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CHAPTER I
INTRODUCTION

The first reliable physical data on crystalline calcium hydrox-
ide were obtained with erystals which had been formed as the wadm of
a hydration process in Portland cement. Naturally occurring crystals
were first discovered at Scawt Hill, County Antrim, Ireland, by Tilley
(1), m‘wepmad the name Portlandite for the new mineral. These
natural crystals were in the form of small hexagonal plates intimately
associated with afwillite and calcite in larnite-spurrite contact rocks,
having been ultimately derived from the hydration of the rocks.

Good artificial crystals were prepared by Ashton and Wilsen (2)
by the slow interdiffusion of CaCl; and NaOH solutions; ﬂwy obtained hex-
agonal plates and prisms, the longer Mm& generally having smaller
cross sections at one end than at the other. With these crystals, Ashton
and Wilson made accurate determinations of some of the physical and op-
tical properties of Cu(ﬂl)g They also reported that good &;(OH)Z erys-

ctals in the form of lmngaw plates can be produced by the wﬁm of 20
to 30 percent KOH solutions on precipitated Ea@ﬂa, and that very good
erystals, usually thin but up to | mm in diameter, have been found on the
surfaces and in the interior of old cement briquettes which have been stored
under water and out of contact with CO,.

1.
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Portlandite crystals are clear and colourless, with perfect
cleavage parallel to the (0001) plane. The material is very soft, and
its apecific gravity is 2.230% 0,003, The erystal is uataxial negative,
with the optic axis perpendicular to the vamngg planes. There is only
moderate birefringence, the refr_active indices being n = 1,574 and
n,=1.547, Portlandite is fairly stable in dry air and only slowly dis~
solved by water, but when exposed to moist air or to water containing
CO, it becomes covered in a short time with a crust of CaCOs.

1.2 The Crystal Structure

 The erystal structure of portlandite, which has been known for
many years from X-ray diffraction studies, is of the Cdl; layer type. It
is trigonal on a hexagonal lattice with a single formula-unit per cell, and
the space group is P3ml. The unit cell dimensions (3) are:

c=4.895:0.0034A
a=3.585:0.001 A.
The strvcture is shown diagrammatically in Fig. 1. Notice in

Fig. 1 (a), which is a projection of portlandite on (0001), that all the
ions are in special positions on triad axes which run parallel to the
crystallographic ¢ axis. Each calcium ion is located at the centre of an
octahedron formed by the six nearest hydroxyl ions, and the octahedra
are joined together in sheets by having hydroxyl ions in common. Each
sheet consists of three parallel layers of ions, the calcium ions lying in
a single plane which is sandwiched between two layers of hydroxyl ions.
The sheets are piled vertically upon each other in the crystal, Strong
slectrostatic forces hold together the lons within & given shest, whils
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(a) Structure of Portlandite Projected on (0001)

@ c:
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(b) Structure of Portlandite Showing One Unit Cell of *
the Hexagonal Lattice

Fige. 1. The Crystal Structure of Portlandite



only weak van der Waals forces act between sheets, thus accounting for
the easy cleavage between them.

Previous Experimental Work

The mineral brucite, Mg(OH),, is isomorphous with portlandite.
Accordingly, the general properties connected with the structure can be
expected to be nearly identical for the two erystals; the slight differences
arise oaly from the fact that in brucite magnesium ions take the place of

1.3

the calecium ions in portlandite. Because such general properties are of
concern here, it is advantageous to discuss experimental work on both
brucite and portlandite.

The structure for brucite was worked out almost forty years ago
by Aminoff {4¢), using X-ray techniques. In the early thirties, Megaw (3)
used X-ray methods to obtain accurate values for the unit cell dimensions
and oxygen positions for portiandite and brucite. It was not possible at
that time to locate the hydrogen atoms by direct methods, but Bernal and
Megaw (5), on the M:‘ of symmetry and electrostatic considerations,
proposed that the O-H bonds are parallel to the ¢ axis [see Fig. 1 (b),
which shows one unit cell with the predicted hydrogen positions], Bernal
and Megaw ruled out the possibility of hydrogen bonding between layers
because of the large distance (about 3.3 A) between nearest oxygen atoms
in adjacent sheets. ' : |

Recently, Mara and Sutherland (6) made a detailed study of the
infrared absorption spectrum of brucite in the OH - stretching region, and
found the spectrum to be very complex between 2. and 3.5, (5000 and
2850 em “1). On the basis of the Bernal-Megaw model for the brucite
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structure, it was thought that there should be only one OH-stretching band
near 2.75u, With only two hydroxyl ions in the unit cell, the OH normal
modes of the cell mnld consist of only the in-phase and the out-of-phase
vibmﬁw The tixat giv“ no aet elunga in the ﬁtpoh moment and is
therefore mmm Mﬁv«s Mxmu thar- is oaly one iniruwdwutiw Cﬁl
vibration frequency. 'rhis hand should show cmplatc polarization, vdth
the ﬁhmgt in dtmia moment punnal m ﬂu 4 axis. mu and Mthum
found such a band, but observed in its immedtn; ndghbwhood at mnt
15 other bands which exhibited a variety of pahxiution weputiu Ex-
amining the spectrum of ug(ez:mz. they found m uomplm wthm of
bands to be shifted hy a amtmt factor (nearly {2 ) to longer wavolangths
They concluded that most of these bands must myrwmt true Oﬂmnzmteh-
ing fundamentals, not eembim.um with low lattice frnqzuneict invo.’iving
the magnesium ions, and henee that the unit cell must be much larger than
deducted from X-ray ;Myaiu. Mauéﬁw. they concluded that the polar-
ization properties of the bands prbved that Bernal and Megaw's prediction
of the Eydtogun p@smoﬁu was incorrect. They aleo felt that they bad
demonstrated the much greater sensitivity of the infrared method, com-
puud to the x-ray method, in dwdd&ng about the positions of hydrogen
atoms in crystals. A Because portlandite has the same crystal wmuﬁtm
55 brustte; the sessbusions of Maen bod Suthostand shovid apply to it as well,
Petch and Megaw (7) undertook a re-examination of brucite and
portlandite by X-ray methods. No evidence was found for a larger unit
cell in ‘ei&w crystal, and the accepted unit cell dimensions and space
group were confirmed. Petch and Megaw argued further, mainly on the
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basis of symmetry and electron-bonding tfiwm that the hydxegm po~-
sitions wsymﬁ hy" a.mz m& Megaw were correct, althou m pos—-
smtv a& mtimuny diwrdamd WMMMs of the hy&mgm atoms
was m ruled rm. Petch also made a preliminary examination u&thp
infrared m@rmdm m pw&lmﬂim and ﬂmﬁ a comple th
simila to that found in brucite by Mara and Sutherland. The apparent
‘diﬁ%amymm results ahhmﬂ by infrared mﬂmﬁs and hymném
X-ray techniques max:m 2 new interest &n the structures of wxw
ite and brucite, ,
More recently, Petch (8) mmw that & tw&y of ;thu
wsmg 2 migw counter Xeray aiﬁzwmatw and the technique of th»
,wg ~ Fg)-synthesis gave strong evidence supporting Bernal and mg;m'a
mmﬁm for the hydrogen ymiﬁm In addition, Elleman and Williams
(9 located the protons in brueite by nucléar magnetic resonance. Their
data ulso support the Bernal-Megaw model. '
mmmmm;x»mmmwmwm
Mara and Sutherland {10) carried out some further infraved work on
brucite. They examined the spectrum at the temperaturs of liquid nic-
trogen, and found that many of the low frequency bande disappeared.
They were forced to conclude, in contradiction to their earlier convic-
tions, that these bands are combination difference frequencies arising
from enexgy levels due to an exceptionally low mmamﬁm mode,
and that the spectrum can be explained, in principle at least, without
invoking a larger unit cell or changing the equilibrium positions of the
hydrogen atoms from those proposed by Bernal and Megaw. They also
mentioned a ﬁmﬂm by Hexter, later reported by Hexter and Dows |
(11), that a low frequency "libration" of the OH ijon may combine with
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the vibration to produce the complex infrared spectra of brucite and port-
landite. Mara and Sutherland felt that their observations at low temperature
confirmed this suggestion, although the full explanation of the fine structure
still wuw many difficulties.

» many questions about the behaviour of the layer-type
nwwummmm thmﬁ. A full
study of the infrared absorption of portlandife was required in order to
detailed examination of the temperature effects was desirable, in the hope
of gaining a better understanding of infrared absorption in solids, and, in
spectra of brucite and portlandite. Because of the unexplained discrepancy
between X-ray and infrared results, the value of infrared techuiques as an
aid in locating hydrogen positions was open to serious doubt, and further
work was required to settle this question, With these considerations in
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CHAPTER 11
EXPERIMENTAL APPARATUS AND TECHNIQUES

 Samples
The portlandite samples were obtained from: a large single crys-
tal which was prepared by the hydration of laraite (Ca;8i0,) by Professor
C. E. Tilley, Department of Mineralogy and Petrology, Cambridge Uni--

versity. The original erystal was in the form of a hexagonal prism with
the approximate dimensions 3,5 mm x 3.5 mm x 7 mm. From it Dr, H.
E. Petch cleaved several plates about 50 microns thick for infrared work,
and also w&mﬁ umﬁéu which he used for X-ray analyses (7,8, 12).
Powdered samples for the infrared work were made from some of the re-

Because the individual crystal plates did not have a sufficiently

large cross-sectional area, a composite section was made up of three
plates. They were from the same part of the original crystal; two of
them were complete hexagons, and the other was a large portion of a

 hexagon. The &ﬂgﬁﬂ crystal had a slight ridge along one of the edges
and the resultant projection at one corner of each thin section made it
easy to arrange them so that they had the same orientation, as shown
in Fig. 2. The composite section was mounted over a slit as indicated
in the figore. Since the crystals were placed very closs together, the

 amount of mmm which could pass between them was negligible. These
three plates were used for all the room temperature work.

31
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Fig. 2. Aligmment of the Portlandite

Crystal Plates in the Composite Section
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Early in the course of the low temperature work, the three
pieces became covered with a white crust which rendered them almost
opaque to visible and infrared radiation, A leak had developed in the
vacuum chamber in which the crystals were mounted, Possibly water
vapour entered the chamber and solidified on the crystals, m.d later
reacted with them when they returned to room temperature.

Most of the opaque layer was removed by rubbing the surfaces
of the cxystal plates with a small camel-hair brush moistened in » paste
of jeweller's "white rouge” and hexachlorobutadiene, The crystalsbre
restored almost to their original condition except for somewhat reduced
transpavency. This reduction was caused by an increase in scattering
due to the irregularities left on the surfaces of the plates as a result of
the reaction and subsequent polishing process. A chock of the tufrared
spectrum at room temperature and at liquid air temperature indicated
that the absorption properties were unchanged.

One of the pieces used in the room temperature work, the partial
hexagon, was broken in the process of polishing. It was replaced in the
composite section by a plate obtained from a different pwt of the original
crystal. This plate was a complete hexagon, Tt Jid 5 hols nowy the
centre through which radiation could pass. The hole was small, how-
ever, and the increase in transmission was not appreciable.

The powdered samples were prepared by grinding fragments of
portlandite with a smbll mortar and pestle, and mulling in hexachlorobut~
adiene or nujol, Hexachlorobutadiene is especially well suited t<'the pur-
pose, for it is almogt transparent in the most interésting part of the port-
landite spectrum: from 5000 to 3200 em -} it has no absorption bands, and
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from 3200 to 2800 cm “! it has only a few weak bands.

Thin sections of brucite were cleaved from a large, flaky sam-
ple found in Lancaster County, Pennsylvania, for which the author wishes
to thank Dr, D, M. Shaw, Department of Geology, McMaster University,
The sections were approximately 60 microns thick, although not so uni-
form in thickness as the  portlandite plates. As in the case of portland-
ite, a composite section was prepared using three pieces of brucite mount-
‘sd side by side in the same plane. Accordingly, the ¢ axes of the pleces
were parallel, because the ¢ axis is mxmdkaiu to the cleavage planes
in brucite, as in wxwh The three pieces were irregular in shape,
and 5o attempt was made to orient them with corresponding a axes par-

he Spectrometers

Most of the spectra were obtained with a Perkin-Elmer Model 21
 Infrared Spectrophotometer equipped with a 60° CaF, prism. It is a double-
beam, recording spectrometer with a thermocouple detector and a Nernst
glower source., Percent transmission is recorded as a function of wave-
number; both scales are linear. The wavenumber scale was calibrated by
using atmospheric absorption bands as standards, as well as some methane
and ammonia bands, The spectral range with the CaF; prism is 9000 to 1200

em”!,

~ For the spectra obtained in the Mclennan Laboratory, Univer-
sity of Toronto, a Perkin-Elmer Model 12C Infrared Spectrometer with
a 60° LiF prism and s thermocouple detector was employed, The infrared
source was 2 water-coocled globar, and the beam m focused first on the
sample and then on the spectrometer slits by means of two rock salt lenses.
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The spectrometer was connected to a continuous-chart recorder which
gave a plot of transmission vs. wavenumber. The latter scale was not
linear; a chart, prepared in the McLennan Laboratory using atmospher-
cvic and ammeonia absorption bands, was used to calibrate the spectra.
The Model 12C is a single~beam instrument, and hence it was necesr -

sary to enclese the entire optical system and flush it with dry nitrogen
gas in order to reduce the m»mm by atmospheric water vapour,
Without flushing, the strong water bands between 4000 and 3500 ¢m*!
would have obscured the portlandite spectrum in that region, With the
Model 12C, the spectrum of portlandite was studied in the region from
4700 to 2800 em!,

2.3 The cmm Mounts |

The crystal holder assembly for the room temperature work
is shown actual size in Fig. 3, The back plate (E) is part of the rotat«
able ct};} manufactured by Perkin-Elmer for use with their instruments,
and is machined steel. It fits into a cell holder in either beam of the
spectrometer. The other parts were made of brass. The crystal hold-
iex fits down through the holes in the two brackets (F), which are fast-
ened to the back plates with Allen screws (G). The holder was machined
to rotate freely, and the assembly was mounted on the spectrometer with
the axis of rotation of the holder vertical. A reference line (H) was cut
into the top bracket, and the calibration marks (A) placed at 30 intervals
on the holder as shown. The sides of the slit (B) which is about Zmm x
10 mm in size, are knife-edged, the brass having been filed away at the
back so that the holder can be rotated $0° without part of the beam through
the sample being cut off by the edges of the slit. The crystal plates were
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(b) Holder Frame (E, Back Plate; F, Brackets;
G, Allen Screws; H, Reference Line)

Fig. 3. Crystal Mount for Room Temperature Work
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mounted by having two corners held against the flat face of the crys-
ctal holder by pleces of watch mainspring (C). The spring strips were
clamped at hoth ends by two small brass blocks (D), which had shallow
grooves euummwwmmnmmﬁmmmm'
of the slit.

Full-scale views of the low temperature cell used with the
Model 21 spectrometer appear in Fig. 4. The cell was designed
with assistance from Mr. T.H, Bryden, and constructed of brass in the
magchine shop, McMaster University, Except for the permanent join
at the top, the uner part (A) of the cell is completely isolated from
 the outer walls by B, & chambey whith is svacustod when the cell {s in
use. The rubber O-ring (C) shown in the cross-sectional view provides
2 vacuum seal between the two main parts of the cell, which are held to-
gether by four machine screws as shown. Two openings (D) were placed
in the lower part to permit the spectrometer beam to pass through, and
CaF, windows of dimensions 22.5 mm x 9.5 mm x 1 mm were fastened
over them with Armstrong cement. E, the back plate, was designed to
fit into the cell holders of the spectrometer; with it the assembled cell
was held securely enough that no further support was needed, The crys-
vtal holder (F), which is not shown in the front view, is similar in design
to the one previously described, with the crystals held in place over a
slit by flat pleces of spring. It was found that the lower spring clamp had
to be left slightly loose to allow for the different expansion coefficients of
brass and steel. The spring strips contracted less than the brass holder
upon cooling, and if clamped tightly at both ends, they buckled outward and
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and permitted the crystals to slip out of position. The holder pivots on
the stud (G), but fits snugly enough to provide good thermal contact be-
tween the two parts; it is held firmly in place by means of a small set
screw. The flat portion of this holder is thicker than that of the room
tmpeﬂtuﬁ holder in order to provide increased heat cémf;ftten. Enough
brass was removed from behind the slit to pumit the holder to be ro-
tated +40° without the back edges cutting off part of the beam.

A copper-constantan thermocouple was fastened to the holder by
means of a small, brass machine screw (H), and the two leads were brought
out through lucite insulators, one of which, J, is shown in the front view;
Armstrong cement was used to fasten the wires and insulators in place
and to provide the vacuum seal. After chamber B had been evacuated, a
coolant such as Hquid air was poured into A, thesby cooling the brass
holder and mounted crystals. Tests were made with the thermocouple
placed in three different positions over the length of the slit, and the
temperature gradient was found to be negligible. Temperature mm»
urements during the course mf'thn infrared work were taken with the ﬂurmoa
couple fastened in the central position,

For temperatures down to about 4 K, the crystals were mounted
in a liquid helium - eryostat, The cell and holder for the purpose are shown
in Fig. 5. The cell {A) was made of pyrex glass, and sapphire windows (B),
1} inches in diameter by | mm thick, were fastened in place with araldite
cement. The crystal holder (C), similar to the other two in principle, is
soldered to C, a $-inch tmml tube. The spring strips are not shown,

The tube and holder were kept central in the glass tube by two lucite bush-
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Fig. 5. :Cell and Crystal Holder for the Liquid
Helium Work (A, Pyrex Cell; B, Sapphire Windows; C,
Crystal Holder; D, Monel Tube; E, Iucite Bushing; F,
Scotch Electrical Tape; G, Brass Machine Screw; H, Brass
Fitting; J, Kovar Terminal) ' :
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ings (E) of the form shown in the figure, The notch is for thermocouple
leads, and the holes are to permit hydrogen gas to pass down the tube
to the cell at the bottom, The bushings were each kept from nuding up
or down the tube by two thin strips of Scotch electrical tape (F) wound
around the tube for a couple of turns, as shown in the front view. A
copper-constantan thermocouple was fastened to the crystal holder by
means of G, the screw holding the top spring clamp, and the leads were
brought out through H, the brass fitting (shown in cross section), by
means of two kovar seals, mdwhhhh shown (J). H was fitted over
the end of the glass tube and fastened with black sealing wax, after the
tube had been mounted in the brass top plate (A) of Fig, 6.
In Fig. 6, a cross-sectional view of the liquid helium cryostat
is shown., The outline of the crystal cell is sketched to indicate its po--
sition in the cryostat. B is 2 kovar metal-to-glass seal joining the metal
top to the pyrex body of the cryostat. The beam can pass through the
cryostat by means of rock salt windows (C), 2% inches in diameter by
} inch thick, and sapphire windows (D), 1 inh in diametes by | mm thick,
which are fastened in place with araldite cement. The chambers desig-
nated by E are permanently evacuated. Rubber O-rings at positions F,
G, and H provide airtight seals between the various parts of the appa-
cratus. The crystals were rotated without breaking any of the seals by
loosening slightly the knurled nut (J) which exerts pressure on the O-ring
at I, and then rotating the entire crystal cell through the required angle,
- The nut was then tightened again.
The outer dewar flask was kept filled with liguid air (K). The
cryostat was pre-cooled for a few hours before lquid helium was intro-
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Fig. 6. The Liquid Helium
Cryostat (A, Top Plate; B, Kovar
Metal-to-Glass Seal; C, Rock Salt
Windows; D, Sapphire Windows; E,
Permanent Vacuum Chamber; F, G, H,
Rubber O-Rings; J, Kmrled Nutj; K,
Dewar Flasks L, Vacuum Linej M,
Vacuum Line and Hydrogen Supply
Iine; N, Helium Return Line; O,

Opening for Helium Delivery Tube; -

P, Level of Liquid Helium)
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duced. To ensure that no water vapour condensed or crystallized in the
system, the crystal cell and the cryostat were kept evacuated through
lines L and M respectively. A few spectra were obtained during the pre-
cooling period,

Before lquid helium was put into the gryostat, line L was closed
and the helium return line (N) opened to permit the cryostat to fill with
helium gas at atmospheric pressure. The cell was kept evacuated in
order to reduce the thermal shock to the crystals when the liquid hel-
iuwm first entered the cryostat. The liquid helium was transferred from
its container by means of a double-walled metal tube which fits through
an opeaning (O) in the top plate and down into the bottom of the cryostat.,
After the eryostat had been filled to the level (P) shown in Fig. 6, the

transfer tube was removed and the opening in the top plate sealed with a .+

rubber stopper. As the helium boiled off, it returned to the ligquifier
through the helium retwrn line, cooling the walls of the pyrex cell as it
pacsed by. Several spectral runs were made as the crystals slowly coc-
cooled, To attain very low temperatures, dry hydrogen gas was ﬁumdwwd

-~ into the cell to improve the thermal contact between the walls of the cells
and the crystals, The temperature of the cell was controlled by an elec-
tric heater which was suspended close to the bottom of the cryostat. In-
creasing the heater current caused the helium to boil more rapidly, and
the increased flow of cold gas past the cell caused greater cooling. There
were, 28 well, a few turne of heater wire wound around the cell in case it
was necessary to raise its temperature fairly quickly., The four leads from
the heaters were brought out of the ¢ryostat by means of three kovar ter: -

minals on the top plate.
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_ The thermogouple provided good temperature down to liquid air
emperatures. Below that, as the flatter part of the emf vs. tempera-
ture curve was reached, the determinations became less aceurate. At
temperatures below 20°K, however, some of the hydrogen which had
been introduced into the cell lquified at the bottom, and the temperature
was determined accurately by measuring the hydrogen vapour pressure
{(13). The runs at lowest temperature were made with hydrogen solid-
ified at the bottom of the cell; the amount in the cell was adjusted until
the crystal holder was imymersed in solid hydrogen to 2 level just below
that of the crystals, thus assuring that the crystals were at a temperature
very close to that of the solid hydrogen, |

';ms m’.ﬁ#u manufactured by Perkin-Elmer, consists of six
0.020-inch AgCl plates enclosed in a bakelite case, and a wedge window
of NaCl to amm”&n for the lateral shift d‘mmwm plates,
The aﬂmma tlw polarizer can be varied tkwugk*‘% on a scale
marked in 10° mm Transmission over m npwtml region ntmi-'
~ ded is about 30%. .

For studying the mmd ﬁmplgﬁ Perlin-Elmer demountable
cells were used, with two CaF, windows, 1 inch in diameter by 1 mm
thick. The windows wﬁhmmewumme weug}n“
mdbagm by four Allen screws, The wmxyk is placed between the
windows. Lead upwwsﬁmhn mmdmmyﬂwamw&mmu. mt
good spectra were obtained without 2 spacer. A small amount of the
mulled sample was used, and as the windows were squeezed together,
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it spread out to form a layer of uniform thickness.

Ag mentioned earlier, the slit across which the crystal plates were
mounted was only 2 mm x 10 mam, At the position in which the samples were
placed, however, the beam dimensions of the Model 21 spectrometer are
about 6 mum x 19 mm. There is an optical balance control consisting of a
comb with wedge-shaped teeth which can be moved in and out of the sample
beam, but it was desirable to maintain the balance control close to the fully
open position in order that most of the radiation which passed through the
sample would reach the detector, It was necessary, therefore, to provide
compensation in the reference beam so that the intensities of the two beams
would be approximately equal, For this purpose, cardboard disks with :mt
of varying widths were used. For each angle at which the crystal holder was
set, a compensator having a slit width approximately equal to that of the ef<-

fective width of the holder slit was used, A demountable cell was employed to
mount the disk in the reference beam.

A demountable cell was also used to hold a compensating cell for
uce with the liguid air apparatus, as illustrated in Fig. 7. The 5 mm thick
CaF windows (A) were placed at the ends of a short, brass cylinder (B)
fitted with a hose connection so that it could be evacuated. Rubber washers
(C) provided the necessary seal between the windows and the brass cylinder,
The assembly was held together between the metal plates (D) of the demount~
able cell, using 1i-inch screws in place of the -<nch Allen screws normally
employed. The total path length of the evacuated compensating cell was ap--

proximately equal to that of the liquid air cell; hence atmm absorption
remained almost equal in the two beams. A single, cardboard disk, E, was
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Section through XX!

Fig. 7. Compensating Cell for Use with the Low
Temperature Cell (A, CaF, Windows; B, Brass Chamber;
C, Rubber Washers; D, Demountable Cell Plates; E, Card-
board Disk; F, S1lit)
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incorporated in the cell, Thowidthnﬁth‘»eu&tﬁ')muﬂedure@td
simply by using masking tape. |

The Mmmewﬂu used with the low temperature apparatus were
w&AWMOISprermam;fwﬂrMMﬂsmm
wire ﬁwointktmeot’thanui&mcen. m&mh&ucmaf.m
nqu!d helim holder) twisted together. Thnaﬁeatdinhumogmdﬁuin
Memmmmeiawmmmdbymnmﬂma than one
'utww& (M) mmum~jmum mumwmoxmm~mmm
uwﬂmwwmmmrkus) Me«rmm&mnmwerwm-
stantan leads had been twisted together for a!wtw, the positive uide
dalle-vmmmnmemmmmqmawtham 'rhemg—
ative terminal was mmmmmmmmcwmmamwa
mxbmrmmchmmmmmnmwa. memdmbxmuht
wm&«MMWﬁru.Mdummmywﬁnnam.mthumm
formed, mmmmrmmmmuwwe&u.

h&acuod&aﬁqﬁdmem.mmlwkmm
junction on the crystal holder was brought out through the jacket of the cell
to the reference junction without iummwm ‘I‘hn ruwma Jjunction was
mclasmdina;hn tube which was wbmrgodmicawuet. The copper
maskm&Qmmmwmcmdwmmmu.
"Spaghetti” insulation was used on the leads wherever necessary to ensure
that they did not come into contact with each other or with other metal
parts.

The leads of the thermocouple used with the Heuid helium ap-
anmbrm&wﬁ&o cell without interruption, kovar tar;
minals having been used as described earlier. Since the top of the glass
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tube and the brase fitting remained at room temperature throughout the
experiment, the thermal gradient across each terminal was probably
negligible, It is unlikely, therefore, that any appreciable error in the
temperature detersuination was introduced by the interruptions in the
leads. As with the liquid air apparatus, the reference junction was
immersed in ice water, and insulstion was used on the leads where

necessary. ,
The potentiometer was 2 Leeds and Northrup Type K, which is

a slide-wire type. A 1.0183 volt standard cell was used, and a Griffin

and Tatlock moving-coil galvanometer having = sensitivity of 0.9
The thermocouples were calibrated by obtaining the thermal

emf at three fixed points; the melting point of mercury (-38.9C), the

melting point of ether (-116.3C), and the bolling point of oxygea (~183.0€).

With these three points a calibration curve of thermal emf vs. temper-

Wm‘wu drawn, using as a guide a curve plotted from typical emf vs. &

temperature values given by Scott (16). Down to -190C, temperature

values, were estimated to be accurate within about IC. Below that

W, the necessary extrapolation corilined with the flattening

of the curve resulted in rapidly decreasing accuracy.
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‘I‘M zmtmm {for the range 4366»23% em” 1) of wﬂl&nﬁiﬁe pow-
der mulled in hexachlorobutadiene is shown in Fig, 8; the dominant fea' -
ture is & very intense absorption band centred at 3650 cm=~!, The ordi-
‘nate for this and most of the following spectra is percent transmission,
The scale is linear, but recorded values of transmission vary consider-
" ably with operating conditions, making it difficult to assign absolute val-
ues. Th# vertical axis, therefore, is not calibrated. Although there may
be some reflection by the simple, it is assumed that decreases in trans-
mission are due wmwy‘m.marwim and that the peaks appearing in
the spéctra are mwpuaa bands. | .

For all further work on portlandite, thswmpmk«e section of
thin plates was used, Fig. 9 shows how the spectrum (over the range
4100-3100 cm™!) changes as ¢, the angle between the crystallographic ¢
axis and the incident beam, increases. The angle yis illustrated in
Fig. 10(a). Because the intensity of radiation at the detector decreased
as ¢ became greater (for the reason discussed on Pages 21 and 22) the
absorption bands became less sharply defined. Fw reproducing the
spocies, the intanatby of the brosd hend fn the 40003000 cxa*! reglon for
¢ = O° was used as a standard, and the vertical scales of succeeding spectra
expanded as necessary to give the same peak height. Although the procedure
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Fig. 9. Infrared Spectra of Portlandite at Room Tempera-
ture with Unpolarized Radiation and Various Orientations of the

Crystallographic ¢ axis
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Fig. 10. Orientation of the Crystallographic ¢ Axis
and of the E Vector of the Incident Radiation
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may not be fully justified, later work indicated that there is little or no
change in the intensity of this band over the range of orientation employed.
The only apparent change in this series was in the band at 3650 cm~! which
had minimum intensity when ¢ was zero, and greatly increased in intensity
as ( increased, that is, as the ¢ axis became more nearly parallel to the

The spectra of Tig. 9 indicate why the 3650 cxa~] hand predom-
inates in the swctmawnu portlandite. From the great increase
in the intensity of this band dsp increases, it appears that when the optimum
orientation for this band is reached (¢ = 90°), its intensity will be much
greater than that of the other bands in this part of the spectrum. In other
words, if the ¢ axis were perpendicular to the directicn of the incident
radiation, the 3650 em™! band would be much more intense than the others.
In a powdered sample containing many small particles of portlandite with
random orientation of the ¢ axis, therefore, it cuuld be expected that the
3650 cm~! band would be quite strong, as Fig. 8 shows.

Since the object of the above study was to ascertain the general
character of the spectrum at room temperature, the spectrometer was
operated with low resolution in order to permit a higher scanning speed,
All further work was done with high resolutions. Most of the experimental
work was done with the Model 21 spectrometer equipped with a Ca¥F3 prism;
hence the spectroscopic equipment will not usually be mentioned except for
the spectra obtained wltl:j:uhar equipment.

3.2 Spectrs Obtained ak Room Temperature with Polarized Radiation
The absorption spectrum for polarized radiation was studied with
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and L0°.
crystal orientations of (= 0", 20°,, At each of these orientations the E

vector was rotated, and the spectrum observed with ©-0°, 30°, 60°, 90°,
120°, and 150°, where © is the angle between the [1010] direction and
the E vector, The angle © is illustrated in Fig. 10 (b).

This study strikingly demonstrated the complete polarization
of the 5650 6ui"L . Dut vevnatnd 00 Devihar polasisstion pespartion in tie
spectrum of portlandite at room temperature over the frequency range
studied, Some of the spectra, from 4100 to 3000 em™!, are shown in Fig.

11, For this series, { was constant at 20°, while © was O°, 30", 60°, and

90° in turn, In reproducing these spectra, some adjustment was made for

an overall change in transmission which occurred when the orientation of the
polarizer was varied. In this series the band at 3650 cm™! appears, with its
intensity increasing as © increases until it reaches a maximum when ©=90°,
When © = 90°, Eles in the plane defined by the ¢ axis and the incident beam;
the component of E in the direction of ¢, therefore, will then be 2 maximum
for the series. The spectra for ©=150" and 180° are not shown, for they are
the same as those for 60° and 30° respectively. The intensity of the 3650 cm™!
hmdu a maximum when © = 90°, and decreases symmetrically as © changes
from 90° to 0°, or from 90° to 180",

The intensity and strongly directional character of the 3650 cm™
band are further emphasized by a comparison of the spectra with polarized
and unpolarized radiation for the same orientstion of the sample. As would
be expected, the intensity of this band relative to the others is much g.rut‘-—
or in tha polasiied spectvuin for © = 90 in Fig. 11 fhan it is for. the wi-
polarized spectrum in Fig. 9 (¢=20"). With the beam unpolarized, the
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isotropic vibrations and the 3650 cm=-1 vibration each absorb a certain
proportion of the incident radiation. When the beam is polarized and the
electric vector of the radiation lies in the direction in which the 3650 cm™1
vibration is most sensitive, the isotropic vibrations still absorb the same
_proportion of the incident light, but the 3650 cm=! vibration absorbs a much
greater proportion than before, and hence is relatively much stronger,

3.3 Spectra Obtained with the Liquid Helium Apparatus and Unpolarized
Radiation , il i3

This work, as previously meationed, was done at the MacLennan
Laboratory, University of Toronto, using a Perkin-Elmer Model 12C single-
beam spectrometer equipped with a 60° LiF prism,

Fig. 12 shows a background spectrum (#1) and a series of port-
landite spectra, over the range 4600-3000 em"}, obtained at various
temperatures with ¢ approximately equal to 30°. Spectrum #1 shows that
the atmospheric bands were not entirely removed by flushing the optical
path with dry nitrogen gas. The intensity of the atmospheric absorption,
however, was reduced sufficiently to prevent it from obscuring the features
of the portlandite cpecirum.

The main object of this study was to examine the spectrum at very
low temperatures, but in order to observe the spectral changes as the
temperature was falling, spectra were obtained during the slow cooling
period after the liquid helium had been added to the cryostat. Some of
these spectra are shown in Fig. 12. The temperature changed considerably
while each of the spectra was being recorded, and only approzimate mean
temperatures with limits of variation can be given for them. The temper-
atures at which the illustrated spectra were recorded were as follows:




#1 BACKGROUND

#5 (00t20°K

#2 263:5°K

3298 —

X |1 I
9 9 o g o
s gag. b e 9 e 2
¥ = Q mo L T a ® ® ™

#6 157%0.2°K

#3 [55£25°K
) 11 il
Q @ 5 gvég: ;’; I\BN
c ©
g = ¥ 2gs2 g 3R

Percent Transmission

— 4550 (H)
— 4500 (H) F

—4230(H)
— 4160 (H)

#4  125%10°K

BELOW I14°K

. N " " " & . A L N A : S 8 3 RSt - : L Lo Lt L . e
HE00 Gooo 3Eco Jaco cm™’ 4500 4coo 3500 3000

Fig.12. Infrared Spectra of Portlandite at Various Temperatures with @ Approximately 30° (Unpolarized Radiation)
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#2, 263t5°K; #3,155:25°K; #4,125+10°K; #5, 100+20°K; #6, 15.7+0.2°K;
#7, between 14°K and 4K, the melting poiat of hydrogen and the boiling point
of helium respectively, There are several changes in the broad band in the
4000-3800 em"! region. I spectrum #2 of Fig. 12, the band has three
peaks, at 3939, 3904, and 3886 em™', As the temperature drops, the
band becomes more intense and narrower. Two shoulders appear on the
high frequency side at 3997 and 3959 em™!, while the peak at 3886 cm™!
nearly disappears, becoming merely a shoulder centred at about 3399 em-L
Except for some narrowing, there seems to be little change in the 3939 em™!
band, The 3904 em™~! band appears to shift gradually to higher frequencies
as the temperature decreases; the frequency is 3916 cm”! by the time the
temmperature has fallen to 125°K, aad increases little, if any, after that.
This band becomes more and more prominent as 'm teraperature drops until,
at very low temperatures, it is considerably more intense than the cthers.

The 3727 cr~! band becomes less intense as the temperature of
the sample decreases. There is also an apparent shift in the frequency
of the band to 3736 cm™!, but this shift is very likely due, at least in part,
to the strong atmospheric band at 3750 em~!, which becomes relatively
stronger as the other weakens. In the recorded spectra the two bands are
unresolved and, as a result, there is an apparent frequency shift in the
3727 cm™ portlandite band as it decreases in intensity.

The band at 3650 cm™’ becomes much narrower; its half-width

Tt also shows & gradual frequency shift,

decreases from about 60 em™! at 263°K to about 15 em™! at 15, 7°K., At
temperatures below 125°K the frequency appears to remain constant at
3656 cm~l. In addition to spectrum #6, two other spectra were obtained
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appeared to be a positive frequency shift in some of the bands before they
disappeared.

Some marked changes were obgerved in the 4600-4100 g™’
region of the spectvum when the temperature of the sample:. was below
14’K, as shown in spectrum #7 of Fig, 12. A feirly stvong Ma has
appeared at about 4500.cm™!, and a much weaker one at approximately
4550 cm™', In addition, the 4178 em™! band, which had gradually fa-
creased in inmm as the mwrmmb decreased to 15, 7°K, appears to
have shifted to a slightly lower frequency and to heve broadened out con-
siderably on the high frequency side in the spectrum obtained at the
temperature lower than 14°K, We believe that the explenation of these
phenomena can be found in terme of the infrared absorption of solid and
lquid hydrogen, Allin, Haze, and MacDonald (17) found a series of bande
in this region. The approximate positions and frequencies of these bands
are indicated above spectrum #7, and identified with the symbol {5}, The
frequency values, 4550, 4500, 4230, and 4160 em"!, were obtained from
the figure given by Allin et al. The positions of these bands appear to
correspond very well with those of the m features in spectrum #7; two
of them coineide with the positions of the new bands at 4550 and 4500 cm™!,
and the others correspond to the extent of the apparent broadening on the
high frequency side and shift to lower frequency of the 4178 cm~! band,

sample cell to conduct heat from the crystals to the cell walls, It is very
 probable, therefore, that the changes in the spectrum when the temperature
of the sample was reduced below the melting point of hydrogen are due to
the presence of solid hydrogen in the cell, Possibly some of the vapour


http:temperatu.re
http:ap-~a.rs

37

solidified ';an,tho crystal faces and on the interior surfaces of the cell
windows,

Finally a rather broad band centred at about 4320 em™! can be
seen in the spectra of Fig. 12. This band is very weak, however, and
possibly not significant in the spectrum. N there is any change at all in
this band as the temperature of the sample falls, it is a slight increase

The spectra obtained with the Model 12C spectrometer, as with
the Model 21, were recorded in terms of percent transmission, In Fig.

13 are shown three of the aﬁactxa with percent transmission values
values coaverted to absorption. The three absorption profiles, #1,2,and
3, were derived from three spectra of Fig. 12: #2, 6, and 7 respectively.
The approximate temperatures are, thervefore, #1, 263°K; #2, 15.7°K;
#3, between 14’ and 4°K, The conversion from transmission to absorption
values wae done using the relationship,

L) = Lfp)e "),
where I (p) is the intensity of the transmitted radiation, 1, (D) the intemsity
of the incident radiation, «{P) the absorption coefficient, and x the thickness
of the semple. From this expression it can’ seen that o{D), the absorption
coefficient, is proportional to log (I,/I), where the logarithm is taken either
to the base & or to the base ten, 4

The value of log {I./I) was found in the following manner, First
& copy of the background spectrum was traced on the chart containing the
portlandite spectrum. The vertical position of the background spectrum
relative to the other was chosen by matching it with the portlandite spectrum
at positions where it appeared that trensmission by the portlandite sample
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‘would have been one hundred percent had it not been for scattering and
reflection by the sample and cell windows, The base line for all meas-
urements was found by closing off the beam and observing the position of
the pen for zero transmission. At intervals of 5 em™ in regions where
there were atmospheric bands, end 10 or 20 em™! elsewhere, values pro-
portional to I, and I were found by measuring the verticd distances from
the base line to the background spectrum and to the portlandite spectrum
respectively. These values were converted to logarithms to the base ten,
and the difference of each pair with the same ordinate found to give the
value of log, (I./I). This quantity was then plotted as a function of wave-
number to give the absorption profiles shown in Fig. 13, o

 The region from 3000 to 2800 em~!, which was not shown in the
previous spectra of the portlandite plates, is reproduced in Fig, 13,
There are three bands in this region, at 2960, 2920, ana 2850 cm~l, the
ﬁratuw%m These bands appeared in all of the spectra of the
composite section of portlandite plates. They showed no polarization
properties, and appeared unchanged throughout the temperature range
' over which the sample was studied, Nujolhas two extremely intense ab-
sorption bands at about 2920 and 2850 cm”’, and the bands appearing in the
portlandite spectrum at these frequencies were, in all Mﬂ\m. due to
traces of nujol, In early infrared studies with the thin crystal sections,
they had been piaced on a CaF, plate and held there with nujol. An attempt
M. been made to clean the crystals with various organic aolvint;n’, but traces
of it must have remained on the sample. The source of the weak band at
2960 ﬁm'l is not certain, but it may be due to one of the solvents used;
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several organic compounds have strong absorption bands in this region,
It is almost certain, at any rate, that the three bands in the region between
3000 and 2800 em™! are not due to absorption in portlandite, for they do not
appear in the spectrum of the powdered sample (Fig. 8); this sample was
prepared from fragments of portlandite which had not been in contact with
In Fig. 14 the maxwm profiles are superimposed in order
that they may be compared move easily, In Fif. 14 (a), the spectrum
obtained at 15, 7°K is superimposed on the spectrum obtained at 263°K,
The changes in the spectrum with temperature, which were discussed
earlier, are shown very clearly in thie figure. I appears that the
frequency shift in the 3727 em"! band is not due entirely to the presence
of the atmospheric band st 3750 em™}, for a shift is appevent in this
figuse. 1t should be pointed out, however, thet the atmosphevic backe
ground did not subtrakt: out completely when &n absorption profiles were
plotted, possibly because the flushing with dry nitrogen had been more |
efficient when the background trace was obtained than when these pari-
ticular portlandite gpectra were recorded. Comparison of the two profiles also
reveals that the weak band which seemed to be centred at about 4320 em=!
does inereass i Lutensity as the tesapesiturve (alls. In the absewpiitn pro-
files, however, it appears as a plateau or broad shoulder on the side of the
4178 s'-m-l band. It is difficult to assign any frequency value to this shoulder,
but it appears to be centred closer to 4300 than to 4320 em~!, |
Fig. 14 (b) shows the spectrum obtained at a temperature below
14°K superimposed on the one obtained at 15,7°K. Only a few changes
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are.evident. Those on the high frequency side of the broad, intense

band have already been discussed. In addition, there seems to be a
marked, waxill .mme»m absorption between 3800 and 2800 cm-1,
This increase may be the result of a slight change in the physiGal
properties of the sample which affected the scattering characteristics,

but is more probably due simply to the presence of solid hydrogen, causing
either increased absorption or more scattering in this region.

The spectroscopic equipment in the MacLennan Laboratory had
certain advantages over the Model 21 spectrometer, A LiF prism has
somewhat higher resolving power than a CaF) prism, and hence the fine
structure in the broad bands was resolved more clearly with the Model
12C spectrometer. Moreover, the spectra were recorded with a longer
wavenumber scale, making it easier to determine the frequency of the
bands. This was especially true in the region above 4000 cm=~!, in which
the wavenumber scale in the Model 21, with the G.ﬂ"z prism installed,
was compressed by a factor of ten. The greatest advantage lay in the
optical bet-up, with the exterior rock salt lenses. With them the opti—

cal beam could be focused almost entirely on the sample, thus giving a
much stronger signal at the detector than was possible with the Model
21 and, as a result, a higher signal-to-noise ratio, Aﬂ these factors
combined to make the results obtained with the Model 12C sbmewhat
mcu' reliable than those obtained with the Model 21; hence they were
used for obtuining the frequencies of most of the bands in the spectrum.
Because a spectrum at room temperature was not cbtained with the Model
-12C spectrometer, the hands are identified by their frequencies at 263°K
rather than at room temperature. '
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3.4 Spectra Obtained at Low Temperature with the Model 21 Spectrometer

For these spectra the composite section of thin plates was mounted
in the cold cell illustrated in Fig. 4. Several spectra were obtained with
polarized radiation, For these, liquid air wee used as the coolant; with
it the temperature of the sample varied between 105°and 115°K, which is
within the temperature range over which spectrum #5 of Fig.12 was re-
corded, The sample was orientated with ¢=0and 30", and for each of
these settings, spectra were obtained with 6 = 07, 30°, 60°, and 90°, Thﬁ’
complete pohma&m of the 3650 cm~! band was again demonstrated, but
no further polarizatiop properties were detected in the spectrum over the
frequeimcy range studied (4600-2800 cm"l).

Megaw (17) in her X-ray work on portlandite, found a discontin~
uous chaﬁmgc of spacing, 0.07 percent in nagnitude, perpendicular to the
triad axis at a temperature just above ﬁu}dboﬁi&m point of nitrogen, There
is a possibility that the discontinuity is reflected in the behaviour of the in-
frared spectrum, but nothing of this sort was observed in the spectira ob-
tained with the liquid hellum apparatus, I the discontinuity in the behaviour
of the spectrum is emall, however, it cmald easily have been missed because
of the large difference between the tmpcrama at which the verious spectra
of Fig. 12 were recorded. An attempt to discover a discontinuity was made
with unpolarized radistion and a ¢rystal orientation of c{)=3b°. using the Model
21 spectrometer. Liquid nitrogen was used as the coolant, and the temper-~

ature of the sample was lowered as much as possible by pumping on the
chamber containing the liquid nitrogen with a vacuum pump of fairly high
capacity. The lowest temperature attained was 86°K, nine degrees higher
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than the boiling point of nitrogen. Between 115°K and this temperature “
there did not appear to be discontinuity in the spectral range studied,
4600-2800 cm~!, The increase in intensity of the band at 3916 em =1 is
fairly rapid, however, and it is possible that above 86 K there is a slight
dircontinuity in the change in this band with temperature which was not
detected. It can be stated with reasonable certainty, though, that if the
~ discontinuous change in spacing observed by Megaw does result in a
discontinuity in the change of infrared absorption with temperature be-
twaen 4600 2hd 2500 em*?, the discontinuity is fairly svasll, and probably
* occurs below 86°K . '
The low temperature results obtained with the Model 21 spectro-
meter were useful in checking some of the frequency values observed with
the Model 12C and the liquid helium apparatus, As mentioned previously,
a spectrum was not obtained at room temperature with the latter equip-
ment, and hence the bands of the spectrum of portlandite were identified
by their frequency values at 263°K. With the Model 21 there was poorer
resolution, and the frequency shifts occurring in the complex band between
4000 and 3800 cm™' could not be determined with certainty. The shift in
the frequency of the 3650 cm"! band between room temperature and 110°K,
however, was found to be about 6 cm™}. Approximately the umo frequency
change was observed between 263 and 110°K in the spectra obtained with the
Model 12C. The indication, therefore, is that the change in the frequencies
of the bands between room temperatufe and 263°K is not great, and that the
!raqmciu of the bands with the sample at 263°K are close to the values for
room temperature.
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With the Model 21 the frequency shift in the 3726 cm~! band be-

tween room temperature and liquid air temperatures was found to be ap--
proximately 5 cm™’. Although the atmospheric compensation with the

double-beam instrument was not perfect with the low temperature cell
and the compensating cell in the spectrometer beams, the atmospheric
band at 3750 cm™" did not remain with sufficient intensity to account for
so great a change, It seems, then, that only a part of the shift observed
in the 3726 cm™! band in the spectra obtained with the Model 12C spectro-
meter is due to the presence of the atmospheric band, There appears to
be a real frequency shift of a few wavenumbers as well,

3.5 The Infrared Spectrum of Brucite

( The infrared absorption of brucite was studied briefly for de-
creasing temperature of the sample, and the behaviour of the bands was
found to parallel very closely that of the equivalent bands in the port-
landite spectrum. Three spectra over the range 4500-3000 em=1, ab_-ﬁ
tained with unpolarized radiation and @= 20°, are shown in Fig. 15. The
approximate temperatures of the sample when each of these spectra was
recorded were: #1, 293°K (room temperature); #2, 202°K; #3, 105°K.
The two lower temperatures were achieved by mounting the sample in the
cold cell and using as the coolant a mixture of crushed dry ice and acetone
for the first, and liquid air for the second. The frequency values of the
bands in the spectrum of brucite were deterinined only approximately,
and are given here to roughly three-figure accuracy.

The broad band in the spectrum between 4100 and 3900 cm~1

corresponds to the broad band in the 4000-3800 em~! region in the spectrum




#1. ROOM
TEMPERATURE

#2,202°K

Percent Transmission

#3, 105°K

i 1 1 i 1 1 A 1 L 1 1 1
4500 4000 3500 cm=!

Fig. 15. Infrared Spectra of Brucite with (f = 20°, Unpolarized
Radiation, and the Sample at Various Temperatures
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of portlandite. In this series, however, all of the fine structure of the
band is not resolved because a portion falls in the region above 4000 em™!,
where the wavenumber scale is compressed Ly a factor of ten with the
Model 21 spectrometer when the CaF'y prism is installed. The general
behaviour of the band, though, is seen to be similar to that of the broad
band in the spectrum of portlandite, As the temperature of the sample
decreases, the band becomes more intense and somewhat narrower, and
the fine structure Meamn more sharply resolved,

The narrow baad at 3660 em"! corresponds to the polarized band
at 3650 em™! in portlandite, when ¢=0", its intensity is a minimum, and
as () increases; the intensity greatly increases. The low temperature be-
haviour also corresponds to that of the equivalent band in portlandite, As
the temperature falls, the band becomes considerably narrower, decreases
in intensity, and appears to shift to a slightly higher frequency. There is
also a shoulder, on the low frequency side of the band, which becomes
better resolved as the 3660 ecm™! band mrow The appearance of this
shoulder tends to confirm the presence of the similar shoulder in porte
landite. Unfortunately, its polarization properties were not tested.

The behaviour of the other hands in the spectrum is also simiilar
to that of the corresponding bands in the spectrum of portlandite, The
4310 cm™" band becomes more intense as the temperature decresses. The
3770 em™! band decreases in intensity, and shows a tmﬂlWMW fre—

quency shift. The bands below 3600 em”! decrease very eomidorwy in
intensity, and are very weak when the temperature of the sample has
fallen to 105°K.
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The infrared spectrum of brucite was not considered in great
m@wwwmwuumayaqumxwmmm
rtlandite. ¥From this work, however, it is apparent that the similar-
ities are very marked, and appear to hold throughout the temperature range
over which the brucite was studied, dtm“mugmnlam:mc
and temperaturc dependence are concerned, mnwuhmdﬁkrw

3.6 Discussion
‘ In the table on the following page are listed the absorption hands
detected in the infrared spectrum of portlandite in the spectral region 4600~
2800 cm~l, with the temperature of the sample ranging from room temp-
erature to below 14'K, the freezing point of hydrogen, The first three
temperatures given in the table, 263°, 125°, and 15.7°K, are the ap--
proximate mean values of the temperature ranges over which spectra #2,
4, and b of Fig. 12 were recorded, and "below 14°K" represents the temp-
erature region of the sample when spectrum #7 was recorded. The fre--
quencies of the bands appearing in each spectrum are listed under the cor: -
responding temperature value, When 2 band was not detected at 2 perticu-
lar temperature, no frequency value is given for the band in that column,
The total frequency shifts observed and the intensity changes are also tabe
ulated, Except for the low temperature frequencies of the 3727 cm™' band,
all frequency values given are those obtained with the Model 12C spectro-
meter.,




Table

Detected in Portlandite Between 4600 and 2800 em-1
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Frequencies (in em™!) of the Infrared

4300
4178
3939
3904
3886
3727
3650

3529
3367
3337
3298

Bands in Portlandite at: Total Change

263K 125K 157K Below 14K &%’E) mf:gm
4300 4300 4300 | Increase
4178 4178 4178 Incrense
3997 3997 3997 Increase
3959 3959 3959 Increase
3939 3939 3939 |
3916 3916 3916 +12 Increase
3899 3899 3899 £13 Decrease
3732 3732 3732 +5 Decrease
3656 3656 3656 v6. Decrease
-- 3620 3620 Unknown
3529 - o Decrease
3369 . Decrease
3339 v s Decrease
3310 -- - Decrease
-* - - Decrease

3082



Although a frequency shift seems to occur in some of the bands
on the low frequency side of the 3650 cm™! band, ne values are given for
the shifts because of the uncertainty of their extent before the bands
disappeared. A value of 5 em™! is given for the frequency shift in the
3727 em~! band. This is the change observed with the double-beam
Model 21 spectrometer, where the effect of the atmospheric band at
3750 era~! was smsll. Using the value of 5 em“! for the shift makes the
final low temperature value of the frequency of the band 5732 em™},
rather than 3736 cm=] as obtained with the Model 12C,

The bend at 3650 cm*!, and possibly the shoulder at 3620 cm-1,
were the only ones which revealed any polarization properties; the 3650
m"l band showed commplets polasiwation, with the direction of polar-

stion parallel to the ¢ axis. It is difficult to say whether the intensity
is wWZy zero M?ﬁ equal to zero, that is, when the E vector
erpendicular to the ¢ axis. The experimental results indicated,
though, that the value is very close to zero. The vibration leading to
the 3650 cm-) band, therefors, must have & very small componsnt per-
sendicular to the ¢ axis; in other words, mmmwmmwm~
sentially in a direction paralleltoc.
ﬂmwmmmmwmammwrmmmmm '
ization properties. If the spectra of brucite and por
alent, this result appears to contradict the findingsof Mara and Suther-
land (6), who observed that several of the bands in this region of the
spectrum of brucite possess some po ation properties. It mﬁu
be, however, that some of the bands in the portlandite spectram are

wlite are agxﬁw
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small size of the sample and the considerable reduction of intensity
'muulqwmm&nuﬂn\wﬁ&hbmmnn. The
masdmum value of ¢ for which the spectrum was studied with polarized -
radiation was 40°, and even with this orientation, resolution was too poor
to reveal any small changes which might have occurred in the bands 88
the E vector was rotated, Aﬁ\omvmﬁiﬂﬁtguﬂ’:uwﬂmm
of the peaks in the spectvum rapidly fell off. In ordes to obtatu conclusive
results about polazization properties, a thin plate of portiandite cut
mmmmmmmnmmman. In such a '
sample, the ¢ axis would lie in the plane of the crystal plate, atd spectra
with polavised radiation could be cbtained for E both perpenddcular and
pazallel to the ¢ axis, The latter orientation would permit determining
with certainty if any of the bands in the spectrum are completely or
Mmummwmu«mmm
mmhmm”m;mmﬁwy ‘

mmwmnmwmmmummw
neutron diffraction, mmwm»mmmma-n
MMMWX»WMYGCMQIE) Aayw&m
mechanism leading to the infrared absorption must be made, therefore,
umummmwmawmemmmmmm«mx
bond parallel to the ¢ axis of the crystal.
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The band at 3650 cm*! ez.u‘; has the polarization properties and
frequency expected of the fundamental OH-stretching vibration, If, as
Hexter and Dows (11) have suggested, the complex absorption pattern re-
sults from the coupling of the fundamental vibration with a librational motion
of the ion, the 3650 cm™’ band should be accompanied by low and high fre-
quency combination bands. The low frequency bands would result from
transitions involving excited librational levels, and their intensity should
decrease on cooling, while the high frequency bands, originating in the
ground state, should increase in intensity at low temperatures. The spectra
which were obtained are in qualitative agreement with this model, All the
bends below the polarized band at 3650 cm™! decreased in intensity as the
tmwmuudthtumphmlmnd. and most of the bands above in-
creased in intensity. There were discrepancies, however; the intensity of
the 3727 cm”! band, rather than increasing as would be expected, decreased
as the temperature was lowered. Some of the bands, notably that in the 4000~
3800 cm~! region, possess fine structure which is not explained by the simple
model described above.

No attempt will be made here to interpret the complex pattern of the
infrared absorption. The main purpose of this work was to examine carefully
the infrared absorption of a single crystal of portlandite and to report any
findings. Unfortunately, for reasons given, the study of the polarization
properties of the bands in the spectrum was inadequate. It is hoped, however,
that the results will prove helpful, those obtained at very low temperatures
in particular, in solving the complicated pattern which exists in the infrared
spectrum of portlandite in the region of the fundamental OH-stretching band,
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