35° and —75°C from the
results of Bridgman” on the thermodynamic properties
rlated to the ice I-ice II phase boundary. These
results, together with the narrowness of the vor (HDO)
and vop(HDO) peaks in the infrared spectrum® of ice
I, provide strong support for a proton-ordered struc-
ture for this polymorph.

Single-crystal specimens of ice II have been examined
v Kamb® with x-ray methods, and although it is not
j=ssible to establish proton positions by this procedure
® a direct fashion, he was able to infer a proton-

“dered arrangement for this ice on the basis of struc-
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tural considerations. A space group R3 was assigned to
ice II ® with 12 molecules in the rhombohedral unit cell.

X-ray powder patterns of ice IT have been reported by
Bertie el al.? with the parameters ag=12.92 &, cy=
6.23 A if the spectrum is indexed on the hexagonal
unit cell. From a study of the transformation properties
of ice II to ice Ic, these authors concluded that this
rate of transformation was temperature dependent.

Nuclear magnetic resonance studies which have been
conducted on ice II ™ have indicated that the protons
are not located along the line of the oxygen-oxygen
bonds, but instead are more nearly positioned at the
angle of 104.5° which is found for the H-O-H angle
in the vapor phase.* The present neutron-difiraction
work on ice II provides additional support for this
proton arrangement.

EXPERIMENTAL

Ice II was prepared following the procedure of
Bridgman’ described by Bertie et al.? Ice ITh (99.8%,
D,0) was subjected to a pressure of about 1 kbar in a
heat-treated §-in.-i.d. Be-Cu pressure vessel described
previously.? After the ice Ih sample attained thermal
equilibrium in a solid COs-acetone bath, the pressure
was raised to about 3 kbar. The transformation did not
occur rapidly as judged by the rate of piston displace-
ment. Pressure was maintained at the 3-kbar level for
about ; h, and at the end of this time, the sample
temperature was raised to —40°C and held for 40 min
at this value with an ethylene glycol-water bath.
Although some transformation of ice Ih to ice II
probably occurred at —78°C, it was evident that the
major portion of the sample transformed as the sample
was warmed to —40°C. Finally, the sample under
pressure was quenched in liquid nitrogen and ejected

*J. E. Bertie, L. D, Calvert, and E. Whalley, J. Chem. Phys,
38, 840 (19063).

P E. D. Finch, S. W. Rabideau, and A. B. Denison, “Proton
and Deuteron NMR of Ice Polymorphs,” J. Chem. Phys. (to
be published).

1 W. S. Benedict, N. Gailar, and E. K. Plyler, J. Chem. Phys.
24, 1139 (1956).
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from the pressure vessel. Because it has been reported
that if the temperature is much above —78°C ice III
can form from ice Ih even in the region where ice II is
the stable phase,l” it was necessary to try to obtain
confirmation that ice II was indeed the product of the
transformation. This was in part accomplished by an
experimental determination of the density of H.0
ice by measuring the buoyant force exerted on the
coarsely divided powder as it was immersed in liquid
nitrogen (later confirmed by neutron difiraction results).
The ice was suspended at the end of the beam of an
analytical balance with a fine wire supporting a glass
vial immersed in a Dewar of liquid nitrogen. The ex-
perimental value of the ice II density was within 1%
of the calculated value® of 1.17 g cm™. It must be
pointed out that the use of density as a means of dis-
tinguishing between ices IT and III is somewhat mar-
ginal because of the rather small difference in the
density which is found for these ices. Ice III (equiv-
alent to ice IX) has a density of 1.14" g cm™.

A procedure has been described* for the preparation
of ice II by the decompression of ice V at —35°C.
As suggested in this method, liquid water was cooled
to — 35°C under a pressure of 5 kbar. Aiter ice V formed,
the pressure was lowered to about 3 kbar and held at
this value for about 1 h. Upon examination of the
quenched sample in the neutron diffractometer, it was
determined that ice IT had not formed, but instead, a
spectrum corresponding to that of ice V was obtained.
The rate of transformation of ice V to ice II has not
been exhaustively examined. Since Wilson ef al.* have
reported the formation of ice II in this way, and
suggest it as a more convenient way than the com-
pression of ice Ih, we simply wish to point out that
under some circumstances the rate of transformation
of ice V to ice I may be slow.

1\, B, Kamb and S. K. Datta, Nature 187, 140 (1960).

The grinding of the powdered ice and loading of the
neutron-diffraction sample holder under liquid nitrogen,
as well as the characteristics of the neutron diffractom-
eter and its calibration, have been described previously !

EXPERIMENTAL RESULTS

The neutron-diffraction spectrum of polycrystalline
D0 ice II obtained at 80°K is shown in Fig. 1. As
described in the Experimental section, the ice II was
made by the transformation of ice Th under pressure.
Hexagonal ice was present as an impurity of at most a
few percent. This is shown by the appearance of weak
peaks at diffraction angles of 26 equal to approximately
16.8° and 29.4°. The presence of these peaks is indicated
as much by the asymmetry which they impart to the
nearby ice II peaks as by their own intensities. Not
only is it logical to expect the impurity to be ice Ih
since the ice IT was made by the transformation of this
ice, but also the positions of the lines can be indexed as
(100) and (110) hexagonal-ice peaks. These are lincs
of major intensities in the hexagonal-ice spectruni.
Because the peak intensities, centroids, and half-widths
of the lines in the hexagonal ice spectrum had been
determined in this work under similar experiment:!
conditions, it was possible to subtract the contribution
of an amount of hexagonal ice which would produce the
expected Gaussian line shape for the (300) ice 1!
peak. This hexagonal-ice background was subtracted
throughout the entire range of 20 covered to obtain
the corrected ice II diffraction pattern. From the care
which was taken to keep the ice II sample at or within 3
few degrees of liquid-nitrogen temperature during the
grinding and loading operations, as well as during th¢
spectrum-recording period, it appears that the hev
agonal ice which was present in the sample was not the
result of the transformation of ice II to the hexagond!
form. Since the ice II was made by the phase trans-
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NEUTRON-DIFFRACTION STUDY OF ICE. II

formation of ice Ih, it has been considered that the
impurity of hexagonal ice represents the small amount
which did not transform under the experimental con-
ditions employed. Perhaps a period of about 1 h at
—40°C might be a more appropriate length of time
to allow for the phase transformation if it is desired to
essentially eliminate small amounts of hexagonal ice
from the sample.

Kamb® has pointed out that the unit cell of ice II
is thombohedral. There are 12 water molecules in the
unit cell with the oxygen atoms located in two sets of
six equivalent positions. Two six-membered rings of
oxygen atoms similar to those found in ices Ih and Ic
are present; in one the atoms are nearly planar, and in
the other there is considerable puckering. In the larger
hexagonal cell there are 36 molecules with the oxygens
in two sets of 18 equivalent positions.

A Gaussian line-fitting procedure which has been
described in a previous study® was used to obtain the
peak centroids, intensities, and half-widths for the
55 ice II peaks in the 26 range between 10° and 57.3°.
The results are listed in Table I. As indicated, centroid
posititons of the weaker peaks were held fixed at the
values calculated from the cell lattice parameters in
order that a more reliable estimate of their intensities
could be made.

Values of the rhombohedral lattice parameters ob-
tained in this work are az=7.7434+0.002 &, az=
113.09°4-0.03°. For the corresponding hexagonal cell,
the parameters are an=12.92020.003 A and cg=
6.234::0.002 &. These results are in excellent agree-
ment with the values reported by Bertie ef al.° In
Fig. 1, the centroids of the peaks which were calculated
on the basis of these lattice parameters are marked with
short vertical lines above the indicated hexagonal
indices. Only the more prominent peaks have been
indexed in the figure.

An ordered-proton arrangement in ice IT has been
suggested®® on the basis of dielectric relaxation and
tesidual entropy considerations and infrared and x-ray
‘pectra, There are four nonequivalent hydrogen atoms
m the ice IT lattice. The coordinates of these atoms
lozether with the positions of the two nonequivalent
“iygen atoms given in Table II represent the initial
cstimate of the spatial arrangement of the atoms.
“ince the oxygens had been located with such a high
iegree of precision, no attempt was made to further
Itiine these positions. To simplify calculations in this
work, hexagonal coordinates have been used through-
out. Rhombohedral coordinates® were transformed to
hexagonal coordinates with the appropriate trans-
formation matrices.”

In the initial estimate of the deuteron coordinates
“hich are given in Table II, each O-D bond distance
*4s chosen to be 1.01 A as is found in ice Th. In the

“lection of the D-O-D bond angles, one choice would

"

e ——
International Tables for X-Ray Crystallography, K. Lonsdale

y

@, Eds. (Kynoch Press, Birmingham, England, 1962), Vol. 2.
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TasLE I. Neutron-diffraction line centroids and inten-
sities in ice II at 80°K.
Experimental
Calculated

hkl 26° Iyto Iy

110 10.12 8.29 0.11 8.00
101 Fixed 0.00 0.20 0.00
021 Fixed 0.00 0.20 0.08
030 17.61 4.55 0.07 4.47
211 18.79 1.52 0.06 1.62
220 20.37 5.67 0.14 5.45
012 21.92 10.53 0.17 10.38
131 23.73 11.03 0.27 10.68
202 24.10 1.78 0.55 1.26
401 Fixed 0.00 0.09 0.20
122 Fixed 9.17 0.21 9.44
410 27.08 12.81 0.20 13.25
321 Fixed 4.81 0.20 5.03
312 30.11 2.94 0.10 2.93
330 30.76 0.03 0.20 0.01
051 Fixed 2.30 0.15 2.27
042 Fixed 0.15 0.50 0.16
003 Fixed 1.00 0.50 1.28
241 Fixed 1.50 0.16 1.98
232 Fixed 3.94 0.80 4.14
113 Fixed 0.57 0.72 1.21
511 34.77 2.65 0.10 2.67
600 Fixed 0.14 0.20 0.26
502 Fixed 0.19 0.20 0.22
033 Fixed 0.05 0.20 0.02
250 Fixed 0.09 0.20 0.09
431 Fixed 1.99 0.20 2.03
422 Fixed 1.53 0.90 1.9
223 Fixed 0.44 0.80 0.15
152 Fixed 1.54 0.05 1.56
161 Fixed 1.29 0.05 1.27
440 Fixed 0.03 0.80 0.01
342 Fixed 0.96 0.80 0.75
413 Fixed 0.31 0.86 0.79
351 Fixed 1.48 0.39 1.37
104 Fixed 1.96 0.36 2.74
621 Fixed 2.8 0.40 3.60
024 Fixed 0.36 0.40 0.51
612 Fixed 0.95 0.50 1.87
333 Fixed 0.55 0.34 0.44
170 Fixed 2.30 0.34 2.18
214 Fixed 1.41 0.20 1.55
532 Fixed 3.16 0.20 3.70
630 Fixed 0.16 0.14 0.20
541 Fixed 1.60 1.50 2.33
134 Fixed 2.00 1.50 3.06
262 Fixed 0.07 0.25 0.29
063 Fixed 2.66 1.50 2.30
081 Fixed 0.06 0.50 0.17
404 Fixed 0.50 0.75 0.74
523 Fixed 1.00 1.00 1.74
2711 Fixed 0.75 0.50 0.74
324 Fixed 0.51 0.50 0.92
452 Fixed 0.92 0.60 1.13
550 Fixed 0.39 0.4 0.58
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TasLe II. Initial position parameters for oxygen and respectively, shows that only small displacements , '+ deuterium
deuterimm stoma in ios H. the deuterons from the initially selected values w., . qest8 Becauw
Atsnt . ¥ " required. The residual R was found to be 0.041, wh,.. { the neutrot
R is defined by the ratio Z,- w; | Lo—1I. |/ E:;-J:_ .12 ml of ;
H(I2) 0.154 0.204 0.992 This excellent quality of the fit suggested that s . mples of
H(I4) 0.221 0.207  0.210 additional adjustment of the oxygen positions was n, - ——
H(IT 1) 0.221 0.108 0.510 warranted. Kamb’s oxygen positions were obtain, | WP, W, Brid
H(II 3) 0.306 0.072 0.437 by an x-ray analysis® of single crystals of ice II an:
O1 0.222;  0.19:  0.050; the standard deviations of the oxygen coordinat,.
O 0.188 0.230 0.480 were reported to be close to 0.0010.
It is of considerable interest to observe that for ), {NE JOUR
ice IT lattice, evidence has been obtained which sup.
have been to place the deuterons along the O-O bonds  ports the existence of bent hydrogen bonds. Vit
even though the O-O-O bond angles are 88° and 99°. judging from the NMR results,“" there is no great dif f
However, second-moment proton NMR measure- ference in the hydrogen-bond strengths of the various
ments®® of ice IT have strongly suggested an O-D bond  jce polymorphs. The Or-D and Or—D bond distances
length near 1.01 A and an H-O-H angle of near 105°. have been shown by an analysis of the neutron-dii-
Also, the work of Chidambaram® has conclusively fraction spectrum to be very close to 1.00 A.
demonstrated that in the case of hydrogen-bonded As pointed out in the Introduction of this paper,
water molecules in a variety of crystals, even though strong support for proton ordering has been providel L
the X;-O-X, angle departs significantly from the i previous work on the basis of infrared, dielectric '
tetrahedral angle, the bonding of the water molecule relaxation, and residual entropy considerations. To :
in the X;-H-O-H-X. configuration is such as to give
rise to an H-O-H angle close to the tetrahedral angle. TasLe IV. Water-molecule configurations
Accordingly, both the H(I 2)-Or-H(I 4) and the for nonequivalent oxygens in ice II.
H(II 1)-On—H(II 3) angles, following the atom- -
designation system used in Kamb’s paper,® were placed Molecle Bond distances and angles
at initial values of 103°. » o H(I 2)-0; 1.04.£0.04 &
The refined deuteron atom-positioned parameters for H(I 4)-O; 0.9840. 03 &
ice IT are given in Table III. These were obtained by a H(I2)-Or-H(I 4) 106=3° Neutron
least-s.quares computer program which minimized the Oxt H(IT 1)-Oxr 0.080.03 & botn e
quantity Z w(lo—1.)? where I, and I, are the H(IT 3)-Oq1 0.96+0.04 A made on
observed and calculated peak intensities, respectively, H(II 1)-05-H(II 3) 106=+3° x ray b ai
and w is a weighting factor proportional to the re- Ly adh
ciprocal square of the standard deviation of Z,. The el CoxEs
atom positions in Table III, together with the oxygen these can now be added the additional fact that ncu- the cond
positions given in Table II, can be used to calculate the tron-diffraction measurements of polycrystalline D.0 he patti
water-molecule configurations shown in Table IV.®  jce are in accord with a proton-ordered arrangement. sqmn th
Bertie and Whalley® have discussed the reasons for pated bt
DISCUSSION the existence of proton order in ice II when the ices Te quires
A comparison of the initial and computer-refined Th and T S f°r .examp‘le,.do nak shpw this preferentia! o ab> 3
deuteron-atom positions given in Tables II and III, @atom positioning. Their suggestion was that the pivnn
0-0-O angles will in general be different and the at atin
Tasie III. Refined-position parameters for deuteron hydrogen atoms bound to an O’ will seek the minimum it
atoms in ice Il potential-energy configuration. In view of the data
obtained in the present work on atom positions, 1t N
Atom % y & appears that this is precisely the case. In ices Th ani ety o
H@2) 0.15140.003 0.20040.002 0.9830.006 Ic there is not enough. difference in the.varim_xs O—O—lU ' ,‘} P
H(I4)  0.22340.002 0.214£0.003  0.20240.005 bonc.l angles to permit one proton orientation to l)f :‘\ A
H(II1) 0.21940.002  0.11240.002  0.517-£0.004 particularly favor?d energetically, and consequently, Tk
H(II3) 0.30240.002 0.065+0.002 0.44240.006 these are proton-disordered arrangements. “1s
The fact that ice IT was not produced by the de- "’_y
® The isotropic thermal parameter B was found to be 0.70 A%; all atoms ~ Compression of D;0 ice V at —35°C most probill_)l." L
were coustrained to have the same value. is associated with the slower rate of transformation f1b
U R. Chidambaram, J. Chem. Phys. 36, 2361 (1962). of DO ice at this temperature. The description® of the s 51
F® A, C. Larson, R. B. Roof, Jr., and D. T. Cromer, “An Inte- method was outlined for H;O ices. Typically, the phast A

grated Series of Crystallographic Computer Programs. VIIL.
Interatomic Distances and Angle Calculations,” Los Alamos
Scientific Lab, Rept. LA-3309 (1963).

diagram of the D.O ices corresponds to that for the
H,0 ices with the difference that at a given pressur¢




splacements ¢
2d values
se 0.041, whe;,
—1, I/ 2 w, /s,
sested that o
sitions was .,
‘were obtain.
5 of ice IT ane
en coordinat, .

ve that for th.
1ed which sup-
a bonds. Vet
is no great dif-
of the varions
bond distances
1€ neutron-dif-
)0 A.

of this paper,
been provided
ared, dielectric
iderations. To

ations
1I.

angles

1.044:0.04 &
0.98+:0.03 &
106+-3°

0.98+-0.03 &
0.9640.04 i
106+3°

fact that neu-
rystalline D.O
1 arrangement.
the reasons for
- when the ices
his preferential
was that the
ferent and the
k the minimum
~ of the data
T positions, it
In ices Th and
various O-0-0
entation to be

consequently,
S.
ed by the de-
most probably
transformation
cription? of the
ally, the phase
o that for the
given pressure

A S A S o e

T T T ——

NEUTRON-DIFFRACTION STUDY OF ICE. II

e deuterium solid phases exist at higher tempera-
.urest® Because of the requirement of full coverage
i the neutron beam by the sample, a volume of 10
+» 12 ml of powdered ice was needed. Five separate
mmples of D:O ice V were prepared by cooling the

—————e

#P. W. Bridgman, J. Chem. Phys. 3, 601 (1935).
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liquid at 5 kbar to —35°C, lowering the pressure to
3 kbar after ice V had formed, and holding the sample
at this pressure for 1 h at this temperature. It appears
that the rate of transformation must be slow under
these conditions for D,O since a single ice V phase was
indicated by the neutron-diffraction spectrum of the
combined samples treated in this fashion.
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Ice Polymorphs. III. Ice Ic*

G. P. Arvowp, E. D. Fixcy,t S. W. RaBmeau, axp R. G. WENZEL
Umiversity of California, Los Alamos Scientific Laboraiory, Los Alamos, New Mexico 87544

(Received 7

June 1968)

Neutron-diffraction spectra have been recorded at 80°K for polycrystalline DO cubic ice (Ic) obtained
by the transformation of the high-pressure ices II, V, and IX. Spectral differences were found among these
ice Ic preparations, principally in the degree of asymmetry of the (111) cubic reflection and in the extent
of line broadening. The cubic (111) peak of greatest symmetry was obtained by the transformation of ice
II. The line broadening appears to be associated with the small particle sizes of the ice Ic produced by
the transformation of the high-pressure ices under controlled-temperature conditions. Peak centroids for
scattering angles between 15° and 62° give a weighted cubic lattice parameter, ap=6.353+0.001 A. As
revealed by an analysis of neutron-diffraction line intensities, attempts to induce the formation of ice Ic
by the quenching of aqueous ferrous chloride or potassium chloride solutions in liquid nitrogen were un-

successful.

INTRODUCTION

Neutron-diffraction studies of cubic ice (Ic) have
been made in this work to supplement investigations
made on this form of ice by electron-diffraction,'—*
vray,5® and nuclear magnetic resonance methods.”

In addition to ordinary hexagonal ice (Ih), ice Ic
and vitreous (or amorphous®) ice can be prepared by
the condensation of water vapor at low temperatures.
The particular form which is produced is dependent
upon the temperature of deposition. Ice Ic can be pre-
pared between —120° and —140°C, while vitreous ice
requires temperatures of —160°C or below.® Bertie
¢t al® have demonstrated that the high-pressure ice
polymorphs first transform to ice Ic as they are warmed
at atmospheric pressure from the metastable quenched
condition at 77°K. These authors suggest that large

_* This work was done under the auspices of the U.S. Atomic
Energy Commission.

t A.W.U. Fellow, University of Wyoming, at L.A.S.L.

'H. Koénig, Z. Krist. 105, 279 (1941).

IN. D. Lisgarten and M. Blackman, Nature 178, 39 (1956).

*G. Honjo, N. Kitamura, K. Shimaoka, and K. Mihama, J.
Phys. Soc. Japan 11, 527 (1956).

¢G. Honjo and K. Shimaoka, Acta Cryst. 10, 710 (1957).
“;fi)v. Shalicross and G. B. Carpenter, J. Chem. Phys. 26, 782

57).

¢ L. G. Dowell and A. P. Rinfret, Nature 188, 1144 (1960).

TF. D. Finch, S. W. Rabideau, and A. B. Denison, “Proton
and Deuteron NMR of Ice Polymorphs,” J. Chem. Phys. (to
be published).
£°J. A. Ghormley, J. Chem. Phys. 48, 503 (1968).
' ?J. E. Bertie, L, D. Calvert, and E. Whalley, J. Chem. Phys.
38, 840 (1963) ; Can. J. Chem. 42, 1373 (1964).

amounts of ice Ic can be conveniently prepared by the
conversion of ice IX at 156°K for a minute or two.
Nozik and Kaplan®® have reported that aqueous
solutions of ferrous sulfate and of ferrous chloride which
have been quenched in liquid nitrogen induce the
formation of ice Ic rather than ice Ih. Their conclusion
was based on changes observed in the two-line Méss-
bauer spectrum characteristic of a nuclear quadrupole
hyperfine interaction in ¥Fe. Weltman!! has reported
that ice Ic was prepared along with ice Th by quenching
0.04N and 0.4V aqueous KCl solutions in liquid nitro-
gen. The ices were identified by their x-ray patterns.
The oxygen atoms in ice Ic are arranged in puckered-
hexagonal rings identical to those found in ice Ih;
however, each layer of oxygens is displaced one-half the
diameter of the ring relative to adjacent layers. This
arrangement gives rise to a repetitive structure of the
type - ++ABCA--- characteristic of the diamond-cubic
system. The infrared” and Raman spectra®® of ices Ih
and Ic are identical in the O-H stretching region. Both
infrared® and electron-diffraction results® have been
interpreted as indicating a disordered-proton arrange-

ment in ice Ic.
Dowell and Rinfret® have obtained the cubic lattice

A, J. Nozik and M. Kaplan, J. Chem. Phys. 47, 2960 (1967).

U H. J. Weltman, Rept. No. AD423175, Defense Documenta-
tion Center for Scientitic and Technical Information, Cameron
Station, Alexandria, Va., 1963.

12 J. E. Bertie and E. Whalley, J. Chem. Phys. 40, 1637 (1964).

1B M., J. Taylor and E. Whalley, J. Chem. Phys. 40, 1600

(1964).
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Fic. 1. Neutron-diffraction spectrum of ice Ic at 80°K prepared from ice II.

parameter go=6.358220.004 X at —185°C from x-ray
studies of polycrystalline material. With eight molecules
in the unit cell, this lattice dimension (with the latest
values of the fundamental constants) leads to a calcu-
lated density of 0.931 g-cm™2 which is identical within
experimental error to that of ice Th.1

EXPERIMENTAL

Although ice Ic can be prepared by the low-tempera-
ture deposition of water vapor, only relatively small
quantities can conveniently be prepared in this manner.
Since about 10 g of ice were needed for a neutron-
diffraction sample, use was made of the fact that all
high-pressure ices first transform to ice Ic.® The high-
pressure ices II, V, and IX were prepared in the Be-Cu
pressure vessel described previously, and transformed
to the cubic form for this study. Because of the large
spin-incoherent neutron scattering of protons, it was
necessary to use D,O samples to achieve spectra with
acceptable peak-to-background ratios. The tempera-
tures at which the transitions were made were 166°K
for ices V and IX, and 177° for ice II. A liquid-nitrogen-
cooled n-pentane bath was used. Some of the transfor-

K S, W. Rabideau, E. D. Finch, G. P. Arnold, and A. L. Bow-
man, J. Chem. Phys. 49, 2514 (1968), Paper I of this series.

1 E. D. Finch, S. W. Rabideau, R. G. Wenzel, and N. Nereson,
J. Chem. Phys. 49, 4361 (1968), Paper II of this series.

mations were made in small glass bottles placed dire.
in the constant-temperature bath, but none of the’
were in direct contact with the #-pentane. Inotherca
the Ti-Zr neutron-diffraction sample-holder lid v
unscrewed to allow for the expansion of one of the !
pressure ices, and this container was placed in an opx
topped, thin-walled copper sleeve immersed in U
n-pentane bath. The sample temperature was monit.:
with a copper-constantan thermocouple.

Neutron-diffraction spectra of liquid-nitro:
quenched solutions of FeCl; and KCl were taken
examine the reported induced formation!®! of icc |
Analytical-grade reagents were used to make the 0.17"
FeCl, and 0.4N KCl solutions in D,O. Droplets of | -
mm in diameter were dispensed from a capillary tip =
quenched in liquid nitrogen. These small ice pellets %+
ground in a polished steel mortar under liquid nitroz’
This same procedure had been used in the samj
preparation of the high-pressure ices without bring
about a phase change. The powdered ice was transferre:
to the sample holder under liquid nitrogen.

A characteristic feature in the preparation of ice !
is that the pure cubic phase is not formed by any of t}¢
reported methods. This appears to be true for the lo*
temperature deposition of water vapor® and for .”
transformation of both vitreous ice® and the high
pressure ices.”? The impurity in the cubic-ice sample b+
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NEUTRON-DIFFRACTION STUDY OF ICE.

heen suggested to be hexagonal ice. In the transforma-
tion of vitreous ice, a residual of this form was stated to
he present, in addition to the ice Ih impurity.

The powder-diffraction spectra were obtained on a
seutron diffractometer at the Los Alamos Omega West
Reactor. The calibration, resolution, and operation of
the diffractometer have been described in Paper I of
this series.’®

EXPERIMENTAL RESULTS

The neutron-diffraction spectrum obtained at 80°K
Ly the transformation of ice IT is shown in Fig. 1. The
ubic cell lattice parameter, ay, was found to be 6.353=+
0,001 A by an analysis of the centroids of the first seven
peaks at scattering angles (26) between 15° and 62°.
The calculated positions for this value of gy are indicated
by the vertical lines placed above the (%%l) symbols in
Fig. 1.

As indicated previously,® the angular accuracy of the
neutron diffractometer and the dispersion were checked
with the use of a standard sample of NbO, so that it was
possible to determine the extent to which a given line
in the ice Ic pattern was broadened.

The asymmetry of the (111) peak in the ice Ic
spectrum of Fig. 1 is apparent. In addition to the
shoulder on the low-angle side of this peak centroid,
there is also broadening throughout the peak with a
suggestion of an incipient peak in the region of 260=19°.
All remaining lines in the spectrum, while reasonably
symmetric, are appreciably broadened.

Essentially the same type of diffraction pattern was
obtained from the samples prepared by the transfor-
mation of ices V and IX. The portion of the spectrum
for a scattering angle 26 of 16° to 20° is shown in Fig. 2.
The ice Ic obtained from ice IX shows evidence for a
shoulder on the high-angle side of the peak of major
intensity, and a clearly resolved peak on the low-angle
side. Although the heats associated with the transfor-
mations of ices V and IX to ice Ic are only 4 and 11
tal/g, respectively,”? the possible contributions of these

hiats to the nature of the final ice Ic product was
¢ximined. Approximately 10 g of ice were needed for
the neutron-diffraction pattern. In one case, the entire
Iz sample of ice V was placed in a glass bottle and
“ansformed to ice Ic in the constant-temperature
R-pentane bath. In a second trial, the sample of ice V
s divided into six batches of approximately 1% g
ind the transformation of each batch was made
“parately at 166°K. Since there was no detectable
diference between the neutron-diffraction spectra
“btained in these two ways, it was concluded that the
ttansformation heats contributed little or nothing to
the asymmetries observed under the conditions of these
“iperiments.

[nan attempt to try to resolve peaks of ice Ic obtained
fom ice IX into a series of component lines, Fig. 2, use
*4s made of a Gaussian line-fitting program. However,
f¥en with as many as six lines in the 26 region between
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F1c. 2. Composite neutron-diffraction spectrum recorded at
80°K. Ice Ih prepared from ice II, ice Ic made by the transforma-
tion of ices II, V, and IX.

16° and 20°, the full widths at half-heights of the peaks
were greater than would have been expected from the
diffractometer dispersion characteristics. The spectrum
of ice Ic from ice II was used for further analysis since
this pattern had the most symmetric peaks.

The analysis of the spectrum pattern of ice Ic is made
difficult by the presence of hexagonal ice. There are no
lines in the cubic pattern that are not also found at
essentially identical positions for ice Ih. To be able to
determine the appropriate values to be subtracted from
an observed possible mixture of ices Ic and Ih, peak
intensities, half-widths, and centroids were obtained
for ice Ih for the triplet peaks in the portion of the
spectrum between 16° and 20°. For ice Ih prepared by
the transformation of ice II at —50°C, the half-widths
were found to be in accord with expected values for this
instrument in this spectral region. Hexagonal indices
are indicated for this triplet in Fig. 2. Ice II, prepared as
described in Paper II of this series,*® contained approxi-
mately 5% ice Ih. The contribution of this ice Ih
impurity to the ice Ic spectrum was subtracted prior to
attempting an analysis of the observed ice Ic spectrum.
The residual peak widths were considerably in excess
of those expected. These excess widths have been
interpreted as arising from the small particle sizes of
the ices which resulted from the ice II transformation.
Although ice Ic was the principal product of this
transformation, it appears that a small, additional
amount of ice Th was also formed.

In a series of Mossbauer studies of ferrous ions
trapped in ice by the quenching of aqueous ferrous ion
solutions in liquid nitrogen, Nozik and Kaplan® give
convincing evidence for the induced formation of cubic
ice. It was of interest to determine whether any evidence
could be obtained by neutron-difiraction studies for

16 R, Brill and A. Tippe, Acta Cryst. 23, 343 (1967).
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TasLE I. Neutron-difiraction centroids, widths, and intensities
of peaks in pure and in doped ices.

Sample Peak Centroid Width* Intensity

! A Pure hexagonalice (10-0)  16.83° 0.68° 1.00
(00-2) 17.94 0.65 0.54
(10-1) 19.11 0.67 0.59
B. Icedoped with (10-0) 16.86 0.67 1.00
0.473 FeCl (00-2) 17.94 0.64 0.54
(10-1) 19.11 0.69 0.62
C. Ice doped with (10-0) 16.83 0.67 1.00
0.40M KCI (00-2) 17.94 0.65 0.50
(10-1) 19.10 0.67 0.55

& Full width at half-maximum.

the presence of even relatively small amounts of cubic
ice. As indicated by the results in Table I, the triplet
peaks in the hexagaonal ice spectrum were obtained for
pure ice Ih, for ice doped with 0.473/ FeCly, and for
ice prepared by quenching 0.40V KCl. The doped-ice-
peak positions were not significantly altered from those
of pure ice and the measured half-widths were in agree-
ment with expected values on the assumption of no line
broadening. The relative intensities were referenced on
the (10-0) peak and were obtained from the relation
I=1.064 (AH,y;;) ¥m, where I is the intensity, AHy is
the full width at half-height, and ¥, is the peak height.
Although the intensities of the peaks are not identical
in the three ices, the differences in the ratios are small.
A significant amount of ice Ic mixed with the hexagonal
form would have been revealed by the alteration of the
relative intensities of these peaks as well as by a dis-
placement of the peak centtroids.

Lattice cell parameters have been obtained for poly-
crystalline D,O ice Th at 80°K from an analysis of the
neutron-diffraction spectrum, a portion of which isshown
in Fig. 2. The values which have been obtained are
a,=4.500-£0.001 A and ¢=7.32420.002 A. These
results are in excellent agreement with the recent
precise x-ray measurements of H,O ice Ih reported by
Brill and Tippe!* These lattice parameters give
densities of 0.932 g cm™ and 0.933 g cm™ for HxO ice
I1h and ice Ic at 80°K, respectively, assuming that there
is no difference in cell dimensions for the H;O and DO
ices.

DISCUSSION

The line centroids of the peaks in the ice Ic neutron-
diffraction spectrum shown in Fig. 1 are in good accord
with the calculated line positions based on a cubic cell
lattice parameter, @=6.353 A. Several features of the
spectrum require comment, however. The obvious
asymmetry of the (111) peak suggests that an impurity
is present, and ice Th would seem to be a likely possi-
bility. The presence of ice Ih as an impurity would not
be surprising, since it appears that pure ice Ic has not
been prepared previously, and hexagonal ice has been
considered to be the contaminant. If the line on the
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low-angle side of the (111) cubic reflection is assigned
to the (10-0) line in ice Ih (see Fig. 2), its intensity
may be used to calculate the intensity to be expected
for the (10-2) line. This results in an expected counting
rate for the (10-2) peak of about4X 10° counts/8 min
above background. In fact, as shown in Fig. 1, the
observed (10-2) ice 1h line (20=24.72°) has only about
one-tenth the calculated intensity, all of which can be
attributed to the amount of ice Ih known to be present
prior to the transformation. It appears that preferential
growth of the crystals, possibly coupled with over-all
small particle size and crystal strain, has occurred to
limit the intensity of this reflection, and that a greatly
broadened line resulted. The calculated position of the
centroid of the (111) cubic ice peak coincides (within
0.03° in 26) with that of the (00-2) hexagonal peak. It
appears that line broadening is responsible for the fact
that the lines in the ice Ic-ice Ih mixture are un-
resolved while the triplet of ice Ih prepared from ice II
(which covers the same range of 26) is well resolved.
It is well known that crystals smaller than approxi-
mately 1000 & give rise to broadened peaks in the
diffraction spectrum.” A particle size of about 400 A
was found for ice Ic transformed from vitreous ice.
In Table II, application of the Scherrer formula,
t=C\/B cosf, has been made in a particle-size analysis
of ice Ic prepared from ice II. In this expression, !
is the crystal thickness in angstrons, C is a constant,
~A0.9, \ is the wavelength in angstroms of the radia-
tion, B* is the difference between the square of the
observed linewidth (full width at half-height) and
the square of the linewidth expected for large particles
from the known diffractometer resolution, and @ is the
Bragg angle. Although great accuracy is not to be
expected in the application of this expression in the
present case, because of the possibility of the presence
of a range of crystal sizes and the lack of sphericity of
the crystals, it nevertheless serves to provide an esti-
mate of the mean crystal size. As shown in Table II, an
analysis of the lines in the ice Ic spectrum indicates that

TasLE II. Evaluation of ice Ic particle size
from line broadening.®

(hkd) 20 B(deg) ¢(R)
(111) 17.9 0.45 130
(220) 29.5 0.36 170
(222) 36.3 0.49 130
(331) 46.1 0.71 )
(422) 52.3 0.65 100
(333) (511) 55.7 0.67 100
(440) 61.1 0.46 150
(531) 64.3 0.47 150

® Ice Ic prepared by transformation of ice 1I, 15 min at —65°C.

7 C, W. Bunn, Chemical Crystallography (Clarendon Press,
Oxford, England, 1961), Chap. 11,
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NEUTRON-DIFFRACTION STUDY OF ICE. III

in this sample prepared by the transformation of ice IT,
the mean particle size is about 130 A. Tt appears that
the crystals are of varying thickness depending upon
the crystallographic direction examined, as would be
expected. However, because of the uncertainties
associated with the application of the Scherrer formula,
only qualitative differences in thickness are assumed to
be indicated.

The ice Ic prepared from ice II was transformed to
ice Ih in several stages. The sample was heated from
liquid-nitrogen temperature in the n-pentane bath (a)
for 15 min at —65°C, (b) for 15 min at —35°C, and (c)
for 30 min at —52°C. The neutron-diffraction pattern
was recorded at 80°K after each heating period. As
indicated by the (10-0) linewidth results, the crystal
size of ice Th increased from 310 A in (a) to 350 A in (b)
and finally to 610 X in (c). Approximately correspond-
ing increases were also noted from the (00-2), (10-1),
and (10-2) reflections. If any particle-size growth
occurred at the temperature of liquid nitrogen, it was
exceedingly small since linewidths in both the ice Ic and
Ih patterns were reproducible even after the lapse of
many days at this temperature.

The fact that cubic ice was not produced in significant
amounts by the quenching of aqueous (D-0) solutions
of FeCly or KCl is of interest. It is possible that the
“Fe nuclei in the Mgssbauer experiments® were
influenced by strains in the crystal lattice induced by
quenching the solution in liquid nitrogen. The neutron-
difiraction spectrum clearly indicates the lattice is
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principally hexagonal in character. Although traces of
ice Ic conceivably could be formed, if the Méssbauer
spectrum is influenced more than a trace of ice Ic
would appear to be required. Changes in the field
gradient around the Fe caused by crystal strains
seems more probable in view of this neutron-diffraction
analysis.

Weltman! has based his conclusion of the induced
formation of ice Ic in rapidly cooled aqueous KCI
solutions on resistivity changes and on the appearance
of lines in the x-ray spectrum which are not found in the
ice Ih. It appears that this is in error. A computer
analysis of the two ices shows intensity differences for
various reflections but no #new lines in the ice Ic
spectrum.

Note added in proof: The possibility of demonstrating
the existence of a proton-disordered structure in ice Ic
from neutron-diffraction results was suggested by the
referee. We have shown that the proton-disordered
model (O-H distance=1.01 X, and H-O-H angle=
104.5°) reproduces the observed spectrum with an
R=9.5%. A reasonable proton-ordered arrangement,
space group I4-md, with the same angle and distance as
the disordered structure is in poor agreement (R=719%,)
with the experimental pattern. In response to a sugges-
tion that the behavior of the H,O and DO ices may not
be the same in the vicinity of the iron nucleus, we have
made diffraction measurements on a sample of quenched
0.47M FeCl, in H,O and find no ice Ic phase present
within a detection limit of about 5%.
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LCAO-MO-SCF Calculations Using Gaussian Basis Functions. II. BeH.
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Results of extensive LCAO-MO-SCF calculations on BeH: utilizing Gaussian basis functions are pre-
sented. It is established that BeH; is linear in its ground state, and the equilibrium bond distance has been
determined. Force constants and normal frequencies were obtained. Utilizing an accurate estimate of the
correlation energy, the dissociation energy of BeH; was determined to within the experimental error of the

National Bureau of Standards measurement.

I. INTRODUCTION

In this paper we present the results of an inten-
‘e LCAO-MO-SCF study of beryllium hydride,
BeHa, which is of great practical interest because of
‘'s potential utility as one of the most energetic of
hizh-energy rocket fuels. This molecule has also posed

a difficult enigma to experimentalists because of the
immense difficulty of obtaining a sample pure enough
to allow measurement of an accurate heat of forma-
tion. It was in the framework of this question of
obtaining the BeH. bond dissociation energy (which
has beset thermochemists for the past five years) that
we undertook to perform accurate LCAO-MO-SCF
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