) C0-3/3%01197-Y
l* - National Library ' Bibliothéque nationale o,
- of Canada du Canada :

h

Canadian Theses Division  Division des theses canadiennes

\ Ottawa, (‘Danada‘

K1A.0N4 , 4 916 4~5

“ . ‘ . . |}
PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

*

r

s Please print or type — Ecrire en lettres moulées ou daclylographier Lo

Full Name of Author — Nom complet de | auteur

| Md/\/ /‘Va;i@re?/' /”/d/}glfﬁft

Date of Bfrth — - Date d/e/ naissance Country of Birth — Lieu de naissance

/,?/ AN | A Cd@ﬂ/pk

Permanent Address — Résidence fixe ,
| & %@ Noad .
V>/ o e/ va Ccﬂb | | L -
oy /A 7. ,

Title of Thesis — Titre de la these ’ '

jj\_‘/)yaf’(jc/ CL.- ‘0'/17 A%?}L‘),*La/.([ra'b /L/C:IA;K)/\C//AC?ZLG_ ’
(1/(6/ Ammon(@ /L/OYLQ /g/ O/NCZ*(L& : . - ]

»
University — Université )
f/A/Vél’S'/ZL&{ ot Alber e |
Degree for which thesis was presented — Grade pour lequel cette thesé fut presentee : T
Mdsfe)' _d‘/ S7(IE’AC&
Year this degree conferred — Année d'obtention de ce grade Name of Supervisor — Nom du directeur de these

Lol Dr  Sokn £, fFertie

. . LY
Permission is hereby granted to the NATIONAL LIBRARY OF L'autorisation est, B‘ar la présente, accordée a la BIBLIOTHE-
CANADA to microfilm this thesis and to lend or sell copses of QUE NATIONALE DU CANADA de microfiimer cette thése et de
the film. _ préter ou de vendre des-exemplaires du film.

The author reserves other publication rights, and neither the L'auteur se réserve les autres droits de publication; ni la these
thesis nor extensive extracts from it may be printed or other- ni de longs extraits de celle-ci ne doivent étre imprimés ou
wise reproduced without the author's written permission. autrement reproduits sans I'autorisation écrite de Vauteur.

“ Date ‘ Signature

N



. * National Library of Canada

Coliections Dev%lopment Branch Direction d

T *
Canadian Theses on.

Microfiche Service -~ sur microfiche

L
\ "~ NOTICE -

]

7

The quality of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

if pages are miséing, contact the university which
granted the degree. '

Some pages may have indistinct print especially
if the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

Previously copyrighted .materials (journal articles,
‘published tests, etc.) are not filmed.

Reproduction in full or in part of this film is gov-
erned by the Canadian Copyright Act, R.S.C. 1970,
c. C-30. Please read the.authorization forms which
accompany this thesis.

- “THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

Ottawa, Canada i

\\ .

Bibliothéquegationale du Canada
eloppement des collections

" Service des théses sanadiennes

| AVIS

La gi}alité de cette microfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
avons tout fait pour assurer une qualité supérieure
de reproduction. as ‘

St manque des pages, veuillez communiquer
avec-'université qui a conféré le grade. ‘ '

. .
‘ La qualité d’impression de certdines pages peut
laisser & désirer, surtout si les pages originales ont été
dactylographiées & I'aide d'un ruban usé ou si l'unjver-
sité nous a -fait pa"(venir une photocopie de mauvaise
qualité.
Les documents qui font déja |‘objet d'un droit
d’'auteur (articles de revue, examens publiés, etc.) ne
sont pas microfilmés. A

. La' reproduction, méme partielle, de ce microfiim
est soumise a la Loi canadienne sur le droit d'auteur,
SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d'autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE



T~

v
~ ThE UNIVEREITY OF ALBERTA
INFRARLED SI?EbTRA OF AMMONIA HEMIHYDRATE

AND AMMONIA MONOHYDRATE

by

, @ MARY MARGARET MORRISON

o ' ~

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE
'STUDIES AND RESEARCH IN PARTIAL

FULFILMENT OF THE REQUIREMENTS FOR THE

DEGREE OF MASTER OF SCIENCE

DEPARTMENT OF CHEMISTRY

- ,&DMONTON, ALBERTA

~ FALL, 1980




—

THE UNIVERSITY OF ALBERTA . \
\

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersidned certify that they have read, and
recommend to the Faculty of Graduate Studies and Research,
for. acceptance, a’'thesis entitled
SOt .

'INFRARED SPECTRA OF AMMONIA HEMInYDRATE +'¥

ubmltted by MARY MARGARET MORRISON in partial

--------------- LI

fulfilment of the requ1rements for ‘the degree of

Master of Science.




G
o
TO MY FAMILY

e

e



ABSTRACT

AmmOnia monohydrate and ammonia hemihydrate were' ’ Al

. prepared by mixing st01chiometric volumes of ammonia and . -
water and freezing the solutions. They were oharacterized'

| by means of X-ray powder—diffraction photographs. The
vmid—infrared.spectra of ammonia monohydrate and'ammonia

hemihydrate at ~95°K were obtained and the assignments of

the spectral features were made on the basis of site sym-
.'J

metry, with reference to the spectra of solid .ammonia and

©

1ce.» The spectra obtained are quite different from thosek

reported by Waldron and Hornig in 1953 and it is believed
o
that they did not obtain the-spectra of the solid hydrates9

‘The spectra of the two hydrates show that the 0-H

vStretChlng vibration in an O H+-:N bond of length 2. 775 to"

4
' /.

2.85 A at 95°K absorbs between 2910 and 3125 em™l. This
1nformation is valuable er making 51mllar ass1gnments in
other compounds since- general correlatlons of v {0- H) witi

R (O- H---N) are not available. 1In particular, ‘it confirms a

recent aSSignment in the spectrum of hexamethylenetetramine
hexahydrate. 2
”Mid—inrrared spectra of various iSOtOpicrforms‘of
ammonia hemihYdrate were also obtained. Frequencies of
/

isoclated N-H. and N-D ‘stretching vibrations of the ammonia
‘ . (

molecules of type I and II.are reportedc as well as the

symmetrigvdeformationVvibrations of isolated ND,H and NH,D.’ {

L $ 4



iy

'

Peaks due to 1solated 0O-D stretchlng v1brat10ns 'in the

0O-D--+N. and O-D- II hydrogen bonds as well as the 0O-H %

I

anaLOge, were‘identified. The frequencies of.the features
due to VR ' (HOD) were also Obtained from a dllute deuterated
sample. C . . \‘

,Informatien obtained from the spectra of the isotopes
led to the aséigﬁment‘of~the v (ﬁﬁ;}’eﬂd v3(ND ) doublets"

to V1bratlons in the two different types of ammonia mole-

cules in the crystal structure, The 10 cm -1 split ‘of

'.v (NH ) and vZ(ND ) is believed to be due to unit-cell- group

spllttlng and the 30 em™? split of v (NH oD) and v, (ND,H)

is argued to be site spllttlng caused by the lowerlng of

the symmetry of a C3 molecule when placed in the erystal,

< : .
structure, coupled with very similar vy vibration frequen-

: w,
Cies in the, two types of ammonia molecule. Further work

-

is suggested.
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CHAPTER I.

INTRODUCTION

1.1 General Introduction

In a recent infrared study of hexamethylenetetramine .
nexahydrate (l), uncertainty?arose in the assignment of
the O—H»gtretching frequency of an O-H-.-N bond of lehgth
2.81 g. Very limited experimental evidence is available
in the literature to supporﬁ'the assignment of this vib—
ration &t 3012 cm . Nakamoto et al. (2) have published
correlations ofVO—H---N bond lengths with O-H stretching
freduencies, but only for cyclic dimer systems of a par-
ticular type. 'Thege correlations -clearly cannot'be
applied to the‘hexamethylenetetrahine hegéhYdrgte system
(1). Thus, an infrared study of a simple molecular sys- : \:
' tem having O-H:--N bonds would provide evidence fof or
against a frequency of 3012 cm_l_for such a bond of
length 2.81 A.

Tﬁe hydrates of ammonia,,ammonié monohydrate (NH3'H20)
and ammonia hemihydrate (2NH;-H, ),'seehed to be ideal
compounds for this experiment. Théif crystal structures
have been reported (3,4) and it is known that they are
simple molecular compounds containing bonds of the type ,
O-h-.:0, O-H-:-N and N—H;--Q. They are iﬁportant in
their own wright as simple hydrogenvbonééd crystals formed;

by twe small molecules of chemical importance. Further, ;

3
3

N




it can realistically be hoped that quantum mechanical cal-
culations of interacting ammonia and water molecules will
soon be made with sufficient accuracy to enable them to

be used to interpret the vibrational spectra of the sol-

ids. In time, high quality vibrational spectra of such

solids will provide data with which to test such calcula-
tions. Only one attémpt to obtain.their vibrational
spectra haé been que (5), which is surprising for such
simple solids but which is explained by the fact that
they me;t at -79°C (6) and are, thus, difficult'té
handle. | |

It’should be noted that ammonia monohydrate 1s some-
times called ammonium hydroxide (NH4OH) and ammonia hemi-
hydrate is sometimes called ammonium_oxide ((NH4)2OK in
the literature (6,7,8). However, the former names a;e
more‘appropriate since the compounds consist of hydrogen-
bonded ammonia and water molecules (3,4) and‘will be used
throughout this;thésis. ‘

This thesis presents the mid-infrared spectrum
of ammonia monohydrate at 95°K and the mid-infrared spec-
tra of ammonia hemihydrate in various isotopic forms at
95°K. The‘major subject of tﬂis thesis is the assignment
of the spéctrum of ammonia ﬁemihydrate. This wofk led
to obtaining the:preliminary survey spegtrum of ammonia

monohydrate which is presented and discussed.



A review of the solid-liquid equilibrium diagram
~-4or the ammonia-water system is‘preéented in Section 1.2.
Thermodynamic properties,.early mid—infrared work -and
. ; ,
structural information concerning the solid hydrates axe

reviewed 1in Section 1.3. Objectives of this study appear

'1n Section 1.4.

1.2 A Review of the Solid-Liquid Equilibrium‘biagram

'of the Ammonia-Water Syétem

The solid hydrates of ammonia having the theoretical
compositiéns, 48.59 weight i :NHé corresébnding to
ammonia monohyd}ate‘and 65.% weight ¢ NH3 cor-
responding to ammonia hemihydrate, were first isolated
by Frapk’Rupert (7) in 1909. Rupert presented a solid-
liquia equilibrium,diagrém based on freezing point deter-
minations as a function ofgcomposition'of ammonia-water
solutions. This diag;am showed two maximazcorfesponding
to the(formation of the two hydratés of ammonia. Since
1909, this work has been repeated by severai authors
(8- 16), each confirming the ex1stence of the hydrates
aThe meltlng points and eutectic ‘points determined by |
. these authors are summar;zed,ln Table 1.1 along with
Rupert's values. A representative diagram, temperature
versus composiﬁion, of the ammonia—yater'sysfem isréh0wn
’in'figure 1.1. Postma's (12) fusion curve has been
§elected as his meltlng points “and eutectlc points have

beéh\more recently confirmed by‘Hildenbrand and Giauque
\ " "
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N
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TEMPERATURE (-C)
!
3

-70

NHjH0  2NH3HZ0

-80;

~100

5
e - = = = = == - —— -

-110 . . L . N . .

10 20 30 40 50 60 70 80 90 100
4 : WEIGHT % NHj3 ‘ ‘

Figure 1.1 General solid-liquid equilibrium diagram for
' the ammonia-water system. From Postma (12) with composi-
tions converted to weight % NH3 from mole % NH3. The
melting points of NH3+Hp0 and 2NH3-Hp0 are -79.0 and
-78.8°C, respectively. The eutectic points dre at 33.4%
- NH3, -100.3°C; 57.1%. NH3, -86.0°C; 80.5% NHj, -92.5°C.
The dashed lines are extrapolations.
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\ o
(6) whose determinations are also listed\in Table -1.1.
- ' Y .
In most cases, the-eutectic, ice-NH..H,0, has not v

. . 3\ 2
been determined eXperlmentally since hlgh‘VlSCOSlty andvs
supercoollng hlnders crystalllzatlon in the comp051t10ﬁ
range ~28—34 ‘weight % NHB' Most of the eqtectic
tgmperatures and’compesitions listee in Tabie l.i.ﬁor
this regien'have been determined either grapﬁically, by

extrapolation of the liquidus curve to a point of inter-

section or by measuring the temperature at which the last

& -

" crystals disapbear under slow heating.

In 1923, Fritz Friedrichs (17) suggested a contin-
uous series of mixed crystals or solid solutions existed
instead of two discrete hydrates. In 1924, Elliott (13)

claimed the existence of discrete compounds was proved

by his visual inspection of the crystals upon formation.

" \ ’
In 1954, Mironov (14) undercook a systematic study of
the problem. To that date, only a few points of the
solidus curve had been determined (12). Mironov attemp-

ted to disprove the existence of solid solutions by-

determining'ehoﬁgh points of the solidus curve to show '
-

that this curve chanded temperature only at the congruent

~

melting points.

>

- o
Mironov used thermal analysis, that is, cooling and

heating curves, té determine temperatures on the lquldus

and solidus curves for partlcular comp051tlons -He ob-

tained data to fill in the missing solidus points for



~7

between 30 and 40 weight "% NH .

.

all regions eXCept for 0-32.7‘Weight"% NH3 where crys-

.tallization difficulties preventeq'further experimenta-

. tion. - Mironov concluded, however, that Friedrichs was ,

wrong and that a continuous series of mixed crystals did
1

[y

not exist. It should be noﬁéd-that the temperatures
Mironov gbtaiﬁgd,'listed in Table 1.1, are about. .2°
higher than thg ;empératures'reported by other authors.
Mironov made a signﬁficaht contributibn by providin@
data for tﬁe 32.7-48 weight % NH3 region; thus, enab-
ling tﬁe constrUCtion of the sbliaus curve at -101.3°C

(or‘4103.3°c) if corrected for the systematic 2° error)

for this région. S ~

In this studyC,MirOnov also determined a metastable

‘point at 50.1 weight % NH, and -99°C. He predicted

3
that extrapolation of the liguidus curve of 2NH3-H20 '
through tnis point would intersect with the extrapolated

2

liguidus of sz to form a‘metastable.eutectic'at ~=127°C
3
In 1956, Rollet and vuillard (15,16), as a result of
thei;“study of the vitreous sgate and‘the crystallization
of agueous solutions, discovered a ngw hydrate, NH3-2H20.
Earlier.workers had indicated that cryétallization was
difficult for ammonia-water mixtures having concenfra—

tions between 28 and 34'weight $ NH Rollet

3"
and Vuillard observed that crystallization could be in-

duced by slowly heatingAa solution which had been vitri-

P
N

N
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fied. ‘With this method as well as ‘the use of differ-

‘ential thermal analysis, they‘were able to establish
a more detailed eéuilibrium diagram (Figure 1.2) of the
’amménia;wafer system.

Rollet and Vuillard followed the thermal behavior of
~vitrified solutions by means éf'hgating curves. . They‘ob_
served é glass ;rénsition.from the vitreous state to the.
liguid state near -145°C for concentrationsuup_to.4é
weight % ‘NH3. Vitreous transformation for
higher ammonia concentratidné could not be determinea'
with certainty. Upon further heating; cnystallization of
the mixture beganvat -115°C and led to a eutectic plateau
at —103.35C'whére the.crystalS'meltéd. Rolletrand
Vﬁillard‘proved“that this eutectic is metastable ahd_at
| tpe same temperature for compositions from 1 to‘48
weight +% NH,. They postulated that it is the ice-

3

NH3-H20 eutectic. Thé’heating‘curve éhOWS that this

" metastable eutectic is. interrupted by-the‘cryétaliizatiéh
of a hew s;ecigsJ which isbimmeaiately fpllbhed by a
stable eutéctic élateaﬁ'at —58.0°C for dilute soiutions_
and.398.8°c"for concentrations ofw33‘tp 48 weighp‘

3 ﬁH3. To’ determine the‘éuteqtié composition of
the new species, the length of the plateau, at -98.Q°C
or -98.8°C, in the heating curve was plotted agéinst com-
posicion. The maxima obtained indicated that the eutec-
tic composition was between 31.5 and 32.2 weight |

$ NH3.v It was concluded that the new hydrate-ﬁas

LRy
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Figure 1.2 'Detailed solid-liquid equilibrium diagram for
dilute solutions of NH3 and H30. From Rollet and Vuillard
- (15,16) . . :
A) NH3-2H,0 (32.2% NH3) Melting point at -98.0 or -98.8°C.
B) ice -NH3-2H20 (32.9% NH3) Peritectic transition at -98.0°C.
C)*ice - NH3-H20 (33.9% NH3) Metastable eutectic at -103.3°C.
D) NH3-2Hp0 - NH3-H 0 (35.3% NH3) 'Stable eutectic at -98.8°C.
E) NH3-H30 (48.57% NH3) Melting point at -79.0°C.



\ '-.v o . 10
4 AN . . o ’
SR \ , _
3 2H20 whlch has a theoretlcal comp051tlon of 32 l
welght % NH3._' : 3 .f\\

A tran51tlon p01nt indicated in Figure 1.2, occurs

AN

at -98.0°C and 32.9 weight 8 NH Thls tran51—

3°

tion p01nt corresponds to the perltectlc transformatlon,’.
RN \

that 1s, 1ncongruent meltlng of SOlld NHj- ZHZO to yleid

ice plus lqu1d The results of Rollet and Vulllard are*f

also summarlzed in Table 1. 1. o ¥; § ,
E Van Kasteren (18) has recently publlshed a 51mllar,‘

but far less extensrve study than that*of Rollet and

Vulllard (15,16) apparently unaware of thelr_study.

1.3 A Review of the Structural and Physical Properties
: ‘ T .

of the Ammonia Hydrates

In 1953, Hlldenbrand and Glauque (6) studled some
tnermodynamlc prOpertleS of ammonia hemlhyarate and
'ammonla monohydrate from 15 to 300°K. They were 1nvest1—v
gatlng p0551ble disorder caused by random hydrogen bonad-
1ng in the solid state at low temperatures.

One of thelr studles involved_the measurenent of,the
heats of fusion of the NH;-2NH,-H,0 eutectic and‘thee

2NH3-H20—NH3~H20 eutectic. Their results 1nd1cated that

the 2NH3 HZO phase has the same comp051tlon at each
eutectlc pornt within 0.02 mole percent. Although

NH HZO was. not studled in such detall measurements of"

3
the heat of fu51on for this solld 1ndlcated that 1t 1s a’ -

pure compound to within .about 0.05 mole percent,
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The heats of fusion measured at the meltlng p01nts of "the

two hydrates were: 9840 J mole.l for 2NH3 HZO at —78 84 °C
and 6560 J mole T for NH -H,0 at -79.01°C
Heat capacities.of,ZNH3-H20 wete measured from 15 .to

273°K and those of NH,-H,0 from 15 to 293°K.  The heat

3 2

' capacity of 2NH3-H2O‘behaved anomalously in that two nax-

ina appeated near 52°K. Hildenbrahd and Gfauque tried to
expiain_the multiple maxima as being due to angular mo-
tiéns of the ammonia groups in more than one crystal
plane or possibly‘due,to two structuraily-different am;
nonia groups. ‘ - |

The entropies of ammonia hemihydrate and, ammonia

monohydrate were calculated to be 63.94 and 39.57 cal

deg mole” !, respectively, at 298.16°K. It was conclud-

~ed that the entropies of both-Compodnds approach zero at

\'\‘ ; . . _ - - . )
0°K within 0.1 cal deg 1 mole l. Hence, the crystalline

statee5qt 2NH3-H20 and NH3-H20 at‘low'temperatures'were
coneidered to be essentially ordered, including the hy-
drogen‘bondihg. | | ‘

The only ihffared spectra of the crystalline a$monia
hydrates reported in the literature are the work of

Waldron and Hornlg (5), publlshed in 1953 for the range

' 3600—800 cm™!. The method of sample preparation used by

these authors was the condensation of ammonia and‘water
vapor onto liquid—nitrogen—cooled NaCl and KBrvplates:

The spectra obtained were reported to. resemble the speé—
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trum of ice and the spectrum of crystalline ammonia. It
seems unlikely that Waldron and Hornig could have obtained

B

the correct:phases at -195°C.
With no knowledge of the structure. of the solid hy-
’ : & _

R . . ' . B . ’ K .
drates available, Waldron and Hornig drew several conclu-
\

sions concerning the structure from the comparlson of
their spectra with those of solid ammonla, 1ce and an
ammonium salt. They concluded that the hydrates were"
molecular rather than ionic because of the absence of\the
1400 cm~lybend;ng vibration of NH4 They also suggested
‘the existence-of an O-H-..N bond 51n6e they belleved
_that the water molecules were not/so tlghtly bound as in
ice begause of the absence of the 812 cm l ice band..
Waldron and Hornlg reported the symmetrlcal bending;vib-

-1

ration of ammonia to be 'at 1102 cm ~ in NH;-H,0 and to be

3
~believed that the doublet indicated the possible existence

a doublet, at 1020 and 1091 cm T in 2NH ‘H,0. They

of two structurally different ammonia molecules as sug-

gested by Hildenbrand and Giaugue (6). The.2950 cm !
| |

peak whlch appeared in the spectrum of both hydrates was .

-1

attributed to an N—H -0 type bond and the 3140' peak

whlch ‘appeared for the’ 2NH3 HZO was belleved to be- due to

a weaker bond of the same type. Peaks at 3220 and 3365

cm were belleved to. be due to mixed contrlbutlons of
j ) o

hydrogen bonded O-H and N- H v1brat10ns -
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Subsequent to the work of Waldron and Hornig, the

Ny crystal structute of ammonia hemihydrate was studied in

1953 by'Siemons and~Templeton (4)'by.ﬂ$ans df‘singlé crys-
tal X-ray diffraction. Ammonia‘bemihydrate was found to _

crystallize“in the orthorhombic system with space group

. o | o .
Pnma (19) and lattice constants a=c=18.4140.03A and

'b=5.33:0.024& at -95:10°C. Assuming four molecules of

2NH3-H20'per unit cell, the density of the solid was cal-
L 3 o -

_cpiated to be 0.916\§ cm . This was a¢ceptable compared

to‘tﬁe rough value of >0.8 g em™? measured for liquid

2NH3-H20 near the melting point.
The structure of’ammonia hemihydrate.was found to
consist of alternating nitrogen and oxygen atoms connected

L}

by hydrogen bonds of the O-H--.-N and N-H---0 type. These -~

‘atoms form-a cage-like cavity similar to a clathrate = 3

struéture (20) and in fhé caViQies‘sit ; second"type of
armonia molecﬁle cgnnected té one Wété:,moleculé by ‘an
O-H---N hydrogen bond. = Siemorns and-Téﬁpletdn §ailed’the
nitrogen atom of this latter type of ammonla, Ii and the

other nltrogen,‘NI. The hydrogens on N;p are unbonded

and ﬁhis’ammonia molecule Ls,Believéﬁf;o rotate freely
about its O-H--.N hydrogen bond. 'The suggestion of free
rotation Qas supported by;eiéctron density maps which :
indicated more violent thermal motion atNI than at NI,

and by the transitions observed by Hi}denbfahd and Giauque

~(6) at 52°K.. Hildenbrand and Giaugue aiso indicated a
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possible change 1in volume accompanying this transition.
Siemons and Templeton noted that the angle between the
O-H--++N bonds at the water molecule, 116°, which is lar-

ger than expected for water, may be smaller below the

-

'52°K transition.

The geometry of the structure essentiaily dictates
an ordered arrangement under Pnma symmetry of’ the hydrogen
atoms that are not on NII‘H3' Siemons and Templeton also

hydrogen

assumed that the average positions of the NII

Fl

atomsphéd Pnma Symmetry. Hydrogen bonds of lengths

(o3 .
2.83 A for N;---HO and 2.85 A for Ny - -HO are formed.

The tWoﬂfree electron pairs of each oxygen atom accept
three hydrogen bonds from ammonia, of lengths 3.11, 3.24

and 3.24 A, each sharing two-thirds of an electron pair.

Thus, each water molecule in the structure is five coor-

dinated..
) ) . m ' a
The crystal sﬂ‘gﬁéure of ammonia monohydrate was

studied by Olovsson and Templeton (3) in 1959. Single
crystai X-ray studies at -95 and -160°C yielded the same

-

structure, orthorhombic and in the space group lezlzl.

The unit cell parameters at -160°C were‘a==4.5110.01,
I t O
b =5.587:0.003 and ¢=9.70020.005 A. Assuming four mole-

cules ST NH,-H,O per unit cell, the density of the solid

3 72
was calculated to be 0.95 g cm™> at -160°C which is
. reasonable compéred to 0.89 g'cm_3, measured by Hilden-

brand and Giauque, for the liquid at -68°C.

4
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The monohydrate was found to consist of planar zig-
zag chains of water molecules connected by hydrogen bonds.
The chain axes l%? along the a axis of the unit cell in
approximately the z2=0 and z=}% planes.- The chains are
crosslinked by ammonia molecules via short, O-H-:-N,
hydrogen bonds of length 2.782‘ and via long, NH---0,
hydrogen bonds of lengths 3,21, 3.26 and 3.29 A. To, each
long bond,;oxygen contribufes one-third of an electron
pair, The oxygen atom of the watef molecule 1is six coor-
dinated. It forms the four bonds mentioned above, as
well as two short bonds,‘to the two adjacent oxygzz\z?bms'
in the chain, of the type O;H---O and O°';HO, both of
length 2.76 A. The hydrogen atoms involved in these bonds
between oxygen atoms in the chain haye not been located:'
A large deviation of .the angles between the long bonds
- from the teﬁrahedrql value indiéate that the hydrogen
atoms may not lie on the lines joining nitrogen and oxy-
gen atoms. Rotation about the three-fold axis of ammonia
is believed to be prevented in the monohydrate by the
hydrogén bonding.

Additional evidence concerning the structure of
ammonia hemihydrate resulted from a 14N nuclear gquadrupole
resonance study by S. Eletr and C.T. O'Konski (21) in
1971. Four absbrption frequencies were observed at 77°K.

These frequencies were paired by their Zeeman behavior,

confirming that two non-eguivalent lattice sites are



occupied by ammonia;\ The temperature dependence of these
frequencies was measored from 77 to 190°K. One pair of
temperature dependence curves was much steeper than the
other pair and was, therefore, assigned to the nitrogen

designated N._, since this nitrogen is believed to undergo

11’
greater thermal motion. The NQR studies also -support the
conclusion by Waldron and Hornig of the absence of ammon-
ium ion in the compound. Such an ion would have a nearly

¢ .
zero quadrupole coupling constant because of the tetra-

nedral symmetry.

1.4 Objectives

Ver§ little is known about the vibrational spectra
of the crystalline hydrates of ammonia. The only spectra
reported to date ere'the rnfrared spectra 1in the‘renge
3600-800 cm * obtained by Waldron and Hornig (5). The
validity of these spectra are in.question because of the
;trial and error method of sample preparation, that is, the
low temperature at which tﬁe molecules were mixed in tﬂe
condensation of ammonia and water vapor in various pro-
portions onto a cold biate.

" Thus, the objective of this work is to obtain mid-
‘infrared spectra of authentic samples of ammonia hemi-
hydrate,2NH3-H20,.and,eeveral_of itS‘iSOtOpiC forms’and
\tormake a detailed assignment of the vibrationaluspectra,
The method of preparation, to be described in Chapter II,

is such that the sample can be characterized by X-ray
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Yoy T
Y

powder diffraction so that there will be no doubt as to
the identity of the sample used to obtain spectra.

A secondary objective in this work is to obtain the’

mid-infrared spectrum of ammonia monohydrate, NH3-H20.

The monohydrate is a possible impurity in the hemihydrate
preparation. Its spectrum is, therefore, necessary to

identify impurity peaks in the ammonia hemihydrate spec-

"tra as well as being of interest in its own\}ﬁght.

¢

3
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CHAPTER II.

EXPERIMENTAL TECHNIQUES

2.1 Introduction

This chapter describes the expefimental methods used
to obtaih\ﬁne mid-infrared spectra of ammonia monohydrate
and of ammonia hemihydfate in various iéotopicrforms. A
low temperature'mulling technique[‘developed by Bertie and
Whalley (22), wés used to prepare the samples‘far investi-
gation at 95 : 10°K. | -

Since ammonia monohydrate was a possible impurity, it
was also pfepared and its infrared spectrum was obtained.
Ammonia monohydrate waslnot studied extensively for this
thesis but was useful for the identification of impurity

‘ ' \
absorption in the hemihydrate spectra.

2.2 Chemicals

Anh&drous ammonia (99.99 mole %) was obtained from
Matheson of Canaaa, Ltd. The purity of the ammonia gas
was cﬁecked by taking its infrared spectfum. Thebonly im-
purity de;ectéd'was a small amount of carbon dioxide which

was separated from the ammonia by distillation from a 1-

chlorobutane slush at -123°C. Amihonia-d3 (99 atom % D)

and ammonia—lSN (99 atom % 15N) were obtained fiovaerck,

Sharp and Dohme, Can. Ltd. and were used as supplied.

18 o,
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Triply distiiled water was obtained from éhe'labora—ﬂ
tory of Dr. H.B. Dunford. The deuterium oxide was obtain-
ed from a bottle in the‘laboratory. It waé checkéd for
isotopic purity by comparing its n.m.r. spéctrum with that
of solutions made by dissolving 1 mole % and 2 mole % of

H,0 in it, with 99.96% D»0 taken from a freshly opened

bottle obtained from the n.m.r. laboratory and with 99.7% ¢ .

-DZO obtained from Spectral Services. The relative inte-
grated intensities of the residual H in the different
solutions agreed with the nominal conCentratiohs if the
isotopic purity of the D,0 used Was 99.5 % 0.1%.

- The mulling agents were commercial propahé (99.99
mole %), propylene (99.99 mole %) and chlofotriflupro_

methane (99.0 mole %), used as supplied in one or four

pound cylinders.

2.3 Sample Hahdling\

Sincé the ammonia hydrates melt at -79°C,. all mani—
pulation of the samples was done in é cold can. The cold
can is an ﬁ;insulated metal can in which liquid nitrogen‘
boils rapidl§ to produce a cold, dry atmosphere. The
lower half of the can is éylindrical but a side arm ex-
;ends from the upper half. The can contains ‘a brass
table which sérves as a working area for sample handling.
The can if filled by pouring liquia nitrogen into the
top of the can, or by f%lling a side reservoir which is

cOnnected to the can, until the level of liquid>ﬁitrogen

LS



is just below.fﬁe top of the table. Long-handled ﬁools
required for sample handling were ﬁsually set.on the cold
can pable to cool to liqUid—nitrbgen temperature’gefére'
use. A sample could beshandledg'with‘spatulae and tweez-
ers, while it waé at approximately 100°K Qithodt béingﬁ
contaminated by condensation.‘.PlexiglaSs'covers,'placedf

on tOp'Ofvthe cold can, helped to prevent cogdensation

inside the can. Rubber gloves were always worn when work-—

. ;

ing with the cold can to provide érptection from the cold
metal tools and to prevent candensation, in the caﬁ) of

moisture from the hands.

2.4 Preparation of Ammonia Hemihydrate and its Isotopic

Form - ‘ ‘ C
For sample preparation,Atheﬁeceséagy apparatus was

connected to the vacuum line as illustraﬁed'in Fig;_2:l;'

Stoichiometrié volumes of watervand ammonia (Tablek2.l)

‘were calcuiated using the density of water at 20°C,

0.99823 g em™> (23), ‘and tﬁe’"' density of liquid'ammonia at

_70°C, 0.7253 g om™3 (24) . -

‘ To prepare the ammonia hemihydraﬁg, the calculated
volumé of triply distilled water was syringed ihto the
ball joint test tube, A 'in Figure 2.1. This test tube was
attached to ﬁhe vacuum line and the water was'dégassed by
.four freeze-bump—thaw cycles. The water was then dis-

tilled into the evacuated system, B, (Fig. 2.1), a test

tube with a ground glass joint connected to the vacuum
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Figure 2.1 Apparatus used for preparation of the ammonia
hydrates. A) H,0O test tube, B) ground-glass-joint test
tube attached to a vacuum line connector equipped with a
stopcock, C) test tube for volume measurement of NHj,

D) connection to the manifold of the vacuum line.



TABLE 2.1

volumes Used for Sample Prepérétions 

P

~Sample
Code

- 5019-22
5039,
$023-24
- 5029-31
5034-35
sosé
5037-38
5040
$025-28

$032-33

Sample

»2NH3-H20

2NH3-H 0

2

ZﬂH3~H20(5%D)

2NH3-H20(IO%D)

2ND3-Q20

2ND3-DZQ(5%H)

15
2 NH3-H20

15 .
2 "NHy-H 0
NH3-H20

NH3-H20

of Volume of

Volume Volume of ImpuritiesC .
NH,(m1)  H,0 (m1) D,0(m)) ’
3\ T 2
3.0 1.16 - NH H,0
0.50 0.180 - “ N +H,0
3.0 0.91 0.23- NH 5
3.0 0.69 0.46 None Observed
1.00° - 0.38  MNone Observed
“v.00%  0.080 0.30.  None Observed
b 15
0.50 0.192 - NH 5 -H,0
b ; \ 15
- 0.25 0.090 - NH 4 +H,0
3.0 2.3 - “ice, 2NH3-H20
0.77 )

1.00

aND3 is éubstituted for NHa.

b
15NH

3

4

is substituted for NH3.

_ice, ZNH3-H20

Trace impurities were identified in the X-ray diffraction photo-
al evidence of impurities was observed except

graphs but no spec
for S039 and the 2
features were fdentified

1]

NH3'Hi2

0 samples where NH3-H20 or
h the spectra.

15NH3H20

22
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line.via a stopcock{ The‘required‘volume‘of ammonia.was
condensed into a calibrated capillary tube, C invFiguvZ.l,
The tube had been calibrated by syringing speéific'volumes
of?water into it. A cold methanol bath wasjused’to con-
trol the temperature. At -70°C, the vélumé(gf.ammonia
was aajustéd to the calibrated mafk andvthe stopcock Was
closed: After evacuating the manifold, the ammonia was
'distilled~into B, which contained ﬁhe water: The stop-
cock of apparatus B was then closed and theképparatus
was'removed~froﬁ:the Qacuum line.:

At this point, the sample.consisted of a’layerbof
ice and a layer of solid ammonia. A chlorobenzene slush
bath was used to warm the sample to approkimately\—45°c‘
to mélt'the solid ammonia. Oncé mélted, fhe ammonia was
swirled to diSSOIVe the i¢e. ‘Swirling was continued fér"j
about two minuteé to ensure complete mixing'of.the:two
miscible liquids. The apparatus, con;ainiﬁg thevsémplé,
was then piaced into a methanbl'slush at approximatel%A
-98°C;, causing the solution to quickly.freeze. The sszld
was again meited until a small ambunt of solid, required
as a seed crystal,ﬂ;emained;. The samp}e.was then placed
into-an aceﬁone slush at about -80°C and allowed to crys-
tallize slowly. When completely solidified,}theLSample
was further cooled in liquid nitrogén.’ Further handling
of the samplé was done in the cold can at 1iqﬁid nitrogen

temperature.
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in order to faéilitate removal of the sample from
the prepération Véssel, the ground glaés Joint of appara-
tus Bl was allowed to wérm to approximately 20°C while }
. the sample was submerged in liqﬁid»nitroggﬁ, Siiicén lubF“ 
 £icaht was used on #his joint, as wéil.as on the stopcock.
When the joint became mobile, the apparatus was quickly
removed from thé liquid nitrogen and lowered into the cold
cén so that the ball joint extended into the side:arm.
The stbpcock was»thén 6pened to allow dry'nitrogen/;o
bréak the vacuum, so that the test tube Could be removed
at the ground glass joint. Thé test tube, contéining the 
sampie; wds then placed intd aklarge'mortar sitting on
the bottom of the cold can.' Using a long-handled tool
poinﬁed at the end, the sample was removed by chipping
-and scraéing. Long—handied spatulae were used to trans-
fer the sample to'a‘sméll>§crew top bottle which sat on
the table. This bottie was then filled with liquid nit-
ro%en; its top was screwed in place, and it was lbwered
inside a larger, nitrogen-filled, bottle. The larger
bottle had a screw top attached to a piano wire'so that
the entire assembly could be hung in a five-liter, liquid-
nitrogen, dewar for 'storage.~

Before investigation, the sample was ground atliquid-
nitrogén temperature by a Spex, Freezer-Mill, pbwer-
érinder; The usual proquuré was to grind the sample fOr;
one hundfed 5 sec periods  allowing 30 sec for heat dis-

sipation between the periods. This amount of grindingk
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produced a sufficientiy finerpowder to yield good spectra
and powder'diffraction pnotographs.

To prepare ammonia heninydrate whioh‘contained 5 or
10% of‘deuteriUmLFpartially deuterated water was nsed. For
example,‘to prepare 2NH3-H20 containing 5 mole percent of
D, the ammonia, NH3;_was mixed‘with'a stoichiometric
amount (Table 2.1)‘of a mixture of 80:mo;e $ of Hzo_and‘ZO
mole % of.DZO,bi.e.k4 ml of.HZO;to'l ml of»DZO. ,To’avoid
dilution of the D,0 by exchange witﬁ the atmosphere, the
H,0 was put inth test tunen A 'and’the D,0 was syringed
into it from-a pre—deuterated syringe with the needle just
above the liquid surfaoe. ‘The test tube was’immediately'
attached to the pre-deuterated vacuum line and the Qater
wae degassed. The remaining procedure waeltnevsame as for
the pure hemihydrate.

Neat deuterated—ammonla hemldeuterate, ZﬁD3;D20, was
made from stoichiometric volumes (Table 2.1)'of_ammonia;d3gn
and deuterium oxidelby the above procedure. Since the ND3’
and DéO-contained only 99 and 99.5 atom % of‘D; respective—
-D,0 contained 99.12 atom % of D. 2ND3*D2O

3 72
contalnlng 5 mole % of H was prepared from ND3 and a mix-.

ly,. the 2ND

ture of 20 mole % of HZO and 80 mole % of DZO (Table 2.1).

2 lSNH3 H20 was made by the method used| for the nor-

mal compound

i,



2.5 ?reparation of Ammonia Monohydrate
| The apparatus for thebammonia monohydratevpreparationr
(Fig. 2.1) was the same as that used for the ammonia_hemi—'.
hydrate preparation. Stoichiometric volumes (Table 2.1)
of ammonia and water were condensed 1nto apparatus B,
follOWing the procedure discussed in Section 2.4. Appar—
atus B ’was removed from the vacuum line and the ice/
ammonia layers were melted by warming in a slush bath at
_45°C. The solution_was sw1rled to ensure proper.m1x1ng :
of the'two'liquids;v-As_indicated in the}literature ﬁl4);
cryStallization proyed to be difficult. Rollet and |
Vuillard'(lS,l6) ohserved that vitrifiCation usually
occurredffor dilute'solutions,.but crystallization could
be induced by slowly‘warmingithe glass to‘the;melting
point. Thus, apparatus B, containing the homogeneous
‘ammonia—water solution was plunged into liquid nitrogen
which transformed the solution 1nto a clear glass. ‘The
test tube containing the sample was then placed_into ai5
‘methanol slush at approximately -98°C~andjallowed to warm
~uantil the melting pOlnt was reached ‘ As‘thé sample warmed,
the appearance of the solid changed from clear and glassy
to white. Only a small-amount of melting was allowed be-
fore the sample was again cooled to -98°C in the methanol
slush until it was completely solid, when it was further
cooled invliquid nitrogen. o | ~ |

Removal of the solid ammonia monohydrate‘from.the



apparatus ‘proved to be dlfflcult because the sample was

Very hard to.break 1nto pleces. All of the glass tubes

" used: to prepare the monohydrate had to be broken in order
- to recoyer the sample. The sample was ground and stored

in liquid nitrogen as described in Section 2.4.

2.6 'Characterization of the,Samples

. The ammonla ‘hydrates were characterlzed by X-ray
powaer dlffractlon photography “An Enraf Nonlus lefractls
601 generator was used to,produce nickel-filtered copper
Ka’radiation of meantwavelength 1.5418 30(25)- A Jarrel-
Ash precession camera served as a flat—plate powder'cameral

The crystal-to-film distance was found by Bates (26) to

be ;59.8 mm and the usual_exposure time was 8 hours with a .

' medium collimator;

| Powdered hydrate sample was loaded 1nto‘a 0. 5 mm

(1 d.) glass caplllary held uprlght in a small cold can.
The capillary sat in a brass block with a tapered hole.
The sample,was‘added in small_amounts}and was packed with
" a fine glass rod. Once filled, the capillary was attached
to a bakelitetholder by means of an oil film which would
freeze to the glass in approximately ten seconds. 1In or—
l~der to transfer the caplllary -and- holder assembly to the
X—ray-camera, tongs were used to submerge the assemhly in
liquid nitrogen which was containedain a metal cup-with a -
wooden handle. At the camera, the sample was qulckly

transferred from the liquid nltrogen into a stream of cold
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nitrpgeﬁ gas and was attached securely to the goniometer
head. The sample was cooled atbthe camera by a continuous
stream of cold nitrogen gas which was carried to it from
a 50 liter dewar of liquid.hitrogen by a glass dewar tube.
‘A coaxial stream of warm nitrogen gas surrounded the cold
'nitrogen stream to Xeduce coﬁdensation (27,28). “Both gas
streams were produce by‘lOO watt pencil heaters immeﬁged
in liquid nitroééﬁ in 50\liter dewars. Variac settiﬁg;.of

80 V for the warm nitrogen and 100 V for;the_cold nitrogen

produced a uniform gas flow, and a temperature of approxi-

mately -170°C measured at the sample by a copper—constantan

therﬁocouple. The capillary was aligned perpendicular to

3

the X-ray beam, and was rotated about its axis while the

photographs were taken so that the effect of small single

, —
crystallites was reduced.

The diffraction pattern on.the developed X-ray film

ar

consisted of concentric circles,“the inner and outer dia-

meters of which were measured to +0.10 mm. This data was

'processed by the program POWDER, written by S. Sunder, in
this laboratory. This program calculates theAinterplanar
spacings, i.e. the d-spacings, .and the diffraction angles,
i.e. the 28 values; which may be compared to literature
values (3,4) for indexing and for sample identification.

A parameter réfinement prograg, DREFINE (29), was used to
determine thelunit cell parameters from the indexed 26

values by a least squares fit of sin 0/X data.
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Relative intensities of the diffraction circles were
measured ‘as peak heights on microdensitometer traces of
the photographs. The microdensitometer was a Joyce, Loebl

and Co. Ltd. Model MK III C.

2.7 Preparation and Handling of Infrared Samples

The low-temperature infrared cell (Fig. 2.2), used to
obtain infrared spectra in this work, was constructed by |
the Chemistrf Depértment Machine Shbp‘and consisted of two
stainless steel sections. The inner secthon consisted of,
"a liquid nitrogen reservoir closed at the bottom by the
top of a c;pper sampie:holder. Cesium iodide windbws,
which éontained thé mull, fitted into the sample holder
and wgge»held in place by a spring attached to a copper'
rin@.k The‘Spring was compressed by a faceplate which was
held against the holder by four screws. o |

o

The outer section of thé cell enabled the cold sample
to be the;mally insulated by a vacuum, and allowed the ra-
 diation to pass through two cesium iodide windows. Buna
'N rubber o-rings provided a vacuum seal between the wiDAOWS

and the outer section, as well as betﬁeen the inner and
outer sections of the cell when fitted together. The cell

was evacuated through the nupro valve to a pressure of 10"2
Torr.

The temperature of‘the sample was controlled by cool-

ing from the liquid nitrogen reservoir and by two heaters

to which voltage was supplied by a variac. If the variac
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was set to 10-15 volts, the sample temperature was in the
range 90-100°K. The temperature was measured by two copper-
constantan thermocouples, one fastened to the tbp of the
sample holder and one to the bottom. The voltage of the
thermocouples was measured by a botentiometer and Qas con-
verted toitemperafure by standard tables. The temperature
was adjusted by the difference between the tabulated and
observed voltages at 77°K. Withou£ the heaters, the tem-
peraturé of the sample dropped below the melting points of
the mulling agen?s which"ére 85°K for propane, 88°K for

" propylene, and 9é°K for chlordtrifluoromethane.

The infrared mulls were prepared in the éold can.des—
cribed in Section 2.3: The inner sectiog éf the cell was .
clamped upright in the cold can, with the sample ﬁoldér
resting on the back of the brass table and the flange
above the top of the can.. Heating’}ape Was wrapped around
thé‘cell below tine flange, but abové the top of the can,
to prevent condensation of ice on the cell. About 40 volts
were usuall& applied to the heating tape. The faceplate,
baéked with masking tape through which four screws wére
pushed, Qas also set on the table before filling the can
to just below the table top with liquid nitrogen. Once
the can was filled, the cesium»iodide‘windows on their re-
spective holdefs were lowered into the can. The bottom
window rested on a platform which was supported by a retort

stand, which stood in the side arm of the cold can, so
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that the window was just above the brass table; The top
window, which had a central indentation, rested on the
spring which was placed on the table with tweezers.

After five minutes, the sample vial was transférred to
the cold can and the scréw—top was removed with tweezers.
By thi‘s time the windows were cold enough to be allowed to
contact the sample. A long spatulawas used to place a small
amount of sample near the center of the bottomwindow and the
vial w&s closed and returned to its storage dewar. Themull-
ingagent(propane,propylenécn:chlorottifluoromethane)was
condensed directly from a gas cylinder into a pipette which‘
‘was cooled by holding it above the level ofl liquid nitrogen in
the can. Drops of mulling agent from tpe pipette were placed.
directly on “the window so that they mixéd with the solid sample.

: : _ 5
The top window was then placed on the'

ample. A pair of

pointed twéezers, which fitted into the indentation of the
top window, was used to rotate the top window to smear

the solid and mulling agent into a uniform mull. Tweezers
were then used to lift the windows to”the sample holder
and put the spring in place against the windéws. While
holding the faceplate in position with tweezers, a screw-
driver, inserted through a hole in the side of the cold
can, was used to secure the faceplate to the'holde;. The
retort stand'which had held the windows was then removed.
The inner section of the cell, which waé connected to a
vacuum line 59 rubber tubing and a glasé ball joint, was

evacuated up to the nupro valve. The heating tape was .
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removed from the inne:‘poftion of the cell. The outer

section, which had been purged with dry nitrogen gas,

was lowered into the side arm of the cold can at an angle.

The 1nner—cel] was quickly 1nserted into thlS sectlon,
rotated to line up the ce51un iodide windows, and removed
from‘the side arm. The nupro valve was immediately
opened and 1iqnid nitrogen pouted into the reservoir.
When the vacuum reached 6}(10 =2 Torr,dthe nupro valve was
-closed, the rubber tublng was disconnected and the cell
was connected to the vacuum line by glass fittings. The
cell was evacuated at l>~.:lO-2 Torr for at least onedhour
‘before it was disconnected'from the vacuum line and put
into the samoie compattment of the'interferometef.: Pro-
vided that the vacuum seals had all formed correctly, it
could be left without harm in the interferometer, without

being connected to a vacuum line, for about three hours.

2.8 Infrared Instrumentation

A Nicolet 7199 Fourier Transform Infra?ed spectro-.

meter was used to obtain the spectra presented in this _

.

thesis. The interferometer system actually consists of

three separate Mlcnelson 1nterferometers, one modulates

$

the infrared beam, another modulates the He-Ne laser, and’

the thira modulates the white light. The He-Ne laser
interferometer allows the infrared interferogram to be
digitized at exact intervals of n)/2, where n is a

specifiable integer and X is the laser wavelength. For
) 19
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this work, n was set to 2. This laser is also used to
meaéure the moving mirror velocity, which was set at
0.90 cm“sec_; for all spectra'obtaihéd. The white light
interferometer triggers the collection of daté points;“‘
The péak_of the white light interferogram, i.e. the poin£
of zero path difference of the white iight iﬂterferomete;,
occurs 0.3 mm befoie that of the infrared interferogram,
-and*signalé the electronics to start collectingvdaﬁa,
which it does at the next,zéro crossing of the laser in-
terferogram and at every n th c#ssing thereafter.

The‘moVing mirror assembly is mounted on syrmetrical
dual air bearings and has a mass greater than 3 kg to
reduce'éffects 6f external foréés; The high- ;nd low~
pass electronic filters for the infrared signal were set
with 3dB pbints at 100 Hz and 56 KHz.';Normally the gain
fér the’interfefogram was set at 1 for thekfirst,lOZQ K
data points and gt 8 for the rest of the ihterferogram.
When using the low‘temp;;ature cell, the gain was in-
creased by a factor of 4 .to increase the signal. The
mid-infrared ébeétra_were obtaihed using a globar source
with full aperture (6.3 mm diamet2r), a germanium-on- ‘
potassium-bromide beamsplitter, and a iiquid?niﬁrogen;
cooled mercury cadmium telluride.detector.”

Included in the 7199 system is a Nicolet 1180 20-bit
computer. The system features a Diablo dual disk drive,

composed of a pgrmanent'disk, which contained the oper-
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ating software, and a removable disk er storage of
spectral daté., There is also a Hewlett-Packard graphic
display terminal which allows the operator»to view re-
~glons of spectra o¥ interférograms and to detefmine
plbtting parameters. The results on the display screen
maybthen be copiéd directiy onto papef via a Zeta digital
plotter.’ B

| The low temperature céll.fitted snugly into a
nitrogen¥purgeé compartment with a plexiglass cover.
- This samplevcompartmépt was séparated from the rest of
'thé»iﬁgéfferométer by Ceéiﬁm iodidevwindows'throughiwhich
theiinfrared beém'passed.' The system was originally
pﬁrged by dry air but was later purged by dry nitrogen
gas which removed carbqn dioxide as well as removing
water more efficiently.’ After inserting the cell iﬁfo
the sample cémpaftment; the compartment was allowéd_to
purge for at least. 30 minuteslbeforé collecting détaz‘
For each sample, a minimum of two différent d%ﬁf cqllec?
tions were made under identical conditions except that
one collection averaged 100 interferograms whilé the
other averaged 500. Signal-averaging 500 interferograms
proddced an_excellent signal-to—noise ratio while aver-
aging lOO-intérferograms enabled the quality of the sam-
ple fo be quickly checked and‘indicated the reproducibil-
ity of the wéak features. The interferograms were col-

lected EO'giveﬂl cm-l spectral resolution, that .is,



l6,334 data points were coliected and 16,384 zero points
were'added_to yield 32,768 points to be Fourier trans-
formed. Typical values of the parameters used are given
in the’Appeﬁdix.

Each sample spectrum was ratioed against.abaiiground
spectrum of the empty cell and was plotted as'absorbance
versus wavenumber from 4000 to 400 cm L. The interfero-
meter-actually yielded spectra -for 8190>cm"l to O cm
with theuparameters used, but the signal levels are too
low below 400 cm-l_and above 6000,em_; toryield useful
"results. The samples did notAabsorb'sufficiently strong-
1y to give useful.spectra from 4000 tc 6000 cm l‘which
'.is, 1n any case, a region of the spectrum that was not
-gf yalue to this study.

The frequency aecuraCy of the infrared;spectrometer
was checked by recording spectra of standard gases (30).

‘ v :
It was found to be accurate toﬁat least $0.1 cm l.

leg
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CHAPTER III.

f

X-RAY POWDER DIFFRACTION PATTERNS AND MID-INFRARED SPECTRA

OF AMMONIA MONOHYDRATE AND AMMONIA HEMIHYDRATE

5[
3.1 Introduction

~ This chapter describes the X-ray powder diffraction

‘patterns and mid-infrared spectra of ammonia monohydrate

and ammonia hemihydrate obtained at 95 % 10°K.

. ~

Samples of 2NH,-H,0, 2NH "H,0 containing 5 and l0

3 72 3
_ mole percent of D,_2ND3-D20, 2ND3-D20 containing 5 mole
percent of 'H and 2 15NH3‘H20 were prepared as described in

Section 2.4. The preparation ofiNH3-H20 is described in

-

N

Section 2.5. The samples were cha:actérized by X-ray
pdwder diffraction phthgraphs (Séétiéh.2.6) and the re-
sults are pfesehted in Seétion 3.2, The survéy spectruﬁ
of ammonia monohydrate is pfeSéntedbin Section 3L3'and
aiscussed in Chapter IV. The mid-infrared spectra of
ammonia héﬁihydrate‘and.its isotopic forms afé presented
in Section 3.4'and discussed in Chaéter V.

The mid—infrared spectra présenﬁed in this chapter
were 6btained from spectra of mulls in propane, propylene
and chlofotrifluoroﬁetﬁane by subtraction bf the absorp-
tion by théfmu%ling agent. The subtractionlwas either done

by the subtraction program of the Nicolet spectrometer or

‘manually, or by a.mixfure of the(two. The manual subtrac-

_ 4 ; ,
tion consists of instructing the computédr to draw a straight
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line between points on the spectrum which are chosen man-
ually so that the straight}lihe replaces the peak. Aall ‘
spectra were»plotted by the Nicolet spectrometer, without
smaothing, and have not been redrawn.

In the remainder of:this‘thesis, 2NH3-HéO containing
5 mole percent of D and 2ND3'D20‘containing 5 mole percent
of H, etc., Will-bekreferred to for brevity\as 2NH3'HéO
(5% D) and 2ND,+*D.0 (5% H), etc. The bﬁly exception is

3 72
thatbthe purest deuterated form will simply be called

3
cent of H (Sectlon 2.4).

2ND -DZO even though it actually contalned 0.88 moie per-

o

3.2 Characterization of Ammonla Hemlhydrate and Ammonla

Monohydrate Samples

¥

As there was doubt concernlng the composxtlon of the
phases studied by Waldron and Hornlg (5), it was very im-

portant in this study to.characterlze the sampies before

~obtaining the infrared spectra. Possible impurities were
o1 ‘ e 3

ammonia monohydrate in the ammonia hemihydrate sample,
ammonia hemihydrate in the ammonia monohydrate sample, and
ice and solid ammonia. All impurities present were easily

id&ntified by the X-ray powder diffraction photographs

”f51,32). NH3-2H20 is a possible'impufity, particularly in

the NH3 HZO sanples, but no features were detected that
could not be a551gnea to one of the other 1mpur1t1es, SO

no evidence of NH3 2H20 was found.
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The X-ray data for ammonia hemihydrate and ammonia
Fmonohydrate at 100°K are summa:ized'in Tables 3.1 and 3.2,\_
; respectively. The cfystal to film distance was 59.8 mm as
,méasured by_Bates (26) . The diffractioﬁ‘péttefn of

0 is indexed on the standard space group Pnma (D%g)

ZNH3~H2
(4,19). The lattice parameters were determined by'the
" program ﬁREFINE (29) to be a=c=8.37 +0.02 g and 5:=
5.31:0.02 A. These axes are 0.4%‘shorter‘than the values
repoxted (4) at 178°K bdt the equality ofvtﬁe lengths of
the é',and  c axes is maintained. The cdmbined errors,
howeyér, do not permit a definipe_conclusion concerning
the effect‘offtemperatufe on the a#;§& lengths. The_dif—
ffactidn pattern‘of NH3'H20 is indexed on the standard
spéqe group P212121'(D£f)-(3). iThé latti¢e parametefs a;
100°K were found to be a=4.51:0.02 A, b=5.6140.02 A
and'cf=9;73 $0.02 A which agreeAWell with ﬁhose repofted
(3) for 110°K. ST . R .
.. The diffraction patterns showed that some hemihyd@gte |
sampleé contained ammogia monohydrate i@purity and some
contained'solid ammonia impufity, while‘somé mohohydrate
samples'cohtained icé and hemihydrate iﬁpurities,- The
effects of‘thése impgrities on the infrared speétra’Were
easilyvidentified'by chparing.the spectra of samples with
different aﬁounﬁs of impurity. | .
The observed,infensities of the diffraction lines tha#
are_lisﬁed in Tables 3.1.and 3.2 are the relative'péak

heights measured from microdensitometer traces. These

A

&
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- TABLE 3.1
v 'X-Ray Powder Diffraction Pattern of
Amonia Hemihydrate at ~100°K ¥/
o a b c d f
_ Index zeobs dobs ‘ Iob’s 26calc'd. Ica]c'd.
o 1489 595 s 14,97 ot
o 1981 448 s 19.79 4
200+ 002 2117 . 4.20 5 21.23 8
R £ E 22,55 3.94 15 22.49 5
201 + 102 23.65 3.76 5 - 23.17 5
210 - 2712 0 3.29 40 1.2 25
a1+ 12 29.22 3,056 100 29.19 100
202 006 2.963 10 30.20 9
~ 020 339, 2685 50 3.74 N.S.F.
S0 e300 L 33.87 19
a2 L | < -~ 34.70 2
03 3%.38.% 2.469 20 . 36.37 2
a2 N s $37.10 0.2t
M3+ 3794 230 15 37.98 17
203 +302 ' 38.80 2,321 20 - 38.80 20
220 + 022 40.13 . 2.247 <5 - 46.21 1
122 + 221 < 41.69 1
-continued . . .
. | ’
8
‘4



Table 3.1, continued‘
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Index® yzeobs'b\ dobs*c » IobS'd 26calc'd. é Icglc'd; '
213+ 32 4250 2321 5 42.50 0
400+ 004 4371 2.089 5 43.24 6
04+ 401 44.52" 2.0 <2 44.64 : _2>
222 + 303 45.95  1.975 -2 45.91,86.01 5
a0 - o a 6.66
AUPRITE < 47.98 o
123 + 321 ' . 48.56 :
: } ad.62* 1813 -2 } 6
402 + 204 . : 48.65
" 81ndexed on the standard space group Pnma (D2h16)"'

beyka radiation, A =1.5418 A, Precision £0.1°. The starred
values were not used to calculate lattice parameters.

Cprecision 0.0
“angles.

4 K at small angles‘to 20.004 A athlérge

dRelative peak heﬁghts on hicrodgnsitbmefer tracﬁs.

eUsingrt»he values a=8.37 b£=5.31 ¢ =837, all 20.02 §,
determined by refinement

' sting the observed struct

~ N.S.F. means tha§ no structu

+

-/

t&t
using the program DREFINE.™

«

ure
equation given in Ref. 33. Entfles marked $ were calcu-
lated from the calculated structure factors of Ref. 4 .

1

re fa_ctorigs report_ed.

he unstarred values of 26 -

factors of Ref. 4 ,vandvthe-

¥
T
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TABLE 3.2

X-Ray Powder Diffraction Pattern of

Ammonia Monohydrate .at ~100°K

Index® 28obsb dobsC Iobsd 2écalc‘d.e - Icalc'd.f
002 18.038 4.9i 35 "18.24 40
011 . 18.26
101 | <5 21.71 ‘} 0.5
012 24.04 3.70 20 24.22 " 10
110 25.23 3,53 40 25.33 40
102 26.85 3.32 100  26.95 100
111 s $26.96 } ‘
112 31.39 46
013'{ 31.60*  2.831 90 31.87 61
020 391 f
021 33.40 2.683 ~5 33.25 1.6
103 S <2 34.04 P
004 36.96

§ 36.93 2.434 10 s 10
022 37.00
113 ' , 37.73

<2 ° g 1.3
120 37.77
121 38.88 2.316 30 38.93 34
- 200 39.98 2.255 20 39.95 N.S.F.

014 <2 40.42 0.1
201 C <2 41.06 0.2

continued .



Table 3.2, continued

Index? 20 ©a S ¢

b c d e

obs obs obs 28calc'd. 'Icalc'd.

104 o 42.21

42.22 2.140 20 s 22
122 42.24
023 <2 42.62 0.8
210 <2 43.22 <0.1
202 <5 44.25
211 ‘ 44.26 2 °
114 45.36 . 2.000 ~5 45.33 11
212 ) ' <2 47.27 0.7
123 47.40 1.918 ~5 47.35 6

3 Indexed on the standard space group P2l2l2l,(D3).

Pcuka radiation, A = 1.5418 &. precision 0.1°. The.
starred -values were not used to calculate lattice
parameters.

.
“Precision +0.04 A at small angles to %0.004 & at

large angles. #

dRelative peak heights on microdensitometer traces.

' . o
eUsing the yalues a=4.51 }i b=5.61 ;\ c=9.73 1,

all $0.02 A, determined by refinement .to the unstarred
values of 26 using the program DREFINE.

sting the observed structure factors from Ref. 3
N.S5.F. means that no structure factor was reported.

-



intensities compare well with those calculéted from the

formula (33):

2

I<X[(l+cos2 26)/’(sin26cos 0)] co% 26 pF (1)

where F 1is the observéd structure factor, obtained from

Siemoys and Templeton (4) for the hemihydrate and from

observed X-ray powder diffraction patternssand those cal-

culated from the data of the single crystal studies “(3,4)
leaves no room for doubt that the samples studied were the

desired compounds.

3.3 Mid-Infrared Spectra of NH;-H,0

| The‘mid-infrared spectrum of NH;+H,0 at ~95°K is
shown in Figure 3.1 and the’ffeéuencies of the spectral
features are ligted in Table 3.3. The mulling agent ab-
sorption has been accura£ely sﬁbtractéd, except near

1

2900 cm—l and 1500 cm - where straight lines appear in

curve A. The absorption by the propane mulling agent was

' too intense at these frequencies to be reliably subtracted.

44

Spectra obtained from mulls in chlorotrifluoromethane Gf’
L

(Curves B and .C of Figure 3.1) clearly show the features
- . |

present in these regions. Figures 3.2 to 3.4 show the

important regions of absorption, 3700 to 2700 cm—l, 1950
to 1360 et and 1200 to 600 cm-% on expanded scales.
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Figure 3.1 = Mid-infrared spectrum of NH,*H.O at ~95°K;
L l,cx_n‘l resolution. The lettered.curveg wgre obtained from
different samples and are offset for clarity. In Curve A,
straight :lines appear where absorption by the mulling
agent wa$ too strong to subtract accurately.
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TABLE 3.3

Frequencies of Features Observed in

the Mid-Infrared Spectra of Ammonia

Monohydrate at ~95°K

NH, *H 0 lsNH3°H20
\Ja/cm-l - Intensity Assignmentb ' va'cgcm_l
3402(2) Vs 3396 (1)

vy (i) 3384(1)
3387(2) vs 3380 sh
3330 (3) s \
13305 (2) sh 2“4i”“3)
3287(2) sh vy (N)
3270 (5) s /
3190 (10) vs v (O-H-++0)
2910 (10) vs v (0-H+**N)
2500-2250 w,Vbr o/c -
2142(2) vw o/c
~2025 vw,br o/
1833 (5) w o/c
1770 (5) w o/c
~1700 sh o/c
1664 (1) ™ 1661(1)
1650 (2) m v (NH;) T 1648(1)
1625 (2) mw 1624 (1)

continued
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Table 3.3, continued

15

NH, - H20 ' NH3-H,0
vé[cmfl Intensity Assignmentb va;?/em-l
1540(5) ' w v, (H,0) ., :
‘1483 (5) w o o/c
1440(5) - sh . l o/c

’ 1287(2) o 1 o/c |
1133(2) ms v, (NH3) 1129 (2)
1095(2) s g - P

908 (3) ms ' 908 (3)
895 (2) ms : va 897(2)
884(2)  sh 886 (2)
157(2) m )

747 sh

708(2) ms ‘ - 708(2)
641(2) . w }vR C 641(2)
448(2) w 1
<400 ) é}

3The estimated accuracy of the frequencies is in brackets.
bo/c means overtone or combination band.

cOnly frequencieS’which could be definitively measured
are listed.

1SNH -Hzo absorption.

dMasked by 2 3
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Ezbdriga..rigatj'
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WAVENUMBERS

Figure 3.2 The v (N-H) and v (0-H) region of the spectra of
NH3-H20 and 2NrH3-H20 at ~90°K; 1 cm—1 resolution. The
upper curve is from two spectra of NH3-L;0, and the region
above 3150 cm~l shows very little noise while the region

" below 3140 cm~l is noisier. :

3700
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Figure 3.3 The‘vq(NH3f and v (H20) region of the spectrum
of NH3-H,0 at ~95°K; 1 cm—1 resolution. The notations of
the vibrations are discussed in Chapter 1v.
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Figure 3.4 The v,(NH3), VR(H20) and vg(NH3) region of the

. spectrum of NH3-HZ0 at ~95°K; 1 cm-l resolution. The
superimposed curve.is from a different samgle and is off-
set for clarity. The shoulder at 1160 cm~l is spurious.
The notations of the vibrations are discussed in Chapter

Iv.
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The only uncertainty in the spectra is the relative
" intensity of the two high frequency peaks near 3400 cm—l

(Curves A and B in Figure 3.1) which varied from spectrum'
S ‘ ’ s

<

to spectrum. The shoulder at 1160 cm™ 1 (Curve A of Figure

3. l and Flgure 3.4) is not a real feature but results from

the subtnactlon of the mulllng agent.

In the preparatlon of 2 lsNHj-Hzo, a significant

amount of 15NH3-H20 impurity was obtained. As a result,

lfrequencies of features due to lSNH3-H20 were measured.

Frequencies which could be'definitive;y measured are listed

15

in Table 3.3, The features due to "“NH,:H,0 could be

3 72

identified without doubt since spectra of samples contain-

ing different amounts of impurity were obtained.

The spectrum of lSNH3'H20 clearly shows a triplet in

the hlgh frequency region, namely two sharp peaks at 3396

‘ and 3384 cm -1 and a shoulder at 3380 cmo l; The spectrum-

f_;4NH3rH20 shows wlth.certalnty only a doublet at

3402/3387 cm™ 1,

3.4 Mid-Infrared Spectra of 2NH3;§ o_

. -y . E .
. The mid-infrared spectrum of 2NH3+H,0 at ~95°K is

shown in Flgure 3.5 while the frequen01es of the spectral
features are llsted 1n Table 3.4. 'The mulllng agent ab-
sorption has been subtracted, except near 2900 and 1500 ’
cm © in curve A, where it was too intense.  Straight Iines
appear in\these regions. |

‘Only two uncertainties in the spectra presented are

51
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Figure 3.5 Mld—lnfrared spectrum of 2NH3 ‘Hp0 at ~95°K;

1 cem-1 resolution. Curves labelled with different letters

were obtained from different samples and are offset for
clarity. Straight lines near 2900 ‘and 1500 cm-1l in curve
A indicate regions where the mulling agent absorptlon was
too intense to be subtracted R :



\ ' ' TABLE 3.4

- Frequencies of Features Observed in
. the Mid—Infrafgd Spectra of Ammonia

>Hemihydrate at ~95°K

i ! o . N ’ . ) - ‘
2NH4-H,0 2 “ONH4 H,0

vi/ém-l Intensity - Assignment® . - v3C/em
3397(2) s T oa
. V3 (NHq) Lo :
- 3374(2) vs . | . 3366(2)

3125(10) vs VOH-+-N i 3;30(10)

2075(10)  vs  vgu

2975 (10)
2500(4) . mw .o/ ‘
~2350 sh <. o/c
2299(2) - - o/
2180(2)  ww . 5*'f6/¢ .
.'2126(2)_ ; ivw_‘,v"f : 'O/E A;v o (Viv?::
;ibﬁo_'-;ﬁ“fvw,br‘f S ooe "~ s

1626020 m ) ov, w0 - 4
1590 omc b e g

| },;555(;$f om “vy (NHS) “1554(4)5

1156(2) © .ms - R S 11s402).
©1092(2) s N R (NHj) © 1088(2)

Cows3@ - ws ) 1076(2) en

“continued S

LAy



Table 3.4, continued

..*.

L o . s
2NH3 H2O . . -2 NH3 HZO.
a, -1 . o b a,c, -1 e
- v /om Intensity Assignment SV /cm .
<882 ‘sh _ ,
o o v, (H,0)
817(2) s RU2Z5 0 a1 i
767(2)° ms T 765 (2)
“610  vw,br ,
,4‘39(1)~ m | vg (NHy) o 489(1)‘
441(1) m - ey 441(4)

- o : :
aThe estimated accuracy of the frequencies is. in
~brackets. o
bo/c means ove?tone or combination band.
“only frequencies which could be definitjvely measured
"~ are listed. S : ’ o
- 15 . .
Masked by NH3'H20 absorption.
. bl . \

I

@

. 3 . ~
! : T



known.-_The relative intensities of the-doublet near 3400
cm-l‘(Curues A, C and'D) varied 51gn1f1cantly from sample
’ to‘sample and are, thus; uncertaln ‘It is obvious that no
strong features are present in the 1522 to 1360 cm = re-

gion of the spectrum'(Curve A),.although the eX1stence of

¥

weak features lS uncertaln

3 H20 (Sf D) and 2NH3-329'

(10% D) which differ from thosevof-2NH3-H20 are presented

" Spectral. reglons of 2NH

in Figures 3.6 to 3,8. Spectra of 2ND3QD20»énd the‘spec-‘

tral regions'df 2ND3-D20 (5% H) which differ from -those of:

2ND3 D2

correspondlng to the features in these spectra are llsted
in"Tables 3.5"to 3.7. : |
Tne lower plot in Figure 3.6 shows the 2550 to 1950
.4_cm— reglon of the spectra«of 2NH4* H20 2NH3 H,0 (5% D)
and ZNH 520 (lO% D) Mulllng‘agent absorption has been ?
subtracted ‘in’each case, except‘that thelyery‘weak feature
in-the 5 and lO% D.curves at;72378_cm;l is:a residual .
mulling'agent peak. Some‘features:were,observed in the

spectrum of 2NH3 H O (5% D) but not 1h that of ZNH3 H2

(10% D), namely the weak peak at 2461 cm l‘and‘the 2425 cm

0 are presented in Flgures 3 9 to 3 11. Frequencies

55

~1

shoulder Features whlch became more 1ntense with 1ncreased

[#]
concentratlon of deuterlun are de51gnated in Table 3. 5

with the letter 'b'. The relatlve 1nten51ty of the doublet

at 2445/2432 cm_l'varled from.sample to sample (Flgure‘

3.6,'upper-plot).~'The existence’of some very weak fea-

F . -
. ),
}
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Figure 3.6<<Lower plot: The absorption by 2NH3:-H0,
2NH3-H,0 (5% D) and 2NH3-H20 (10% D) in the v (N-D) and
v (0-D) stretching region. Upper plot: The absorption by
two different samples of 2NH3-H,0 (10% D) from which the
absorption by neat 2NH3-H,0 has been subtracted. Sample
temperature ~95°K; resolution 1 cm~l. The curves are
~offset, and plotted with different absorbance scales, for
clarity. ,
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Figure 3.7 The v,(H30) and v4(NH3) region of the spectra .
of 2NH3-H20 (5% D) and 2NH3-H0 (10% D). The curves are
offset for clarity. Sample temperature ~95°K; resolution
1 cm~l. The notations of the vibrations are discussed in
Chapter V. o
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Figure 3.8 The ?2(NH3), VR(H20) and vR(NH3) region of the
spectra of 2NHg3.Hp0, 2NH3-H20 (5% D) and 2NH3-H20 (10% D).,
The curves are offset, and plotted with!different absorb-
ance scales, for clarity. Sample temperature ~95°K,

resolution 1 cm~l, The notations of the vibrations are
discussed in Chapter V.
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Figure 3.9 Mid-infrared spectra of 2ND3:D20 and 2ND3~620
(5% H). The curves are offset for clarity. Sample tem-

perature ~95°K; resolution 1 cm~1l.
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Figure 3.10 The isolated v (N-H) énd v (0O-H) region of the
spectra of 2ND3-D,0 and 2ND3-D,0 (5% H). The curves are
offset, and plotted with different absorbance scales,

for clarity. Sample temperature ~95°K; resolutiong&pmf .
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Figure 3.11 The v(N-D) and v(0-D) spectral region of
2ND3-Dy0 is presented in the lower plot. The v(N-H) and
v (O~H) \gpectral region of 2NH3:H,0 is presented in the
upper plot. The qurves in the upper plot are offset for
clarity and the low-frequency end of the upper curve is
distorted by reflection effects. Sample temperature
~95°K; resolution 1 em-1. R
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TABLE 3.5

Frequencies of the Mid-Infrared Spectral

Features of Ammonia Hemihydrate Containing

5 and 10 mole ¢ of D at ~95°K

2NH3-H,0, 5% D

2NH 'HZO, lotp

continued

3
v3/em™!  Intensity ’ vd/cm—l». Intensity Aésignmente
33972 s | a- |
3374(2) vs a V3 (M)
3125(10) vs a VoK.« - N (HZO)W
2975(10) Vs, a Vog...n (HgO)
2501(2) W 2498 sh N\
2490 (2) W " a b
2473(2) v a b vyp (NDH,)
2461(2) vw - - ﬁ
2445(2) m a b .
2432(2) m ) a b
2425 sh - /
2347(3) m a b Vop...n (HDO)
2290 (5) m ‘ a b Vop. ..y (HDO)
~2170 ww,br, sh ~2160 vw,br,sh -
2120 vw;ﬁx,sh ' '
~2040 vw,br,sh ‘2040 vv,br
"~1950 vw,br c
~1790 " br,sh ¢



Table 3.5, continued

2NH3'520, 5% D

gf/dm-l Intensity
1630 sh
1620(3) m
1550 (2) m
1555 (1) ' m
1154(2)  ms
1092(2) s
1083(2)  sh
1056(35 hs
1021(2) m
993(2)  ww
"964(2) v
936 (2) ww
~882 sh
817(2) s
765(2) ms
650 (2) w
630(2) w
489(1) m
441(1) m

aAs for 5% D.
bThis feature's intensit
tration.

cNot stuhied.

2NH;+Hy0, 108D

vq[cm-l Intensity Assignment®
1630 sh . )
v, (NH.)
1616 (3) P 473
. +
1590 (4) m v, (H,0)
1555 (2) m
av
_ v, (NHy)
a
a
v, (NH.D)
1021 (2) msP 22
9647(2) WP
) v, (ND_H)
936 (2) WP 2 2
a
v, (H,0)
a R 2T
I
650(2) m°
_ v (HDO)
630(2) m R
a L
vR (NH3)

a -

Y increases with deuterium concen-

dThe estimated accuracy of the frequencies is in brackets.

®o/c means overtone or combination band.

v
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" TABLE 3.6

Isolated N-D and O-D Stretching Frequencies
After Subtraction of the Absorption by

the Neat Hemihydrate

~ 2NH3-H,0, 5%D . 2NH;-H0, 108D
va/cm-l Intensity va/cm-l » Intensigy
2503(3) vw - 2498 sh
2492(2) Cw : 2492 (2) W
2474(2) W 2474 (2) W
6461(2) | 'vw  ’
2446 (1) m 24461 0m
2434(1) ' m 2434 (1) m
2425 sh ' '

2347(4) m 2347(4) m
2275(15) m 2275(15)  m

~ 2160 br;sh -2160 - br,sh

~2040 " vw,br ~ ~2040 vw,br

%The estimated accuracy of the frequencies is in brackets.

i

64



TABLE 3.7

Frequencies of the'Mid4Infrared'Spectral

Features of Neat Deuterated-Ammonia

Hemideuterate and the Hgmideuterate

containing 5 mole % of H at ~ 95°K

a

'D20

‘e

-

“2N03
vd/em™? _ Intensity -
3710(3) w,br
3685 (5) W,sh
3385(5) w,br
1360 w,sh
3322(2) W
3308(2) W

3282(2) v
3230 (5) w,br
13140 (5) w,br
" ~3050 br,sh
2530(2) 5
2502 (2) vs
2355(5) ;s
' 2326(2) vs
~226§.§ sh
~225$ g b’
2230(2)' s

: ZND3'D

20!

5%H

Intensity

'-3385
3355 (5)
i
a
a
~3225‘
3125(5)

a

T o

'Q,sh

U’U’U’%

‘vw,sh

w,brb

" ‘continued . .

Assignmente

VN-H

OH- « +N (HDO)

OH"**N

vy (ND3)

OoD-+ N

OD-..N

‘(NDZH)k""

(§DO)

(0,0

(D,0)

65



Table 3.7, continued

2ND4*D,0 2ND,-D,0, 5WH
a, -1 . a, -1 o . e
v_/cm Intensity v /cm Intensity Assignment
, ~1840 ~ w,br,sh a L o/c .
1705(5) . w,br ; a : . o/c
~1250 " w,br,sh a - - |
, v _ , - | v, (D,0)
~1210 . sh Ca - 2 2
. » N ' +
1182(2) m N a : :
‘ e . ’ \)a. (ND3) .
~1l60 'm,sh v - a . :
962(2) . sh - . a P g :
o . ; R v, (ND,H)
936 (2) sh a P 2 2
884 (3) ms - a
. , v, (ND,)
848(2) Vs B a 2 3
838(2) = wvs a
646(2) - - m Ca ]
‘ 14 vy (D,0)
606(2) - ms A - R 2
v ‘ N
560(2) - m a

~500  vw,br,sh a

As for neat 2ND3 DZO (~0.8% H). 1 .

Thls feature's 1ntensxty increases with hydrogen
concentration. S

“Not studied.

dThe estimated aecuxacy of the frequencies is in
brackets. o .

eo/c means overtone or combination band. -



tures’such as those at 2530, 2520, 2412, 2395 and 2388 am™ 1

- u .

and the rlpple on the peak- near 2275 cm ; is'uncertain.
Table 3.5 lists the frequen01es of all of the features
whose existence is believed to be certaln.

RN The .upper plot in‘Fiaure 3‘6 presentS'speCtra of two
samples of ZNHS-H 0 (10% D) after- the spectrum of neat
ammonia hemlhydrate has been btracted from each of them.
The effect of this subtractidifcan'be seen by comparing |
h with the top curVe'in the lomer plot of Figure 3.6. The
‘most notable 1nfluence is near 2270 cm l. The ldwer curve
of the upper plot was obtalned from a mull 1n propylene

’ whlle the upper curve was obtalned from a mull in propane.
The absorptlon by the approprlate mulling agent has been
'subtracted from each spectrum This flgure, thus, shows'

- the reproduc1b111ty in these Spectra of the weak absorp-
tlon left after two dlfferent spectral subtractlons have

eyl

' been made. The frequen01 s of the features in this plot

67

as well as those obtalned from a 51m11ar treatment of the o

5% D case are presented in Table 3;6. ‘
Figures 3.7 and 3.8 preSentvthe-l750'to 1510 cm™ 4
and the 1200 to 400 et reglons of the spectra of

2NH *H,0, ZNH3 H20 (5% D) and 2NH3 HZO (10% D). The fre-

3 72
quencies of the'features in these spectra are listed in

Tables 3. 4‘and 3 5; Several features are 1dentlcal in

i

all three spectra but the features in the spectra of the
partlally deuterated samples at 1056, 1021, 993 964, 936,

650 and 630 cm l'are not in the spectrum of neat ammonia



hemihydrate. Features which are more intense in'the spec-

_ trum of ZNH3

‘in - Table 3. 5

*H,0 (lO% D) are de51gnated by the letter 'b'

Features -in the reglons of the spectra of the partlally
deuterated samples that have been omltted from Flgures 3.6
to 3. 8 are 1dentlcal w1th the.spectral features oﬁ neat

| ammonla hemlhydrate (Flgure 3 5) | _ |

Flgure 3.9 shows the spectrum of 2ND3 DZO from 4000 to h‘

2000 cm -1 in the upper plot and from 2000 to 400 cm l»ln the
,lower plot. The spectrum of 2ND3-D20 (5%'H) has been'in—

o cluded, offset;for clarity, in the figure in the two re—
éions Where differencesbin,the'spectrallfeatures occur“due_~'
“&to the presence of H. The lower curve in eachiplot‘also.

shows the presence of a small amount of H since

2ND3-D20 actually‘contains 99tl2atom% D-(Sectlon 2.4).
“Features which grow in‘intensitvaith increased_H,concen—
~tration are designated with.the letter 'b' in Table 3.7. An

eXpansion of:the 3456 to 2850-cm-l region of the.spectravof
+D.,0 and 2ND

372 3
Most features are present in both spectra with a varlatlon o

2ND D 20 (5% H) is presented in Figure 3.10.

of 1nten51ty except that the 3140 cm -1 peak 1n the spectrum
of the 1% H‘compound is at 3125 cm -1 1n the spectrum of

“2ND.,+D 0"(5%' H).

3 -
| Flgure 3. ll shows the absorptlon by the lntramolecular

‘A'stretchlng v1bratlons in 2NH3 H,0 (upper plot) and

2ND3 D.,0 (lower plot) The frequency scale of the lower

2
.plot is less,compressed than.that of the upper plot. The

v



».features are very similar but the absorptioh by 2ND3-D,0

A

is much sharper than. that by 2NH,-H 2 ' In the spectruh of‘

the deuterated sample, the 2530/2502 cm } douplet 1s clearlyf

resolved and addltlonal features 1nclud1ng the peak at

2326 cm =1 and the‘two weak shoulders'atvapproxlmately 2265

and 2250 cm "L are shown.
The spectrun of 2 lsNH3-HZO'showed quite stran absorp-

tion‘by 15NH H20 1mpur1ty wthh tended to mask some of the

3

m‘r

‘hemlhydrate features. The impurity peaks were ea51ly 1den-

15

. tlfled and- frequenc1es of . features due to 2 ° Nh3 HZO

‘h-whlch;could be_def1n1t1Vely measured are.llsted ;n'Table»3.4.

i oy
o
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CHAPTER 1V.

.DISCUSSION OF THE MID-INFRARED SPECTRUM

" OF AMMONIA MONOHYDRATE

4.1 General

Intramoleéular vibratioﬁ frequenciés of a molecule in
a crystal differ from those 'of a molecule in the'gas phase
because of static a@d dynamic crystal forces (34). Sﬁatic
forceé‘eXerted on a molecule by the surtounding molecules
cause the frequency of an uncoupled Qibraﬁion to differ
from'the-frequency of the same vibration in the gas phase.
In a‘cryStal; the equilibrium position of each molecule
lies on a ;ite of a particular symmetry. ' This site‘sym—
metry may be lower than the symmetry of the mélecule in the
| gas phase. Thus, a degene:ate‘bibration of a gaseous
molecule nay be split into nondegenerate uncoupléd vigra—
tions by the léwer site symmetry. Site splitting may also
occur if t&o moleculeé of the same chemical species occupy
p;n-equivélent.éiteélin the crystal. Dypamic intermolecular
' ,_forces cause the uncoupled vibrations of different molecules
in a crystal to coupie,yielqeng vibrat;ong having the sym-
metries of the unit cell gfoup which is isomorphous to the
point group of the crystal class. This-is called Davydov -
| spiittiﬁg and when cbmbiﬁedqwith sife éplitting,,the:total
effect is called factor-group or unit-cell-group splitting.
Thosé vibratioqs undgr the unit cell group:wﬂich are ‘infra-

1 ~

red active are determined by selection rules (35-37). °

®




Throughout this thesis, the vibrational modes of the

ammonia hydrates are described by the conventional labels

for the fundamental vibrations of gaseous ammonia under

C3, Symmetry and water under C,y Symmetry (38).

4.2 Discussion

Interpretation of the spectrum of ammonia monohydrate
may be based on the spectra of solid ammonia (39-43) and
ice (44,45). A unit-cell-group analysis of the component
ammonia and water molecules has been done by the correla-
tion method (37) and the results are llsted in Table 4.1.

Ammonia monohydrate crystallizes in the space group
P21212l (DZ) with four formula units occupying one set of
general positions in the primitive unit cell (3). Each
ammonia and mater molecule lies on a site of symmetry Cy-
Table 4.1 shows the relation of the molecular vibrations
under the point groups, C3v for ammonia and sz for water,

]

to vibrations under the site group, Cy-

The stmetric'stretching and deformatidn vibrations of

_ ammonia, vy and Vo each yleld one nondegenerate 51te group

vibration of A symmetry.- The antlsymmetrlc stretchlng and
deformatlon vibrations of ammonia, v3 and v4, are degen-
erate under C3V'Symmetry but the degeneracy is split#under
the site group‘yieldingtwo nondegenerare vj._bra_tions,'\)3

and v, or v and v, , for each degenerate mode. Rotation
3 4 4 : _

iabout the molecular z axis, R,, yields’one site group

71
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TABLE 4.1
'Correlation Table for Ammonia Ménohydrate -
' Molecular Site
Group % Group 4

NH3 ' C3V Cl

v, A, rg |

Vo Al A

65 E }“ V3 A |

v3 A :
\)4 E } \)4 A
v; A
R, A2 ; A
Ry Ry E } A
A |

HZO v C2v El |

vy, Ay A

Vo Ay - A

vy Bi A

R a, A

Ry B, A

Ry i Bl A

G ' -

qUnder the Unit Cell Group D3, A of the site group
yields A+Bj+B,+B3.- All modes are Raman active and
B}, By and B3 are infrared active. '



vibration of A symmetry, while R, and Ry, which are degen-
erate under Cayr yield two vibrations of A symmétry under
Cl'

Each vibration and rotation of the water molecule is

nondegenerate under’C2v and, therefore, yields ane site
group vibration of A symmetry. -

Each nondegenerate site groﬁp vibration is spiit by
intermolecular. coupling under the unit cell group, Dyr to-
yield four vibrational component§ of symmetry A-+Bl-+B2-+B3.
All modes are Raman active and Bi, B, and B, modes'are infrared
active.

Assignment of the N—H.stretéhing and HNH deformation
frequencies of ammonia monohyfirate (Table 3;3) may be made
by analbgy with solid_ammonia. 'Solid ammonia has'C3 site
symmetry and forms N-H---.N hydrogen bonds of length

3.342 A at 77°K (32,46,47). Ammonia monohydrate, the struc-

o

" ture of which has been discussed iq'Section°1.3,contains
N;h---o hydrogen bonds of lengEh.B.Zl,‘3.26 and ?.29'&,
which are ro&éhly equivalent (i,48) to N-H---N bonds of
length 3.31 to 3.39 A. The N-H-+'O bonds are §ery weak
hydrogén bonds since thef are 0.3 A longer than the éum of
the van der Waal radii of oxygen and nitrogen (49) which is
2.9 A. Since these hydrogen bonds are weak, it is expected
thét the N-H étretchihg frequency of each'bond will be sim-
ilar and thus, thé stretching vibrations will approximate

those of a molecule having C3_symmetry, such as in solid

ammonia.

4



B
In 1nfrared spectra of solid ammonia at 60 to lOO K
(39~ 43) the doubl) degenerate antisymmetric Stretching
v1bratlon Vi, is reported at ~3370 cm~ 1 while the symmetric
stretching vibration, Vys and-overtone, 2V, Of the anti- -
symmetric deformatlon are reported in Ferml r'esonance at
.3205/3290 cm l, The 1ntensrty of the overtone isg enhanced -

by Fermi resonance with v The unperturbed V1 vibration

1°
“is pPredicted to occur at ~3250 cm~ 1 (41). The intensity
of V3 is very strong relat1Ve to v /2v Therefore, the
very 1ntense doublet at 3402/3387 cm l in the monohydrate
spectrum (Figures 3.1 and 3.2) is assigned to V3 and v3'
Further evidence for this assignment was obtained from
the*frequency shifts under 15Nosubstitution (Table 3.3).

Assuming an ammonia molecule of C,, Symmetry, isotopic

frequency shifts were calculated under the harnonlc approx-

imation (50)., Shlfts of about 3 cm -1 for stretching vib~
rations of Akssymmetry:and 9 cm™1 for those of E Symmetry
were calculated. The observed shifts of 6 to 8 cm -1 con-
flrm the a551gnnent of the doublet to the antlsymmetrlc'

N-H stretchlng v1bratrons The infrared spectrum of

15

NH HZO shows three dlstlnct features in thlS region.

3
The 3384 cn -1 feature corresponds to ‘a weak uncertaln
~shoulder at 3392 cm 1 in’the spectrum of 14NH3 "H,0

'(Figure 3.2). Assuming’ the a551gnment of the douBlet is
correct, this third feature may arise from unit~cellfgroup

‘Spllttlng The assrgnmentiof the doublet has been based

~
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on the assumption that site Spllttlng is much greater than

unlt-cell group spllttlng This is Teasonable since six

features, 231+252+2B3,}are_expected from unit-cell-group

.
3 S

splitting. | o - e
The weak features at 3330, 3305, 3287 and 3270 cm™!

'

are -assigned to vl/2y4. It;is expected that three'offthe
frequencies are\due to 2v4 which has three components of
A symmetry under the site group (51). A |
Althouéh the 'doubly degenerate antlsymmetric deforma-
tioniof ammonia, v4,‘yieids‘two componeuts under the site
group, three features at 1664, 1650 aud'1625'cm—l.are

assigned to v, (Figure 3.3). The same situation arises

4
for the symmetric deformation, Vyr  Two features at 1133
and 1095 cm ' are assigned to v, (Figure 3 4) but only one
. ,r '\

,component is expected uﬁdér the . site group. The frequencies

: N
observed for these features ‘in 15NH3-HZO (Table 3.3) ‘agree

well with the Shlfts expected about 2 cm -1 for Vg and'
5 cm ~ for vz, under these a551gnments. The extra peaks
for'\)2 and Vy may arise frcm couplihg; However, inter-

molecular coupling}is not expected to occur extehsively in

ammonia monohydrate since each ammonla molecule 1s sur-
2% 5,.

rounded by water molecules hav1ng vf
tional ftequenc;es. It has also b,ﬁ
intermolecular‘coupling between ammonia moiecules‘is week
in solid ammonia although each ammonia molecule is sur-
roupded'b; tour ammonia molecules with_equivalent N-H
bouds. The appearance‘of-thevextra features for v, and Y4r

"
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e
cannot, therefore, be readlly explalned by the present%ﬁ
}

available information.
Assignment of' the O-H stretching and HOH deformation
" features (Table 3.3) was made‘by anaiogy with ice (44, 45),
and with the aid of recent correlatlons (26 48, 52 54) of
:bond lengths w1th\frequency Several emplrlcal relations
have been proposed for hydrogen bonded systems, A H B,
‘correlating the A-H stretching frequency, v(A—H), with the
_IA--fB<distance, R(A-?-ﬁ). These relatiOns show consider-
able‘scatter of data points.indicating tne inflnence of
factorsi%n the A-H stretching frequenCQ.other than the
_ Av.B bond length. Although such correlations are only
iaéproximate, they‘generally show the trend of ;ncreasing
‘v(A—H)‘withpincreasing R(A-o-B). Ammonia monohydrateégo@—
tains O-H--+-0 bonds of length 2.76 A ‘and O-H-.-N bonds of
length 2.775 &. Since general correlations of v(O-H) with
'O-H-i:N'bond lengths are not available, correlations relaty
ing v (0-H) with O-H-++0 bond lengths have been used assum-
ing the 2.775 R O-H-:+N bond to'be,equivalent (1,48) to an
VO-H-;-O bond of length 2.675 &. The correlations predict ’
-1

0-H Stretching frequencies near 3250°-and 3000 cm © for

Q+--0 dlstances of‘Z 76 and 2.675 ﬂ respectively,'with a

possible etror of about +100 cm -1 in these}predictions.

Thus, £he 3190 cm 1 band (Figpres,3.l and 3.2) is assigned

to the 0-H stretching vibration of the 2.75'3 O-H-- -0 bond
and the 2910 c:m-1 band is assigned to the O-H stretching

5 - ) ° : = K
vibration of the 2.775 R O-H---N bond. The weak feature at

» ‘ ‘:V , . L \ ".,5‘
;!
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J
1540 cmt (Figure 3.3) is assigned to the deformation, Vor
of water. - o - ' :'
The lower frequenCy peaks, 908 to 448 cm»l (Table 3.3,

Figure 3.4), are assrgned to rotatlonal modes of water and
ammonia. No additional 1nformatlon concernlng the assrgn—

ment of the rotational-modes is gained from the spectrum

: &
of‘lSNh3-H20. Moment. of inertia calculations (55) for
ammonia havintj'C3v 5ymmetry predict a fregquency sﬁift,

under N substitution, of 0.8 to 0.4 cm in the 900 ro'

400 cm”t reéron.“Sucn a shift is roo\small to detect in

~ the spectra obtained.

‘iillntermolecular coupling has been: neglected in making

- these assignments. In‘the spectra of dlfferent phases of

ice (44 56 58), the O-H stretchlng frequenc1es .are spread

over a broad range because of the comblned effects of . '
1nter— and 1ntra—molecular coupllng ' ThlS range is about
| egual to. the 280 cm -l dlfference between vOH --0 and
VOH';'N'Pf ammonia monohydrate. It is, therefcre,-believed
that intermoleCular coupling has little effect on the'O-H
stretching frequencxes of ammonia monohydrate._ Thls is
~understandable 51nce ‘each water molecule in ammonla mono-

» hydrate'has only .two nearest—ne1ghbour»water mqlecules with
which to couple. fhe'water mpleculesoin the ices, on the g

other nand, have four nearest-neighbours with similar un-.

coupled vibration frequencies. o v

’



in the structure.

In ammonia monohydrate, X-ray diffraction studies (3)

‘have'not-located the hydrogen atom positions for the

hydrogens in ‘the O-H-- 0 bonds formlng the chalns of water
molécules. Although the hydrogens must be ordered within
each chain, there is a poss1bllrty of dlsorder from chain
to chain. The two possible arrangements,of the hydrogen

atoms form N- ..H 0- H -0 angles of llO 7 +0.2° and

lll.4 +0.2° (3) The small dlfference between'these angles

~ does not prov1de a basis for ch0051ng a preferred hydrOgen

arrangement The mld—lnfrared spectrum of ammonla mono-

~hydrate gives no clear 1nd1cation of‘structural order or

disorder. Some_of the bands are broad indicating possible
diSordergﬂbutfthe infrared spectra of fullyrordered phases
of ice (57,59) also show broad‘bands‘ The sharp features

, on the other hand 1nd1cate that the struc-

assighed to vy

.ture of the monohydrate - may be ordered (57,59, 60) .

It has been shown that far~1nfrared absorptlon by,

translatlonal iattlce v1brat10ns can dlstlngulsh between o

ordered and orrentatlonally—dlsordered forms of ice (60,61).

The far—lnfrared spectra of ‘the ordered phases of ice show

©

sharp dlscrete absorptlon llnes, whlle the far-lnfrared of

.dlsordered forms of ice show contlnuous broad absorption

/

due to the activatlon of &ll of the v1brat10ns by the

dlsorder. Therefore, the far—lnfrared spectrum of ammonia

| monohydrate‘should give an indication of order or disorder

L]
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ot ,
_ Furthermore, mld—lnfrared studles of partly deuterated

‘ammonia monohydrate would give the frequenc1es of 1solated

N-H and Q-H stretch1ng;v1brat10ns, which wogld prov1de more

~ information concerning the deéree:of:intermoiecelar'couplr’
ing (62l63).4 ' |  ‘ - | - | .

L3



.heavy atom sits on a mlrror plane} ~The ammonia hemlhy— e o

- ing. Molecules of typ ;i

|

of length 3. 11, 3.24 and 3.24 A. Molecules of type 6
‘ | o
t

.unbound . It is belleved that'thls ammonia molecule re~

‘orients about 1ts single hydrogen bond above 5’°K (4 6),

 CHAPTER V. .

DISCUSSION OF THE MID-INFRARED SPECTRA ; I

OF AMMONIA HEMIHYDRATE

5.1 General

- The 1n1t1al assignment of the mld 1nfrared spectrum ,

: of ammonia hemlhydrate will be based on the spectra of : '

SOlld ammonia (39 -43) 'and 1ce.(44 45) as well as group

theoretlcal considerations ._«

~ g . L oy

, “The structure of ammonla hemlhydrate is descrlbed in
Sectlon 1.3 of thlS the51s - To review, 1t is known that R °
ammonla hemlhydrate crystalllzes in the standard (4,19)

centrosymmetrlc space group Pnma (D2h ). There areffour

formula unlts per un1t cell and each- ammonla and water

molecule occuples a site of Cs symmetry, that 1s,reach

. drate structure at l78°K contains two non—equivalent types

'
of ammonla molecules dlstlngulshed by thelr hydrogen bond—

(4) recelve one O- H--oN bond of

length 2. 83 A (2.82 A at 100°K) and form three N-H- -%)bonds

,rece1Ve§one O-H---N bond of length 2. 85 A (2.84 A at 100°K)

and theeremalnlng hydrogens of the ammonia molecule are

thus, possibly dlsturblng the ana symmetry of the crystal.-hr

4

Ty ’ o " .
. .
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As in the case of'the monohydrate, the vibrations'of

ammonia hemihydrate will be described by the conventional

labels .for the vibrations oft ammonia gas and water vaoorl

. (38). A‘unit—cell-group analysis (37) of the component

4

nammonla and water molecules ylelded the resultf llsted in

. Table 5 1. The table correlates the molecular V1brat10ns

. under the symmetrles of the ‘gas phase, the-51te group and

fthe unlt cell group. Only one ammonla molecule is con-
‘51dered since the results. apply to both'types

The correlatlon table shows that each of the sym-
metric stretchlng and deformatlon vlbratlonsh vi and v2,
iof ammonia_yields one‘vibration of A' symmetry under the
site group, Cs. .The degenerate'antisymmetric stretching

and deformation,vibratidns,,v3’and v4,'are each split

+

under the site group to:yield‘two-nOndegenerate vibrations

of,A':and'A" symmetry., These vibrations are denoted-by

vé and v; or‘\)4 and v4 in the‘table' Rotation about the .

molecular z axls ylelds, under the sxte group, one non~

degenerate V1brat10n ‘which 1s-antlsymmetr1c w1th respect”‘

- &0 thendrrorplane‘ Rotatlons about the x and y axes,

f’whlch are degenerate under C3 ’ Spllt to yleld two non-
degenerate v1brat10ns of A" and A" symmetry under C
For water, the symmetrlc stretchlng and deformatlon
"v1brat10ns, vy and v2,'as well .as- the antlsymmetrlc
| stretchlng V1bratlon, 3, are all nondegenerate underszv
o and therefore, each ylelds one vibratlon of A symmetry

ﬂnder the site group, the,symmetry«plane owahlch'is‘the)‘

= . o ,
.. g . _ ST S

l‘gg%i
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82

Correlation Table for AmmbniaAHemihydrate

Cok

i
Molecular Site
_Group ' Group?d
NH, Cay ™ Cg (ac)} | R
v § AF ‘A' ' : _‘,l.." &
v AL e, A i Vo
\)3 } \)3" . N : i
o vV A A
. 3' i }.ﬂ” o \ !
V4 . E | Va4 "A ;g?;; 3 N
'+ Vg _A: | .
v
Rx,Ry B } A R
- A ‘@ L
H,0 - Coy Cy (ac)
. 7 . .f B . ' ' ?
VL Al , A’ B ;
«vj . . Bl \ g . A ' i*_ T G‘
Rg Ay, 2
B x 2 1
Ry Bl A
qUnder %he Unit Cell Group, D2k A' of the site group
ylelds A +B1u+Bzg+B3u and A" of the site group yields
Ayt+By14+BautB3g, 1f the correspondence between the axes
of. thg crystai and the point group is chosen to be
azx, biy, czz. ~Bl 4 By, and B3y are 1nfrared actlve,
Ag, Big: Bz and B3, are Raman active and Ay is- lnactlve 7
in bot \the lnfrareg and the Raman.ﬁ . ‘
1 ; s
. RN ; ‘f‘
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N ' o ; Y .
‘molecular plane. Rotatlons about the X and z axes of ‘the

&

Q'molecule yleld one 51te group v1bratlon of A" symmetry

' each while; rotatlon about the y ax1s ylelds a v1brat10n S

¥ gﬁo ,,

‘}of A S mmetr .o n'ubhf f;' o . L o EAE
, Y Y LA e , o i

These site group v1bratlons undergo further spllt-'

: tlng by means of 1ntermolecular coupllng under the unlt
cell group, D2h’ -By ch0051ng the p01nt group axes, x,

N and zZ; and the crystal axes, a, b and ¢, so that azx, ;

£

' b Iy and cE z, the site group V1brat10n A' ylelds the v1b-

ratlonal components Ag-+Blu-thg 3 whlle A ylelds, e
A '*Blg B, »+BBg under Dzh . Biu’ B%u and B3 rare 1n-;k
- frared actlve,,all the gerade modes are Raman active and"
r"‘ R "
@u is 1nact;ve 1njboth'the 1nfrared<and;the Raman.,’-u;' f”“f\:f¥
: L P PR R
" . - . ' : : . o . .(,‘

":5 2 The Infrared §pectrum of ZNH3 20

In the 1nfrared spectrum of ammonlb hemlhydrate, the ? Lo
’hlgh-frequency doublet (Flgures 3 2 and 3. 5) 1s assﬁgned,'. |

'(Table 3.4) to the antlsymmetrlc N-H stretchlng v;ﬁratlon,\
A R
3, by analogy Wlth the spectrum«of solid ammon1a'(39 43) .

| The observed 23 cm l “'on of the two peaks may be

._", -

due to 51te spllttlng,.uﬂﬁffwl" -81 -litti g‘orgto'f

antlsymmetrlc N-H stretchlng v1brat10n of each ammonia
o molecule is lost yleldlng A and A" components whxch may f

"be responslble for the" doublet 1f the absorptlons by the o




e,

\

¥

. .

two types of ammonia molecules coincide. Multiple-site
spllttlng is due to the two types of ammonla molecules

and could cause the doublet if the 51te splltt;ng, due to

the loss of degeneracy, is too small to resolve. If unit-
. . [ IRY

)

. cell-group\splitting is considered, one would expect a

total of 6 1nf{%fed—act1ve components, 2B lu'+282u'+2B3u’ﬁ
from the two types of ammonia molecules !

It should be noted that the high-frequency doublet
in the spectrum of ammonla hemihydrate is much broader
than the correspondlng doublet in the spectrum of ammonla
monohydrate (Figure 3.2).\ As stated in Chapter Iv,
ammonia monohydrate also has 6 inffaredFactive components,
ZBl~+2B23+2B3, under the unit cell group,‘Dz, forvthe o

‘ 3
the broadness of the doublet observed inbthe spectrum of

antisymmetric N-H stretching vibration, v, . ”Theréfore,

‘the hemihydrate is probably not simply due to the merging

., - of the unit-cell-group components.

One explanatlon ‘for the broadness of the doublet may

" be the disorder in’ the orlentatlons of the Nbe3 molecules.

As mentloned prev1ously, the NIIH3 molecules are belleved
to reorlent'above 52°K, thus causing disorder of the

hydrogen atom positions. ' This disorder may destroy the

selection rules, thus causing the infrared activity o¥#all

the crystal vibrations based on the A' and a" components

of vj of each type of emmonia. There are 6){1023vsuch

crystal vibrations from each component of each molecule
¥

¢ TN
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per mole of 2NH -Hzo, each of whlch hasea sllghtly dif-

3

ferent. frequency due to 1ntermolecular vibrational coup-

\ ¥ing. Thus, the 1ncﬁ'hsed number_of infraredeactive Vib-

“rations would cause thehbroadness of the doublet. The

\

‘tive to the 23 cm™? split observed for v

origin of the two peaks of the dou let could, in this

51tuatlon, be either of the site spl&ttings discussed
above. ‘ T o E .
The symmetric stretchlng V1bratlon of ammonia, vy

and the overtone of the antlsymmetrlc deformation vibra-

\

tion, 2v4, are not observed in the spectrum. These feat-

\

ures are probably masked by the broad absorptlon from
3350 to 3200 cm -1 (Figure 3.2). ThlS 1s not surprising as
the absorption by these vibrations is weak in solid

ammonia.,

-,

The remaining general a551gnments of the ammonla vib-
¢

rations, v4 near 1600 cm l, v2 near. llOO cm -1 and Ve near

500 cm -1 , were based on the infrared spectrum of solid

ammonia.7 These Spectral features are presented in Figure

3.5 and the correspondlng frequencies are llsted in Table

3.4.

It should be noted that the 70 cm~l separation bet-
ween the exfreme features of v2(NH3) is rather large rela-
3(NH3).4 It is
possible‘that the 1156 cm—l feature is an overtone or

combination band which borrows intepsity from.the funda-

mental Vo vibration through-Fermi rdsonance (64) . There

85



is’ also a rather large 70 cn”t separatiob»between the ex-
treme featdres éssigned to v (NH:) Hewever, the funda-
mental vibration vé(Hzo)valso absorbs in this réglon,
thus complicatirng the assign eZt.‘“

The d—H stretChdng vibrations have been_assigned
(Table 3.4) on the basis of correiations-(26,48,52—54)
between the O-H stretching frequency, v(CrH) and the
0:-.0 distance,R(o—H-5-Ofdescribedjlehapter IV. 1In
ammoéia hemihydrate, the O-H stretching vibrations are
those in the O--H---NI and O~H---NII bondé Qf length
2.82 A and 2.84 A, respectively, at 100°§. Since the only
correlatiobs available relating v (0-H) with O—Hl-jN bond
lengtbs (2) are for partieular systems énd‘are not gen-
ereily applicable, the above mentibned 0...0 dietance
correlations‘have been used. To use thESe‘Eorrelations,
the O-H.-.-N bond length was adjusted by 0.1 A the dlf-
ference between the van derWaalsrad11 of oxygen and nit-
rogen (49), to yield the’equiyalent (1,48) 0-H---0 bond
lengths, 2.72 and 2.74 i. These correlations are rough

‘approximdtions but lead to theé assignment of the_3125 em”t

-1

- o . .
peak to the 2.84 A O~H...N__ bond and the 2975 cm ~ peak

IT
to the 2.82 A O-H- - N bond.
The dbserved separation of the two peaks is consider-
ably greater than the ~40 cm-1 Separation predicted for
O-H...0 bonds which differ in length by only 0.02 i.

However, the assignment, which attributes the two peaks

3
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t 51te sgllttlhg, is belleved to be correct for fhree
‘reasons.. Flrst, the predlctlons are ;pprox1mate. Segénd,
a gfeph ef the absorptlpn frequenc1es of O—H bonds of Hzo,
which fprm‘O-H-a}N bonds in hexamethylenetetramihe.hexa—
hydrate (1), ammonia men;hydrate and ammohia'hemih>drate,
versus the-O~H---N'bond lengths (Figurers.l)‘shows that'
all of tﬁe_points would be on a smooth curve if the 2.82 g
O-H---N bondees really .2.80 i long. This is quite pOs-
sible s1nce the error limits of the X-ray determlnatlon
uof the bond lengthe‘wae +0.02 A'for each bond. Third,

-the only other possible origin of the two'peaks is inter-
molecular vibrational coupling Which ls expected to be too
small to cause vibrational frequencles to separate by 150
cm because each water molecule is surrounded by ammonia
molecules which have very different V1bratlonal frequen-
cies, .
< The a551gnments of features to v2(H20) and vR(Hzo)
(Table 3, 4) are made by analogy with ice (44).' The v2(H20)
vibratioh absorbs in the same region as v, (NH 3) so a

more deflnltlve a551gnment cannot be made from. the avail-

able 1nformat10n

5.3 Studies of Isotopically Substituted Ammonia
<\ ’ '

Hemihydrate | V

33
To gain further evidence on the assignment of the

spectrum of ammonia hemihydrate, several isotopically sub-

87
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" Figure 5.1 Graph‘of v (OH) versusAR(Q-H-4-N) for
1) Hexamethylenetetramine Hexahydrate abbreviated

HMT-6H20 2) Ammonia Monohydrate and

Hemihydrate.

3) Ammonia.

3206r ‘ ) * - -
1 HMT-6HL0 ‘,
2 NH3'HgO L
3 2NHz Hx0 /o
L 3 ‘
3100 ]
=
0,
i%sooo_ i
(]
N |
2900} ' -
' | N . 1 ll A |
\ 274 ' -, B78C 2.82 2.86
R(O-H-“N)/A
\ R
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.cussed in detail. . : o

.
.
3 -
. > -

stitutefl samples were studied.. These shall now be dis-
N 3 ,’ ' .
\\\ \ C . : N4

5.3.1. The Infrared Spectrum of 2 lsNH H o - ‘ §

The frequen01es which could be definitively measured
15

from the spectrum of 2 NH3-HZO are listed in Table 3.4°

The expected frequency shiftSfunder“lsN-substitution were

calculated under the harmonic approximation (50) for
ammonia molecules of Cyy symmetry. ‘The N-H stretching'
frequenc1es are so dlfferent from the NH3 deformatlon
frequenc1es that the 1nteractlon between the two can be
1gnored to an excellent approx1matlon (65) Under these

condltlons the’ v1bratlon frequencies of ammonia are given

by the expressions in Table 5.2, where the F's are force -

constants and the G's are propertles of the molecular
i S

geometry which are tabulated (50,66). The G values
were calculated for l4NH3 and 15NH3 from the atomic'masf
ses (23) and the values 106.8° and 1.01 R for the HNH
angle and N-H distance (32). The force constants are in-
variant to 1sotop1c\substziutlon under.the harmonlc ap-
prox1matlon, so the ratiio of the frequen01es of 1sotoplc
molecules is the square root of ' the ratlo of the corres-

pondlng terms 1n G This is an approx1matlon for the

ammonia molecules of Cg symmetry in the hemihydrate.’

The frequency shift calculated for the symmetric N-H

stretching vibration, v,, is about 3/",cm-l and that calcu-

89
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TABLE 5.2

Expressions for the Vibrational Frequencies of an

Symmetry

: Ammonia Molecule Of;C3V
o ) : : ‘p L
. ¥ V ' ] . }
Intramolecular Vibrations: -
= (2 -1 2 2 1 | 9 N };5
‘vl - me) {[Grr ¥ 26l Py f. Frr ] .
e \ - ) o W
- =1 3 ‘ 1 -
vy ;(Zﬂc) f[G¢¢ %1ZG¢¢(J)1 [F¢¢;+ 2F¢¢ 1}
. . . N . - '
_ -1 2 1 : S o
vy = (2me) TG . = Gl [Fpp - Frr"]} -
. ~1 | 3 2;1 | o ) ;i
= (2 - G F - )
vy (2mc) '{[G¢¢ »¢¢(17J [ o0 F¢¢ 1}
2 1 3 2 1 fo
Grr’.G:r"G¢¢ and G¢¢ (1) are defined in reference 66.

They are properties of’thé molecular géometry and atomic

masses.

The potential energy of vibration is given by:
4 ) w ‘ :

Vo= k [g' RZ2GF 2 g :F 'RLRL4F, '
T Tt FFee %) TR ROk 2 e B M ¢i?l?]

where the R; are the bond stretching displacements and the

¢; are the HNH angle digplacements.

Rotational Vibrations: .

: _ -1 %
\)i = (27TC) (F/Il) N

where F 1is the force constant and Ij is one of the

, three moments of inertia.
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‘between 400 and 900 cm

91

‘ . e ' | _f%A'e

-laied'for the ahtisymmetric streteh,»v3, is about 9 cm

ot .o . . c h »

~ The dbserved shift of 8}cm_l for the 3374 cm‘l feature of

the doublet confirms its'aséignmeht to the‘antisymmetric
N-H stretching vibration. Unfortunately, the 3397;,cm—l
peak of tke doublet was masked by ISNg3~H20 impurity;.bThe‘

‘celCulated shift for the symmetric deformation, Vo of an

ammonia molecule is ‘about 5 cm © and the shift for the "/

antisymmetric deformation,‘ 4,.is about 2 cmﬁl.h The ob-

N

served Shlfts of the features. at 1156/1092/1083 cm*l are

;2, 4 and 7'cm l, respectlvely, under 15N substltutlon

The two lower- frequency features are thus correctly as-

b ;

s1gned to the, symmetric deformatlon of ammonla The 2 cm -1
\

‘ Shlft of the 1156'cm -1 peak may 1ndlcate that this fea—

ture is not due to QZ(NH3 . However, this shift is a
rough estimate as mulling agent ‘absorption obscures the
peaklhaximum.% The frequency shifts obse;Ved'near_IGOO? ra
cm™? are 1 to 3'cm—l'confirming their aSsignment to Vg
| The ratio of the frequenc1es of correspondlng rota-
tional v1brat10ns-of two 1sotop1c forms of ammonla is," to
élrst app;ox1mahlon, the 1nverse ratio of the square roots
of the corfesponding momehts Qf inerﬁia (Table 5.2). ‘Ca¥1'
culations. of the moments of inertia based on the"st;ﬁce‘l“\
tural data giveh eerlierfshowed thét rotatiehal vibrations

‘ -1 shift by less than_l‘cm“l on 15N

substitution. Such a shift is too Emall to detect for

bands as broad as those observed (Figure 3.4) so the . ro-

S



'tatlonal vibrations of ammonia could unfortunately not be

ﬁldentlfled by 15N substitution.

kY
5.3.2 The Infrared Spectrum of 2ND3__2__

The 1nfrared~spectra of 2Np3.D20 are shown fn Fig-
.ures 3.9 -.B.llfand the frequencies and assignments are
listed in Table 3.7.
'/ Correspondlng features in the spectra of 2ND3 DZO
| and ZNH3 HZO (Flgures 3 5, 3. ll) are readliy 1dent1f1ed
rby ‘the analogous band shapes ‘The frequencfes of equiv-
alent features in the spectra are l;sted in Table 5.3
aiong with thg’ooserved Lsotopic shifts, vH/vD. The;oba
vious relation Qf the,band shapesyandvfrequencfés of most
of the features indicates that these features are due to
fundamental tran51tlons and that the enhancement of the
1nten51t1es of overtone or comblnatlon bands by’ Fermi

resonancekdoes not greatly affect the méﬁor bands..

Q otable dlfference between the spectra of.

3 72
overlapping absorptlons by Vy (NH ) and vy (H O) It has

-2ND D O and 2NH3 H20 is the shape of the band due to the

.been shown in the Raman (67) and infrared (68)-spectra of
ice 1lh that the band due to v2(H20) sharpens considerably
on deuteration and a similar effect undoubtedly explains
the change observed in the hemihydrate spectra.

Another dlfference between the spectra is the strong,\

'sharp feature at 2326 cm -1 in 2ND3-D20Awh1ch has no

¢
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5 ' TABLE 5.3

xf//’ Equivalent’Features in the Spectra OfYZNH3-H20,
[ , . ‘ V L,, a
ZND3 0,0, 2NH3-H20 (5 or IOAD) and 2ND3 020 (5%H)

o A

2N, -H,0 2ND3-D,0° vy /vy 2ND3-0,0- (5%H)  2NHy-H,0 (5 or 10% D) Y/ vp

v/zm' v/em-1 . - v/em=] v/em-]
3397(2)  2530(2)  1.343(2) . 3355(5) -248 .35
3374(2)  2502(2)  1.348(2) . 3322(2) . 2445(2) T 1359(2)
3125(10)  2355(5)  1.327(7)  3308(2) 2432(2) O 1.360(2)
2975(10)  2230(2)  1.334(6)  3125(5) 2347(4) 1.331(4)
,2500(4) -1840 1.36  -3050 sh 2275(15) 1.340
2294(2)  1705(5)  1.345(5)  962(2) 964(2) 1.0
1626(2)  ~1210 1.34 " 936(2) 936(2) ‘0
1590(2) 1182(2)  1.345(4) ~
1555(1)  ~1160 1.34 B
1156(2) 884(3)  1.308(7)
1092(2) 848(2)  1.288(5) .
1083(2) 838(2)  1.292(6)
-882 646(2)  1.36(1)
817(2) 506(2) 1.35(1)
767(2)  560(2)  1.37(1)

r

£F estimated uncertainties in the last figure are given in

brackets.

}‘ﬁ ’
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counterpart in §NH *H,0. This fe‘éure could be due to the

3 72
symmetrlc stretchlng v1brat10n of ammonia., Vyr calculated
f
-1

‘kto be at ~2350 cm (Sectlon 5. 3 3) However, the inten-
51ty of this fe%ture makes this a551gnment unllkely since
. Vl absorbs very weakly in 2NH3 HZO and SOlld ammonia

(39-43) . v

R

J\‘ Another plausxble explanatlon for this feature can be

nade if attentlon is shifted to the sharp minimum at

’

2333 cm l. The appearance of such a sharp dip in a broad
‘band is characteristrc.of an Evans hole " (69, 7b‘ When
a tran31tlon that ‘yields sharp, weak absorption 1s in |
Fermi resonance w1th trans1tlons that yleld broad strong
absorptlon, the perturbatlon causes a loss of absorptlon
intensity in the narrow regidn of the weak transition and
a gaih;in‘other regions. "his yields, within a broad band
a narrow region of increased transnission hnoun as an |
" Evans hole. Thus, the obserVed d1p at 2333 cm -1 ot he
spectrum of 2ND3 D2O could be an Evans hole arising‘from
Fermi resonance between the overtone, 2v (D O) or
2v (ND ) the fundamental absorp;&on %f Wthh occurs at

‘

~ll_70.cm l, and the broad vOD(D 0) band.
L As in the case of 1ce (44,68), the absorption by the
stretchingnvibrations 6f N-H and O-H bonds is broaderl
than that by N-D and 0-D bonds (Figure 3.11). ThlS indi-

cates that the former are more affected by anharmon1c1ty

and that the N-D and 0O-D stretchlng bands are more likely

’
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to he explainable:byfharmonic oscillator models.

Comparison of the_splittihgs observed in the spectra i

of 2NH3 HZO and 2ND3 D20 provides 1nformatlon'concern1ng
the source of the splittings. In general, when a split-
‘ting is caused by the v1bratlonal potentlal energy, the
'spflttlngs of deuterated species are smaller than’those of
the hydrogenated spec1es by the same ratlo)as the frequen-
cy ShlftS - This is the case for most of the bands 1n the
, spectra of the hemlhydrate, but there are two 1nterest1ng
~.cases. » _ o
The separatlon of the doublet assigned to vy (NH ) is
23 cm l; while the doublet a551gned to vy (ND ) ‘has a sep-
-a 51tuatlon 1s that the spllttlng arlses from klnetlc
coupllng,\that is, the 1nteract10q,of dlsplacements of
,;adjacent bonds through a common atom. This effect ex-
plalns the obseryed greater difference between the sym-
metrlc and antlsymmetrlc stretchlng frequenc1es in gasee
ous ND3vor D20 ‘than in gaseous NH3 or HZO ThlS effect
of kinetic coupllng can also be detected 1n the spectra
of: the ices and solid ammonia (41). Thus, the greater
splitting of the doublet in 2ND3 DZO than in 2NH3 HZO
suggests that kinetic: coupllng causes the Spllttlng,
\ )

which, 1mplles that the splitting has\an intramolecular
| origin. In terms ot the explanatlonS-suggested in Sec;
tion 5.2, this observation appears to,support the inter-

¥

aration of 28 'cm l. The immediate 1nterpretatlon of such

95



S

<

"pretation that the‘splitting‘is due’to the. A' and A site

group components of Vg (NH ), with the absorptlon by the o

\

two- types of molecules c01nc1dent As w1ll be seen in

' Sectlon 5.3.3, hOWever, this 1nterpretat10n 1s not sup-

ported by calculatlons, and the spllttlng, and its An-

crease on deuteratlon, appears. to arise from the two types |

¢

Qof ammonla molecules This result is surprising and empha—

sizes" ‘the need for care in 1nterpret1ng the spectra of

"\

crystals 1n Wthh two sites are occupled by the same

-Chemlcal spe01es

Another unusual splitting is 1n the band due to "

Vg (NH ) which is at 1156/1092/1083 cm -1 in the spectrum of

’2NH3 HZO (Flgure 3 5)° and 884/848/838 cm ; in the spectrmn

of 2ND -D'O (Flgure.3.9),"For‘ZNH3-H20, the.oéghrved -

3 72

:splitting of the two“high-freguency features is 64 cm-l

compared.to a'splitting of 36 cm'-l for 2ND3 D,0. The

‘ratlo 64/36 is much larger than the ratlo of the frequen—

01es, ~l.3, indicating that the hlgh frequency features at

Pl

&

1156 and 884 cm 1 may not be components of Voo 'Thls was

suggested earller by the unusually large Spllt between
4

| the extreme features of v2 relative to the small Spllt of
3V3 ‘in the spectrum of 2NH3 HZO and by the small lSN iso-

‘topic Shlft of ‘the 1156 em™d - feature. ‘.

The spllttlng of the two low~frequency features of

v, 1is about 10 cm -1 in the spectra of both 2NH3 HZO and

2

2ND37D20. ThlS spllttlng must be due elther to inter-

96
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molecular effects arlslng from unit-cell-group splitting

into the infrated—active components, Bld-+B3u, or to the

existence of the tw0'tYpes'of ammonia molecules,
[ A : 7

1

. 5.3.3 Infrared Spectra of Isotopically Dilute Samples

Valuable information concef%ing the origin(pf ob-
served gpectrai splittings may be gained from the study of

isotopically-mixed crystals. 1In a dilute solid solution
’

of a deuteratgb Compdﬁﬁd in the undeuterated host compound,
- e ' '

or vice versa, ‘the static crystalline forces.which deter-.

mine the s1te s? etry are identical to those ef the pure
crystals (62 63) Any isptopic impurity introduced into
the pure;crystaluoccupigs at random all available sites
in the crystal, In dilute mixtures, the isotopic impurity
ié surrounded‘by thehhost species so that.the intermole-
cular coupling is essentially eliminated unless fiequent
cies of the impurity are close to those of the host. The
vibretion frequencies of the impurity are the uneeupled
frequeneies which shew the'eite"splitting

To, 1nvestlgate the- spllttlngs observed in the spectrum
of ammOnla hemlhydrate, the spectra of 2NH3 H20 (5% D),
2NH3-H20 (10% D) and 2ND3-D20 (5% H) were studied. The
percentages of NH,D, ND,H, HOD, NHB,‘ND3 and H,0 expected
in eech of "these isotopic mixtures assuming equal. distri-

bution between all 31tes are listed in Table 5 4. The

1nterpretatlon of the absorptlon by the dilute 1sotop1c
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Percentagés of Isotopic Species

TABLE 5.4

in Dilute Isotopically Substituted Samples

oy

Isotopic 2NH,*H,0 (5%D) 2NHH,0 :D.0
Species A :

NH3 85.7 72. 0.
NH,D 13.5 24. 0.
ND, H ' " 0.7 2. 13
ND, 0.01 0. 85.
H,0 90.3 81. 0.
HOD 9.5 18. 9.
D,0 0.3 1. 90.

98
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impgrities is complicated by the fact that they are not

fully isotopically substituted, that is, they are, for
example, NH,D and Hob in 2NH3.H2O inétgaa of ND3 and D20A
in '2NH3-H20. ‘
Thus, in order to interpret the spectra éf these vib-

ratidnally—isolated speqieé, the structure of ammonia
hemihydréte must be considered. lThe‘ammonia‘molecule of
type I has two non-equivalent types of hydrogen atoms,
one lying on the mirror plane while the other‘;wo hydrogen
atoms are éymmetrically equivalent under the reflection
operation. ‘e spectra of-dilute isotopic substifuents
indicate the number of “different sites available. Thus,
in the spectra of isotopically;dilute'NDzH or NH,D, two
" bands are expected for the isqlated N-H or N-D stretching
vibrations of each type i ammonia molecule, one being
twice as intense as the other, and two bands are expected
 for the HND deformation vibration, again with a 2:1 iﬁ—
tensity ratio. Because there are two types of ammonia
molecu1e5§11£he structure, éacp'With Cs symmetry, four
bands are expected from the N-H or N-D stretching vibra-
tions and four from the HND deformaéion vibrations. 1In
each caée, two bands should beltwice aé intense as the
other two.

| If thg/possible disordgr of the type II ammonia mole-

cule is considered, one may expect a continuous range of

" sites available for the hydrogen atoms of NIIH3 or, if
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only the two orientations (related by a 60° rotation)

which presefve the plane ofbsymmetry are occupied, then
one would expect foﬁf spectral bands of ihtensity ratio
1:2:2:1 for each, the N-D stretching vibration and the

HND deformation vibration of vibratibnally isolated NIIHZD

o

oo

or NIID2H'

The spectra dbf 2NH3-H20 (5% D) and 2NH3-H2O (10% D)

are presented in Figures 3.6 - 3.8 and spectra of 2N 3°D50

~ .

-

N

(5% H) are presented in Figures 3.9 and 3.10. The general
éssignments afe listed in Tables 3.5 and 3.7. The fea-
tufes from 2501 to 2432 cm * (Figure 3.6) are assigned to
the isolated N-D Strétching vibrations and the two broad
features at 2347 and 2275 cm“l are assigned to the stretcﬁ—
ing vibrations of the isolated 0-D bondsrof length 2.84
and 2.82 g, respectively. The two peaks at 1056 and
1021 cm™ 1 (Figure 3.8) are assigned to the symmgtric de;
formation of NH,D and the two features at 964 and 936 em™t
are“assigned tb the same vibration of/NDZH; The spectrum
of 2NH3-H20 (10% D) clearly sﬁows the latter two peaks.
The appearanée of}these peaks may be understood from the
percent of NH,D and ND,H expected, 24.3 and 2.7%:‘resp ct-
ively, for 10% D (Table 5.4); The two low-freguency/peaks
at 650 and 630 cm_l are assigned to the rbtational/dis—

placements of HOD. The remaining assignments,are analog-

ous to those of the specfrum of 2NH3-H20.

* 4
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\ In the spectrum of 2ND3-D20 (5% H) (Figure 3.10),

the high—freqﬁency‘features from 3360 to 3308 cm ! are
-assigned to the isolated N-H stretching vibrations. The
épectfhm of neat 2ND,-D,0 also shows these‘feaﬁufes due

to the ~1% H impurity. It should be noted that the fea-
tureless band at 33'55.«'cm-l in £he speétrum of 5% H corres-
ponds to the four features at 2501,/2490/2473/2461 cm™%

in the isolated N-D stretching region. A similar effect

occurs in the spectrum of solid ammonia (41) in which the

“

N_Dqstretchibg vibration of NHZD éppears as a triplet and

the N-H stretching vibration of ND2H appears as a single

proad band. The broad peaks at 3125 and 3050 em™! in the
. ' © .

spectrum of 2ND3-D20 (5% H) are assigned to the O-H
stretching vibrations of O—H-~~NII'and O—H---NI,,respect—
B . - . é ‘
ively. The isolated O-H stretching vibration which ap-

~

pears as a shoulder at 3050 cm—l corresponds to a strong
peak at 2275 cm ' in the isolated 0-D stretching region.
vAlthougU,unusual, this same phenomenon débuys in the in-

>~

frared spectrum of hexamethylehetetramine hexaﬂyd:ate (1),

for the 0-H-:-+N bond.

>

The frequencies of the O-H stretching'vibragions’ofv
HOD do not coincide with the ffequencies.of the O-H stretch-
, B

ing vibrations of HZO and the frequencies of the 0-D,

stretching vibrations of HOD do not coincide with those of

E;;u These frequeﬁcies are close enough, however, to show o

that couplinépbetween the vibrations of the different
B o

) |

N
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2
OH (or OD) bonds is small (1) .and that the H20 (or D20)

'fteatur‘es at 3125 and 2975 cm*l, (or 2355 and 2230 cm 1) do -
each arise primarily from one O-H---N (or 0-D---N) bond of
a particular length and not from a mixture of both That
is, their a551gnment under the éyte grotp, rather than

under *the unlt cell group,lsfyalid.

<

The only other features which arise due to the hydro-
gen'impurity'are those at 962 and 936 cm-l which are asf

'SidLed to the symmetric deformation of NDZH, as discussed

above for 2NH,-H,0 (10% D).

372 .
The two sharp peaks at 2445 and 2432 cm © in the

4

spectrum of 2NH3-H,0 (5 or lO%'D) are assigned to the iso-

lated stretchlng Vibrations of NIHzD which is hydrogen

bonded, while the higher frequency features at 2501/2490/
2473/2461 cmvl are a531gned to NII 5D which is not hydrogen

bonded.f Sincg Ni"b3 forms two nonfeguivalent NI—D---O

. 3 o o]
bonds,rone of length 3.11. A and two of length 3.24 A, it

is eXpected that the vibration of NIHZD with its D atom in

.the 3.24 A bond will produce a band to high frequency, and

~with twice the intensityxof the band due to the vibration

of NIHZD with its D atom in the 3,11 A bond. However, the

two bands\appear to have nearly equal intensities,. not the
intensity ratio 2:1 (Figure 3.6). This does not necessar-
ily invalidate the assignment since the lower-frequency

s

band is due to the stronger hydrogen bond and the 1ntr1n51c

1nten51ty of an X -H vibration in an X-H---.Y bond increases
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with hydrogen bond strength, so the prediction of the in-

tensity relation is not straightﬁorward (71,72).
13 ‘\ .
Since the hydrogen atoms in the type II ammonia mole-

cule are unbound, the intensity of\the.absofption by the‘
II 2D vibrations is expected to be\weaker than that of

N H,D as-is observed in Figure-3.6.\fThe appearance of
four features may be understood if it. is assumed that the
hydrogen atoms.of N ;H4 occupy the tﬁo poesible'orienta—A
tians whi%h,preserve the‘plane of symmetry. The relative
intensities of the four features (5% D curve in Figure
3;6),compare>well with the relative intensities.exbected
for this‘assignment‘prevfously discussed;in this section.
The a831gnment of the four peaks cannot be made definitiv—
ely, because there is no eVidence to 1ndlcate whether 2501
and 2490 cm -1 correspond to one orientation whlle 2473"

and 2461 cm™ 1 correspond to the other, or whether the

pairing should be 2501/2473 and 2490/2461 em™ L.
A summary of the detailedassiqnmehtsis éiven-in -
Table 5.5.
A more detailed assignpent (Table 5.5) of the coupled
N

3 20 may be made from the

above assignment plus the spectra of solid ammonia (41).

N-D stretching vibration of “2ND.:D
In the spectra of solid ammonia, the separation of the
peaks due to the antisymmetric N-D stretching vibrations

of ND, and the N-D sStretching vibration of NH,D is approx-

A

>

3
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TABLE 5.5
~Detailed Ass1gnments of the Absorptlon by the Stretchmg
and Symmetrlc Deformation Vibrations of Ammoma Hemihydrate
Assignments . 2ND,.D,0 (S%H) 2N 30 (5%D)  2NH-H,0 2ND;-0,0

Stretching Vibrations v(‘X-H.)/cm'] (X D)/cm™ -1 v{X-H)/cm” -1 v{X-D)/cm™ 1
C Lo ¢ ‘ -

0-H--+N, (2.82 A) 3050 ; 2275 2975 - 2230

*0-He- Ny (2.84 A) 3125 2347 o 3125 2355

N0 (311 ) 3308 2432 3374 2502

NlH---O'(3.24 A) 3322 2445

¥ : o

NpH o 3355 q 2461(1)" 3397 2530

C < 2473(2) ‘
2490(2)
2501(Y)
iy
‘Deformation Vibrations
} Cs or G4 ’ 1056 -
+ vy (N H,0) ) Oy or Cg - 1021
5 (N;D,H) } Cs or Cy 962
+ "l”DZH C or C 936 .
' 1092 . ¢
28,
+ vy (N H3) , 1083
848
}28 +23

+ vp(Ny0g) 838

* i
pe The number in’ brackets is the relative multiplicity of the site.

s
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imately 60 cm_l. The_corresponding splittings in ammonia
hemihydrate between the coupled v3(N—D) vibrations at -
2530 and-2502 cm_l and the averagiﬂfrequencyzof the isole—
ted NID stretching vfbretionsenxe9l and 63 cm_l, respect-
vively. The 2502 cm™ 1 peak may, tberefore, be assigned to
the antisymmetric N D stretch of NIDB The splittings

observed between the coupled»v3(N-D) vibrations'at 2530 ’
‘and 2502 cm_lvand the average frequency of the four fea-
turesdueto the isolated N; ;D stretching vibrations are

49 and 21 cm-l,.resoectivel§. Therefore, the 2530 cm™ %

~ peak is assigned.to~the antisymmetric NIID stretch of
NIIDB'

' By analogy with the absorption by the isolated N-D
v1bratlons, (Flgure 3.6) the two sharp features at 3322
and 3308 cm ! in the spectra of 2ND3.D20‘(1 or 5% H)
(Fiqure 3.10) are assigned to the rsolated N-H'stretching
vibrations of. N.D,H in the 3.24 and 3.11 X“N-g---o bonds
(Table 5.5).. The Spllttlngs obserVed between the average
frequency of this doublet and the coupled Vs (N-H) vibra- -
tions at 3397 and 3374-cm -1 in the spectrum of 2NH3 H20
are 82‘and 59 cm_l, respectlvely In SOlld ammonla, there
is a separation of about 44 cm -1 between the peaks of the
isolated.and the coubled antisymmetric N-H stretching
vibrations. Therefore, the 3374 em™ ! feature is assigned

(Table 5. 5) to the antlsymmetrlc N, H stretch of N H3 It

is assumed that the unresolved peak at 3358 cm -1 (Figure
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3.10) is due to the isolated N-H stretching vibration of

II 2H. The splittings’ observed between this peak and

those at 3397 and 3374 cm "l are 42 and 19 cm l} respect-

-1

ively. On this basis, the 3397 cm - feature is assigned

(Table 5.5) to the antlsymmetrlc NIIH stretch of NIIH3

It is, thus, -concluded that the doublets at 3397/3374

cm™ " in the spectrum of 2NH,-H,O and 2530/2502 cm L in the

‘spectrum of 2ND3-D20 are due to the multiple—site split-

ting, that is, to the two dlfferent types of ammonia

molecules in the structure, and not to 51te @pllttlng,
that is, to the loss of degeneracy of the doubly degener—
ate v3 v;bratlon of the C3.V ammonia molecule under the

Cg site group. This cohclusion is supported by the fol-

;lowing'calculations which argue stronglyuagafnstthe site

.splitting  interpretation. Using the diatomic molecule

approximation (50), force constants were Calculated from:

.the isolated N;-D-stretching frequencies 2432 and 2445.cm-l

]

as assigned above (Table 5. 5) VThese force constants were
then used to calculate the frequenCles of the coupled

antlsymmetrlc and symmetric stretchlpg vtbratlons for

2 &

NH3 and ND, molecules assumlng Cs symmetry. _The calcula-

‘tions predict the freguencies of v3(A'T ang v3(A") to

differ by 11 em™ 1 for NH, and 9‘cm_l'for‘ND3,which is
much too small to explain the observed dlfferences of
23 cm 1 and 28 cm l,_respectlvely. The calculatlons also

predicted the coupled symmetric N-H ahd N-D stretching
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vibrations to occur at 3274 and 2350 cm;l, respectively,
although these features are not observed in the spectra
The 1nformation obtained from the isolated deforma— %
_tion modes, at 1056/1021 cm -1 for NHZD and 962/936 cm -1
‘for NDZH, maytbe‘used to interpret the observed splittings.
of the Vs, modes in. the spectra of 2NH3 HZO at 1092/1083
cm and of 2ND3 DZO at 848/838 cm l. For each ammonia
molecule in the neat_compounds,there'are two infrared
active Vs modes, Blu'+B3u’ under the unit cell group.
Therefore,kthe Observed splitting of u (NH ) and v (ND3)
may be unit- cell- group splitting (due to v1brational coup-
liné) or multiple site splitting (due to the two types of \
ammonia molecules). The larger splitting of ~30 em™t for:
bvthe isolated deformation vibrations of NH,D and ND,H
su;;ests that for these species the splitting is siten
splitting, that is, due to two different hydrogen sites
within a molecule, 7 |
The spectra presented in Figure 3.8 show that the

'1083h'cm_'l peak of ZﬁH3-H20 becomes a shoulder in the spec-
trum ofv5% D, and,disappears in the spectrum of 10% D, as
the 1092 cm 1 peak appears to broaden., This effect is
indicative of.unit#cell—group splitting (34). The déu—i .
teriwnimpuritYdisrupts the selection rules and activates
all of the coupled components of Y which broadens the
peak. The same broadening is suggested,but less clearly,

&

in-the spectra of 2§D3-D20 (1 and 5% H).
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Several'calculations were performed.to‘qain'further

‘ 1nformat10n about the expected spllttlngs of th\\symmetric
‘deformatlon v1brat10n when 1) two qute dlfferent but
qulte symmetrlc ammonia molecules ex1st in the structure °
and 2) two qulte similar but quite unsymmetrlc ammonia
molecules exist in the structure. These calculations are
summarlzed in Table 5.6. The intéractions”between stretch-
ing and deformation vibrations were,ignorea.l Separate.
calculations were made for‘the four molecules obe .sym—
metry, NH3, NHZD ’NDZH and ND3, and for the two molecules

[\

of C; symmetry, NH2D and NDZH,which are shown

"~ ion in the table. The departure'of the molecular geometry -

from the C geometry of the gas phase is unknown and

3v
was neglected  The force constants were first estlmated
‘from the frequenc1es of v, and y4-of NH3 and ND3.1n the
hemlhydrate, assuming C3 symmetry for the NH3 (or ND L
as shown in the table, and were then adjusted rather arbit-
rarily to mimic the two cases described above. As shown .

s - . :
in Teble.5.6,‘for case 1, the . two diagonal force constants
(F 11 ‘and F22) within a molecule dlffered by 1% whlle
correspondlng force constants 1n the two molecules dif-
fered by ~15%. For case 2, the 15% difference was intra-
molecular and the intermolecular difference was 2% Thus,

calculatlons were made for 6 molecules with 4 force flelds

to yield the results shown in Table 5.6.
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s
TABLE 5.6
Summary of Normal Coordfnate Calculations of the
Deformation Vibrations of Ammonia '
Molecules: The dashed 1ine represents the crystal symmetry plane. :
A ) 4 : * \'a
, “—w—m—~—m—%——N—H——W~H~—N—U~~N—D—- ’
W - W/ 4 o/ o/ o/ |
Symmetry:” Co * (s ‘ c1 S 6o )
N N . , . ‘ -
Molecular Geometry: A1l HNH angles = 106.8°. -Al} N-H distances -1 0t A o
The same geometry and atom number1ng schemb was used for all isotppic :
species. ‘ .

: . 1 _ A
Displacement Coordina‘es: ,¢] =4 H NH3 , ¢2 =A H NH3, ¢3 A Hlﬂ

s

’_

C et 2.
Potential Energy: <V =1 [Fypo7 + F (¢2 + ¢3)

A)

Fa3 ¢2 "’3 * o /
2 Frg (013, + 07 0,)]

B . 4 ‘l ‘

Force Constants: =

For NH3, symmetry C3 s calculated from vy -1090 en”! and
4= 1590 pm via Jable 3. 4

F” Fp * 0. 5669 mdyne A; Fip an =-0.0278 mdyne A

For ND3, synnetry C3 N calcu]ated from Vo -843 cm -1 and
v =170 o T via Table 3.7:

1 =F22 = 0.5789 mdyne A; F]2 ;F23 =-0.0252 mdyne A .

| )

/

: . o ’ ' continued .

v



Table 5.6, conti

Force Constants:

“For Cg and € molecules:

nued

- Case 1 F]]
mdyne K
Molecule 1 0.5192
Molecule 2 0.6033
~Lase 2
Molecule 1 - 0.5244
Molecule 2 0.5140

o

Cé1cu1atéd§Frequencies (in cm']){

under

.Ca;el

NH
NH,D(Cs )
NH3D(Cy)
ND,H(Cs)

' NDZH(§1)

CF o Faythy,
mdyne A mdyne
0.5244 -0,0252
0.6094 -0.0252
0.6094  -0.0252

-0.0252

0.5972°

Cs.
MolecuTe 1
1528" 1528 1047
1497 1303 966
1501 1300 965
1372" . 1163 873
1369 1164 875
nme" M2 197
-1642" 1517 1105
1533 1400" 1026
1604 1354 10M4
1474" 1219 906
1431 1225 930

1199" 1148

840

_indicates the A. mode

Mp]ecule 2
1138 1637 - 1642"
1049 1400" 1609
1048 1397 1614
948 ° 1253 1474"
950 1252 147
865 1195 199"
1092 1556 1627"
1014 1387° 1519
1003 1341 1588
- 896 -1208  1460"
919 1213 1417
831 1188"

1137

*

110
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| have the site frequencies 1105/1092 and 840/831 cm” ,

111

Only the freguencies in the middle two columns of the
table appear. in the symmetric deformation region. Thus,
in caée 1 (very.different‘mblecuies, to mimic multiple-~
site splittihg{, NH, in the hydrate has the site fréquen—
cies 1047/1138 cm™}, split by 91 cm™l, ND, has 797/865
cm ©, split by 68 cm™ Y, while isolated NH,D shoﬁld vield
four bands at 965/966 and 1048/1049 cm L, that is, a
doublet spliﬁ by 83 cm‘l, and isolated ND2H should yield
873/875 and 948,950 cm™l. that is, a doublet split by
'75 cm_l, where each line of the doublet is itself an un-
resolved déublet for NHZD and NDZH. Thus, if multiple-
site splitting predominates, the splitting of Vs, in NH3
and ND; should approximately eqﬁal'that in isolated NHZD

and NDZH. ,Thié is not observed. 1In case 2 (which mimics

similar molecules, each very'unsymmetrical), NH, and ND,

1

- respectively, while isolated NH2D yields 1026/1014/1014/1003

cm ~ and isolated ND,H yields 906,/930/896/919 cm™ ) which

¢

céuld, at- best, éppear in the spectra as a triplet for

NH,D and a doublet, at ~900 and 925 cm™ ! for ND,H. In

. this case, the splittihg Gar&ﬁH3 and §D3 is much 'less than

for NHéD and NDZH,~§s is obéerved, but the observation of

‘a doublet for NH,D as well as a doublet for ND,H can only
. occur by accident. Thﬁs, these calculations indicate

that case 1 can only explain the observations if the vib-

rations of one of the two molecules absorb quite strongly

\ .
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as NH2D and ND2H but have not been detected for NH3 and*

ND3.

indicate that case 2 can explain the fact that only doub-

This is believed to be unt}kely. The calculations

lets were observed for NHZD and ND2H 1f the two types of
molecules have virtually identical HNH (or HND or DND)
deformation'frequencies. This is believed to be the ex-
planation of the absoration by NH,D ané ND,H, whiie the
doublet seen for.NH3 and_ND3 is believed to arise from
unit-cell-group splitting (intermolecular vibrational
coupling), as described earlier. -Further, the calcula-

13
tions support the tentative conclusion drawn earlier that

N

the peaks at 1156 cm ' in 2NH;-H,0 and at 884-cm™! in
2ND3-D20 are not due to the symmetric deforﬁatien of
ammonia.

It should be noted that thisvinterpretation implies
that the type I and II molecules ate practicelly identical
with respect to their deformation vibratione while it was
concluded earlier that they are quite dissimilar with
respect to their stretching vibrations. On the grounds
that hydrogen bonding affects stretching V1bratlons more
than deformatlon V1bratlons, this is quite possible. |

The assignments that are bel;eved to be correct are

summarized in Table 5.5.



CHAPTER VI.

CONCLUSTON {

In the course of this work, the mid-infrared spectra
of authentic samples of ammonia monohydrate and ammonia
hemihydrate have been characterized, thus revising the
literature (5) of 27 wyears ago. The assignment of 30l2
em™! to the 2.81 A O-H...N bond of hexamethylenetetramine
hexahydrate (1) has been confirmed‘by the spectra of the
_ammonia hydrates. These spectra show that the absofption
by 0-H stretchlng v1bratlons of O-H---N bonds of length
2.775 to 2.85 A at 95°K appear between 2910 and 3125 cm’ Y.

The asslgnment of the spectral‘features of the
ammonia hydrates has been made as far as the spectral ev-
idence allowe; As a result cf this study, several inter-
esting questions haVe arisenvconcerning the origin of. the
splittings obsefved in the spectra'of ammonia hemihydrateﬁ
Although plausible assignments have been made on the basis
of the data obtalned further ev1dence is requlred to |
definitively interpret the spectra For example, a study
of the temperature dependence of the infrared spectrum
may indicate clearly which spectral features are due to
N;H; and to N . H, in the hemihydrate because if the sample

I73 IT 3

is cooled below the 52°K transition, the‘NIIH3 would

freeze in an ordered arrangement or if the sample was

c

heated, the disorder of the NIIH3 may increase, causing

113 ’



spectral changes. The Raman spectra of the.hydrates

should add evidence about the 1nfluence of 1ntermolecular

114

coupling, particularly for the centrosymmetrlc hemlhydrate.

Flnally, the . far—lnfrared and low—frequency Raman spectra
should provide clear evidence about the disorder in the

structures
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APPENDIX .

'

Parameters of Nicolet 7199 FTIR Spectrometer

Used to Obtain Spectra Presented in this Thesis

Parameter
FSZ

NDP -

NTP

NSS

NSB

SGL
SGH
AFN
HPS

'LPS
VEL

NSK

COR

Value

22528‘

16384

32768

500

500

LO

Méaning
File size of data blocks on scratch
pad disk. ‘ ' :
Number of data'innts‘collécted,pe:
scan. At SSP'=2, this corresponds

to 1 cm~1 resclution.

Number of points’ Fourier transformed,.

i.e. 16384 zero points were added to
.the data points before Fourier trans-

formation. :

Number of sampile scans, i.e. number.
of interferograms averaged before
Fourier transformation.

Number of background scans, as for

NSS. :

Gain of amplifier~board.

Gain given by GAN for the first 1024

data points and by SGH times GAN for
the remainder. , '

Happ-Genzel Apodization used for all
spectra. :

High- and Low—>pass electronic filters
set with 3 dB points at 10 Hz and
50 kHz. oo o

Mirror velocity equals 0.90 cm sgcil

Number of points skipped between

white light signal and the start of
data collection. The zero path posi-
tion is the (451 - NSK) data point.

 Each interferogram was correlated
© with those previously collected -and

adjusted one data point in either
direction to make the peaks match,
before signal averaging.

3
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Parameter Value Meaning

Ssp 2 Path-difference increment between data s
points equals (0.3164957 MM X n X SSP)
where 0.3164957 is half the wavelength
of the He-Ne laser and n is the re-
fractive index of air at 632.9 nm.

APT FL Source aperture diameter, FL =6.3 mm
‘ MD=2.3mm SM=1.1 mm; Intensity
- ratios are 100:32:8 o

NPD 200 Number of data points used in phase
' ‘ . calculation; 100 data points on each
side of the zero-path-position were
used.

NPT - 1024 Number of transform points used in’
‘ phase calculation; NPT-NPD = 824
'zero points were .added before Fourier
transformation.

PHZ PH " ¢ The real part of the phase-corrected
- “transform was calculated as the
spectrum, ' -



