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Abstfact.
The\Iow tempera;uré,’high.preséureAphase of solid
"~ acetic acid has been studied using.x-ray‘and infrared
techniques. The pressure temperature phase diagram of

;acetlc ac1d has been measured, between 0 and -40°C to

3 Kbar using volgme‘dlscontinuity as the_fhdieator of‘the
. pressure at dhiéhAthe.phase.trenSitioe'bccurred at a
certéin temperature The'equilfbrium'tfansition préssdre
is given as the average of the pressures required for Ehe
acetic ac1d I - II and acetic ac1d II > I tran51t10ns.

Jt was found that. acetic acid II cannot be formed from !

~

acetic acid I below about 800 Bar, even though it appears
Ita be fhe stabfe"phaee at one atmdsphere below—about -60°C!

_ However, once it is formed, acetic -acid II is metastable— .

at one atmosphere below about -35°C. The acetic acid

I 4’IL_gransition'is accompanied by a 0.0141cm3/§ decrease

in volume. ' | -
,l | The X-ray. dlffractlon pattern of powdered-acetlc

acid IT has been obtalned and indexed on a monocllnlc cell

with the dimensions: a:= 13.30 % 0,02 A, b = 10.39 ¢ 0.01

-

A, c = 8.59 E*0.0l R and B é;SS;I ¥ 0.3° at I00°K and
atmospheric pressure. 1f thé unit cell;eontains.16
molecules, the molar volume is 44.6 cm3/mole; 1.5% smaller
than that of acetic acid I, in agreement with the results

‘from the phase diagram work.

. 0



The far infrared spectrum of acetic acid II Has
‘been obtaiﬁed and~cdmparéd“t0“thbsé of .acetic acid I and
propionic acid. - Lt has been argued that acetic acid IT

probably con51sts of hydrogen-bonded chalns of monomers

which are packed in a more eff1c1ent way than ‘in’ acetlc

ac1d I. P : ‘ B

¢
b \
. : - I3
e N
»
. . : e
. . :‘: . 2
~ . 5
he— - bl
,\‘_.\,- g \\\
Q) ?7‘ T l
3 A g
.
b ]
0
-
. . ‘.
.
£
" R
. -
¢
-t
.
' .
- L5
. %
il Y
T - -
. PR _
K TR ~
-
. A
A '
7 ’ ’
f iy i
a
*
i
V1 X
X



AEkndwledgements . o .

.1 have a deep and sincere appreciation for.Dr.
J.E. Bertie. It was a privelege: to wdrk'under.hii'
&ifection,Aand his-guidance,Véncodragement ang under-
standing were inydluablejduripg the course:of this work.
| I also wish to exprés§ my appfeciation'to the
éfher members of ' this depaftmeﬁt,.qspeciélly those in’
Dr. Bertie'é research group,?fof their interest, co-
operation and‘helpfulydiScussion%. Pafticular thanks
mustlgo to the memberélof}thejmachine>Shop'and éleqtronics
shob for'their prompt and com%etent“Wofkmanship in | |
~building aﬁd maintaining_equipmeﬁt‘used,in this work.
Many friends outside the chemistfy‘deparfmént
'have.élsp bééh-very helpful by EXpressing intereégland
encouragement.during this.work. “Among these I wo@@d
especially like to thankymy.fgmily, Larry Whitehousé.andu
Mac Jardine. /- | .

Financial ;upport of‘this.work by the UniVérsigy

~

of Alberta is gratefully acknowledged.

: : : . Vil
&



\

‘Table of Contents

Chapter -

// t
1.

INtrodUCTtION. v e vieveeenos

1A. General Introduction .t,.;,...........
1B. Previous Repofts of Polymorphism
in Solid A;étic Aéid teessen ceeenn oo

1C. A'Review‘df thé Physical Properties

‘of Acetic,Acid at Atmospheric

Pressure .....

1D. A Review of the Low Frequency

Vibrational Spectra of Acetic Acid and
Related Compounds

1E. Objectives of thisework

Experimental .........

2A. Purification of Chemicals s eeoccaonoesns

2B. Apﬁafatus and Sample Handling Methods

€

. for the Phase'ﬁiagram Measurements ...

2C. Preparation of,Agétic Acid II and

Ground Samples e e e

1

o

2D. X-ray Experimental and Method e,

PR

viii

RE e,

2E. Spectroscopic -Methods .... 0 .........un

14

36

38
38

41
47

50
53



Chapter - ' o Page

3. The Phase Diagram of Acetic Acid Below

c0%C L F Y
B SA. Methods ..i..iiisiiiiiiteiiiiennniee 62
3B. Results and Discussion of the Phase | |
'Diagram Work .........f....: ........ ‘e 6§

4. A Discussion of the X-ray Measurements on
.Acetic Acid Powdered Solids ....... seeeee 76

5. The Far Infrared Spéctralof Aéetic Acid I,
Acetic Acid II_anﬁ Propionic Acid ceveeeeee. 88

5A. Analysis of the Int nomer

Vibrations of Acetic’Acid I ........... 88

5B. - Far Infrared Spectra Obtained ........... 97

5C. Discussion.of the Spectra ............. 105 -

5D, Summary and Conclusions ......... ceeees 109
References .......... JT? ....... e esenas e 111
- ?
./ .
’ )
)
ix

(o
e

Al



Table 'Désdription
1. Melting p01ntS of acetic acxﬂ '}~“.J..; .
2. Corrected melting’ p01nts of acef}g ac1d.i:;§%'
3. Refractlve/lndex of agetic aeidAfoﬁ seven a
dlfferent light sources.......... TR
4.  Low frequency . v1brat10ns observed and

10.

11.

~ 12.

13,

t _ ’List of Tables

alculated for acetic. acid dimer and its.
deuterated analogs ......... et rtesreraeaane

Lattice yibrations of propionic acid ceeeen

Observed frequenc1es and 3551gnments for
CH3CH,COOH and CD;CD,COOD solids in the.
low-frequency region......cceeeeeennnaneneen,

Phase diagram of solid acetic acid.........

Thermodynamic parameters for the salid
acetic acid phase transitiom .....ieieensnn.

X-ray ‘powder diffraction data for -acetic
acid I at 100°K and atmospheric pressure..g

X-ray powder dlffractlon data for- acetic
acid II at 100 K and atmospheric pressure..

‘Powder diffraction patterns of acetlc acid
I at 278 and 83°K, calculated from the cell
parameters and structu e factors reported

by Nahringbauer (18) .....cieievecverannnas

Symmetry coordinates of acetic acid I .....
ObServedfvibrational frequencies of acetic
acid I, acetic acid II and propionic

,aCid L R I I I I A I N I T R R O I I I I S N N S

. r‘l
L
»”

19

33

35

69

75

78

- 85

95

101




List of Figures

48
54

65

1 9%

88

99

Figure .
1. Symmetry coordinateg and vibrations of
carboxylic acid digers...... teesceeennenns o
2. The high pressure dell used for the phase
' .diagram studies._. cee et e st .
3. High- pressure cefl Use/d- to prepare and
recover acetic acid ITI..........0.... ceeuens
4. The cell used for low temperature infrared
Spectra. ... . v iiiinnnnns Veeteeeretrtsaneann
ha . -
5. ,6raph of volume change vs. pressure for
‘the phaseAtransitionoc;urringat 0°C.cve....
6. Graph of volume chénge'zg. préssure for
the phase transition ocdurring at 0°C.;.......s 66
7. Graph of volume Changé Vs. pressure for
the phase transition ocCurringat 0°C........
8. The pressure-temperature phase diagram of
solid acetic acid...ooiiianial., et anneaa
. Symmetry coordinates for a single chain
/ﬁ,of acetic acid I...oielvinnnnnnnnnn. pevecsas
10. The far infrared spectrum of polycrystallihe\\
. acetic acid I at spproximately -180°C.......
¢ .
11. The far infrared spectrum of pdlycrystalline
acetic acid II at approximately -180°C......
12.  The far infrared spectrum of polycrystalline

propionic acid at approximately -180°C......

'xi

100



Chapter I. Introduction

1A. General Introduction

>

‘Although acetic pcid”is a very commonplace, widelyfv
used”cﬁemical,.data concerning the physical‘pfopcrties
'of its second polymorphic solid pﬁase afe almoSt non-
exispeht. Even the fact that acetic acid is capable of
existing in two solid phases is glmokt unknown. For example,
‘a recent paper on the infrared spectrum of accfic acid |
under pressure (1) reported that at'leas; two'polymorphic
forms ﬁad been detected, with no reference to the fact
that the existence of two polymorphic formé has beeh.knowh
-for 70 years. Following Tammann (2) and Bridgman (3), the
sdlid polymorph‘which is weil known at atmospheric pressu;e
“is-called acétic acid I, while the phése which forms at
about 1 Kbar pressure at 0 C is called acetic acid II

This the51s presents a study of the phase dlagram
of acetlc acid below 0°C to '3 Kbar, the X-ray powder
pattern gf-acetlc ac1d II at-atmospherlc pressure and,
about 100°K, and the far inf{ared spectrum of acetii aFid/;I

at atmospheric pressure and<100°K. These results are
g : . , .

presented and discussed in Chapters 3, 4 and 5 and the

- experimental method§ are described in Chapter 2._‘Thq'
literature on polymorphism iﬁ>solid acetic acid is reviewed
in Sect1on 1B, while Qés\more general physical properties

of acetic acid are discussed in Section 1C. Previous

«



studies of the far infrared spectra of acetic 'acid and

other relevant carboxylic acids are discussed in Section-iD

and the objectives of the present work are stated ‘in' - '

Section 1E..
In Chapter 1 many\diffe"ent pressure units are

used, following the usage of the authors c1ted The

i

'relatlon between these varlous unlts is glven below

[

1 bar' 0.001 Kbar = 1.0197 Kg cmgzlé 0.9862 atmosphere ¥

v

749.5 torr

"+

1B. Previous Reports of Polymorphism in Solid Acetic Aoid .

The first report of.racetic aC1d IT was made by

G. Tammann (2) in 1Q03. - Tammann recorded the pressure—";

/

ftemperéture pha?e diagram‘of acetic ac1d-t0ga pressure of
. . L A . * .

. ) - \ . S o
3000 Kg cm 2 over theé température range -20.7 to +65°C,

- ahd foond three transition lines, liquid-solid I,
liquidlsolid II and solid T - solid II. 'He reported’the

tr1p1e po1nt for the equilibrium between these thrée .

-2

phases as 57.5° C and 2330 Kg cm and that at “the lowest

temperature on his phase dlagram -20. 7 C,;acetlc ac1d,II.

Sy

formed from acgtic acid I at 765 Kg cm %{ Tammann
-reported that the solid-solid phase tran51t10n occurred
at -71°C at atmospherlc pressure but he did. not g1ve any

v

experimental details, and it 1s assumed that he formed

N

.\‘
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acetic;acid,II/at high‘p}essure, cobled it before lowering.
the pressure and then observed.thelphase tranéition as it
warméd(up at atmospheric pressure.

P. W. Bridgman (3) in 1916 reportedkthe phase
diagrém for acetic acid up to 12,060 Kg em™ 2 from 0°C to

165°C. At higher temperatures and pressures fﬁé’chemica}

reaction between the §§etic acid and the steel.pressurg—\\\ky

vessel was iF fast that the samplg became toq,impurefor~
. B o . "(_ N

tﬁﬁfﬁesults to be useful.. Bridgman used three samples of

acetic acidvand found the,phase'transition lines to be-
. PR .

’somewh@t shiftéd from the temperatures and pressures

feﬁorted by Tammann (2); however he expléined the difference

by claiﬂ‘ng_that his'samples.were of higher purity than
i " - . \

Tammann's. Bridgman tabulated his data and thermodynamic
’ bt Q

parameters for the liquid-acetic acid I -acetic acid II .phase

tranéitions, with tte 4 quid-solid I - solid II triple point

at 55;7°C_and 2100 Kg cm”? and phase Inyorming from phase I

at 1074 XKg cm™2 at 0° ..

In 1935 Louis Deffet Y4) measured the melting

( B - . - " _ e ' . )
curve for acetic acid up to 1000 Kg cm 2. Deffet's results

agreed better with those of Tammann (Zj than with

'§¥igman's'(3). Table 1 presents the melting points

d¢

. observed By these workers over the -pressure range

1 - lOOO'Kg/qu,:and includes the accepted value of the
melting point at atmospheric pressﬁre (5),‘then_thg,J»

melting. points at 1 Kg/,pm2 are corrected to‘16;604°C and



Table 1. Melting Points of Acetic Acid

. 7 )
1 kg/cm® 500 Xg/cm® 1000 Kg/em*
{ e

Tammann (2) 16.6S°C 27.1°C 37.05;C
Bridgman (3) 16.68°C '27.8°C 37.7°C
Deffet (4) " 16.55°C 26.7°C ¢ 36.9°C
Beilstein (5) 16,604°C

Table 2. Corrected Melting Points of Acetic,Acid

4

1 Kg/cm2 correction 500 Kg/cm2 1000 Kg/cm2

Tammann (2) ©  *-0.046°C 27.06°C  37.00°C
Bridgman (3) -0.076°C  27.72°C 37.62°C
Deffet (4) . +0.054°C 26.75°C 36.95°C
Beijstein (5)  0.000°C

.



equal corrections are made for the melting points at
highér pregsure, as shown in Table 2, the values of
Tammann and Deffet éiéyin“eVeﬁ better agreement but those
of Bridgman are significantly higher.

Willy Tan et. al. (6), in 1952, measured the
frgezing'pé@nt curve for the acetic acid-benzene system.
A definite 'nick' occurred in the curve at 7.28°C and
78.4% acetic acid by weight. The explanatiqg\of this’
irtregularity in the curve may be based either on the
formation of a compound ' or on the presence of polymorphism
in solid acetic acid. X-ray studies'were carriedlbut on
the solid obtained at témperatures above and below the
temperature of the 'nick',‘with the conclusion that the

"nick' was due to.polymorphism in ;olid—gcetic acid:
This conclusion wds based on the fact that two lines in
the powder pattern of the solid obtained at 1—é°C were
absent in that of the"solid obtained at 8-9°C. However
liF is interestiﬁg to note thét“thege lines were also
found in the powder pattern vapure benzene. Further,
other.}ines which coincided with the lines in the benzene -
pattern were of mediﬁm or strong intensity in the powder
pattern of the solid obtained at 1-2°C and were weak or
veryfweak Lﬁ that of the solid obfained at 8-9°C. Thus,
although these autﬁors interpreted their results as
indicating polymofphism4in acetic acid, it is posSible

%hat the presence of solid benzene in the solid obtained -



at 1-2°C was not rdalized by them. However, even if their
'1nterpretat10n is correct it seems unlikely that acetic
ac1d IT was the second polymorph involved.

In 1955 Phlllppe and Piette (7) published
measurements of the dielectric constant of acetic acid in
the temperature range +20 tc -79°C. They were studying
the effect'of polymorphism on the dielectric constant
and reported a solid-solid phase. transition in acetic acid
‘at -35°C: -Their sémple of acetic acid was supplied by
thefBuregu des Etalons Physico-chimiques,but by comparison
with similar work done by Raczy et. al. (8), impurity in
the sample‘is'suspected to be. the cause of the observed '
phase transition.' " | .

Timmermans and Kasanin (9), in 1959,;studied the
effects of pressure on the melting points-of binary
systems in whlch the 1nd1v1dual components exh1b1t
polymorphlsm The acetic ac1d -water system and the acetic
,acid-acetone system were among these studled The phase
dlagrams reported by Bridgman were accepted as being
correct and their experiments (9) confirmed . the existence ,
of polymorphiSm in solid acetic acid below 3 Kbar. . |

‘ Raczy, Constant and Gabillard (8) in 1961
- measured the d1e1ectr1c propertles at 100 KHz of acetic
acid between +20 and -35°C at atmoSpherlc pressure. They

also measured the dielectric prOpertles at 1 and 100 KHz

of acetic acid contam1natedgw1th small amounts of water.

°

P
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»

The dielectric constant and loss, €' and e“, changed S
markedly at the melting point, as expected, but.another
marked change was observed at -30° C whlch implies

that a phase transition occurred at this temperature.

Raczy et. al. madé’no attempt to interpret these results,
since experiments were in progress to measure the complex
permitivity as a function'of frequency, in the hope

that. the néw data would allow them to state more precisely
the nature of the,phenomenon observed. Unfortunately

the results fron those additional'experiments have not
been published. However, the change observed-at -30°C was
very small for pure acetic acid, and increaéed greatlv

as the water tontenthweg raised\to'z%, which clearly

suggests ‘that it iis related to the 1mpur1ty, and is not

an intrinsic property of acetic acid.

g
RN

- The most recent work relating to polymorphisﬁ;in
acetic acid was done in 1967 when-Jakobsen, MikaWa andf*\
Brasch (1) reported hav1ng ‘obtained mid- 1nfrared spectra
of at least two polymorphic solid phases 1n a diamond-
‘'windowed high- pressuke cell. They did not, however report
fthe mid- 1nfrared spectra S0 obtalned but merely reported
the far 1nfrared spectrum of the crystal at.-150°C and
presumablv, but not clearlv stated atmospheric.presspre;
The spectrum reported-was,\therefore, probébly of acetic

N :
acid I. The mid-infrared spectra which they obtained

were later presented at the Synposium on Spectroscopy of



Materials Under High Pressure in 1971 and were published
in 1972 (10) with very little explanation.

Thesg-dré‘the only published references to
polymorphism in acetic acidv It is clear that Qery little

‘;s known about the high pressure phase, acetic acid II.

1C. A Review of the Physical Properties of Acetic Acid at

Atmospheric Pressure. .~ ‘ Ly

"The physical properties of acetic acid haveebeen
- surveyed ?y.Beilstein (1lj'and by Timmermans (12). i
. The Vaiues giveﬂ in the 1970 edition of the 'Handbdok of
Chemistry and PhYsics' (5) follow Beilstein. In this

section some of these physical propertiés‘will be
"“disﬁussad withAa‘view to establishing the reliability

¢
of its accépted value. - - T,

-

The values reported for the Boiling point and the

ﬁeiting*boint‘of acetic acid at atmosbhefi@ preséure vary

.éonsiderably, and'one prqblem inherent\in the evéluation
of these values is that very few workers report hdw'
their thermoﬁeters Qere sfandardized. Bousfield énd
Lowry (13) réported a'melting.boint 6f 16.600£0.005°C
using a thermometer ﬁalibrated at-the National Physical.
" Laboratory invEngland.‘ Eichelberger and La Mer (14)

~ reported a meltingvpoint of 16.6Qtdm01°C—using a_-

thermometer which had.been'calibrated,égainst a 7

)

't
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¥ "'“. 9,

¢ |

cOpper constantan thermocouple which”‘
Standardlzed agalnst the f1xed p01nts o 0 C and 32 384°C

(melting p01nt of Na2804o10H O) and agal st a platlnum

're51stance thermometer certified by the ﬁhtlonal Bureau

of Standards Both of these melting p01nts are in agreement
o~

'»w1th the one reported. by Schall and Thleme Wledtmarckter_

(15),'16.604 C, which now appears in the 'Handbook of
Cliemistry and Physics' (S) without a specified accuracy&
The b0111ng temperature is more uncertaln than the meltlng

temperature but in t‘ﬁ rev1ews (11, 12) most workers

o {

. indicate that the b0111ng point at 760 torr is in-the _

range 117.9£0.1°C. The critical point'for acetic acid was

measured by Young (16) to be at 321.6° "C and 43,400 torr.
The density of 11qu1d acetlc acid has been

measured many tlmes and is 1. 0492+O 0001 g cm -3 at 20°C. R

The values reported by d1fferent workers are usually w1th1n _

0.01% of this Value (11 12). Young. €16) in 1910 and

Costello and Bowden (17) in 1958 reported the den51ty of T

the 11qu1d and vapor from 20°C to temperatures wefl above

the normal boiling point and their Values are-in-very

8

good mutual agreemen- Recently the density of acetlc

~:acid I was determined “rom X-ray data to be 1.270£0.002 g cm 3

(18, 19) at 5°C and 1.3310.002 g cm™> (18) at -190°C.

E1chelberger and La Mer (14}\reported a spec1f1c

-8 -1

conductance of 1.4x10 "mho cm ~ at 25°C. The frequency '

of the electric field was not given but this value was

also‘reported'by‘MacInnes~and“Shediovsky (20), who

o



l : ‘ . . ; ' w10

1

‘ .’

found that the’specific conductance remai‘ned'constant'~
over the frequehcy range 0-3000 Hz. ngher values of
k.spec1f1c conductance ‘have been reported by other~ workers
(21, 22), but the value of 1.4x10 -8 mho cm -1 at 25°C is
probably the most reliable 'since 1mpur1t1es tend to
1ncrease the conductance. |
v/‘ The dielectric constant is of inte;est,.especially
since the results of Raciy et. ;l. (8) and Phillppe and |
Piette (7) seem to indicate that a SOlld solid phasg
transition occurs between -30 and -35°C. The d1electric
constant of Raczy's pure acetic'acid measured at 100 KHi
was 6.1 to 6.2 in the‘liquid'phase below +20°C and
dropped to aoout 3.6 as_the acetic acid solidified Ehe
dielectric constant continued to drop to 3.4 as_ the
temperature was lowered to -30° C and then dropped

abruptly to about .O which was the value reported at

their lowest temp€rature, -31°C (8). Philippe and Piegte

(7) measured the 1e1ectr1c constant betWeen +20 and

-79 C but did not report the frequency at which their

' measurements were made ' However they reported a value

of 6. 203 at 20°C, decreasxng to 6.165 at the meltlng
point where it dropped to about 3.1 durlng solldlflcation
At -31, S C they reported a d1e1ectr1c constant of 2.610

and below ‘the transition at -35, 5 C ‘they reported 2 535

with an abrupt change of about 0.1 at approx1mately

-35°C:" Since these two reports are so different, not-only

5.
3
“--,.

D Nels
S,
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in observed;diélettrie"conStant*but\also in the temperature

~of the transition,'no%ﬁ;ng‘can bentonctnded concerning
their reliability. = ”, . '\\- |

The d1e1ectr1c constant of llqu1d agekic acid was.
measured by Le Fevre (23) at 2 KHz between 20° C\and 80°C.
He found the d1e]ectr1c constant to be 6. 170 at ZO\C

whereas Ph111ppe72hd‘?iette (7) reported 6.203. Thf&ifz/

dlscrepancy at 20° C suggests that Ph111ppe and Plette\nai
— T—————

have had some water 1mpurity i their sample Constant X\

\,

and Lebrun (24) havle measured the dlelectrlc ‘constant

and loss of'liquidff‘etie acid at 25°C between 0.1-apd
100 GHz, and have oBserved‘the-abSOrptionldue to mole ular
 reorientation to be &entered at about 2' GHz.

| The refractlve index ‘of liq 1d acetlc ac1d for
the sodlum D line (5893 A) has been measured by Puschln

and Matavul; (25) at 10°C, 25° C 40°C and 65°C, ‘The

values they obtalned are néq = 1.3758, ngs = 1.3698, °
ng® = 1.3638 and no® = 1.3537; anp/3T is, therefore,
-40.0x10 = (PC)’l between 10 and 40 C Drelsbach and

' Martln (26) report the sodlum'n line refractlve 1ndex

" at 20 and.25°C to be 20 = 1. 37160 and nés - 1.36995,

-5

from which anD/aT equals,-33x10 (°C) betyeen 20 and

index of

25°C. Another.investigation of the'TEIractiv
liquid acetlc acid was made using seven d1ffere t llght
~sources (12) from which the values of n, . and an/‘T

Me?e repofted as in Table 3.
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The crystal structuré of ééetic’acid I was first

reported by .Jones and Templéton (19) who found it to be
orthorhombic, space group PnaZ,,'with thé axes a’ = 13:321
0.02 A, b = 4.08£0.01 A and_c = 5.7720.01 A, éigw\gingle
fcfyspél x-ray'diffyaction meashreménts af 5°C. The
s;nucture consists of nearly planar, hYdrogen-bondéd, N

~polyméric chains of acetic acid molecules, Qi;h the planes .
u pa;ﬁllgl toA(IOO). THese polymeric chains are stacked
" in layé;s élong the a-axis with the long axes of the
polymeric chains alternately Being approximately
parallél to (011) in.one iayer and (011) in the other.
The unit cell éoptains fbur_mqlecules, two.in each
chain, with a resulting density .of 1.27 § em 3. in 1970
this work was repeatédvby Nahriﬁgbauef (18) .and extended }I
to include a strgkture»determination at -190°§. ﬁThe
s£ructufe pqsposéd by Jones\and‘Templeton (19) at 5°C

' - was confirmed and the axial lengths were“reported, with

- increased‘precis}on; as a = 13;31010L001, b 0+0.001
and c.='5.7§9¢0;001 R:andfa resulting density
~The stfdctupe at_-190°é‘is the same as tha}: |
for changes due to the}mallé;pansion (18).‘ |
lengths at -190°C are ;\}>ij,zi4¢0.001, b = 3.924;0.001 :
‘and ¢ = 5.766+0.001 A with a density of 1.333'g cm'3,‘
Thesé data show\that_the aVerage volume éxpansivity of
' acetic*acia I is 0.026 percent per‘Céﬁtigrade degfee
‘between -190°C and +5°C and that it occurs almost'entirely‘

-

?
v oA
-~
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aloné the "a' and B axes, In addltlon “the moletulér
parameters and hydrogen bond lengths determlned at -19Q c
“and +5°C were almost identical indicating that the
expdn51on is due to 1nter ‘chain expansion rather than
expan51on‘w1tb1n each chain. These data also show that
acetit acid II-is qnot formed from acetlc acid I when the
sample 1s cooled to -190 C at atmospherlc pressure.
Neutron dlffractlon studles (27) of 51ng1e crystals of ~

h—

acetic acid I at -150°C have located the hydrogen atqms
and confirmed the structure determined by X-réy méthOds. ’
A variety:of other ﬁh}sical measg;eménts have |
.beeh méde'ot acetic acid, for -example the viscoSity
(12, 2%), surface tension (29), magneti; rotary powef
(30)3 specific magnetic suscebtibility (31)fahd heat
_constants (3, 16, 32-37). Ihcldded i; this were heat
capac1ty measurements on the solld down to -185.7°C (33)
but no ev1dence of a phase cHange was found. ,

i t

v

1D. A Review of the Low Frequency Vibrational'Spectra.of

Acetic Acid and Related Compounds. [

iThe acetic atid monomer'hés C, symmetry and 12
in-pléne, Al Vibrétions and 6 out-of-plane, A" Vibra{ions.
‘These Vibrétions can be épproxiﬁately deéignated,as 9
vibrations of the'methyl group, 3 vibrétionéiof the.hyd}oxyi

“'group and 6 vibrations~of thé heavy atom skeleton

(35-40). ‘None of thése fun&ameﬁtai:vibrations of the

&
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monomer are below 400 cm'1 (38) even in perdeuter1oacet1c

acid except for the 1nterna1 rotation of’ the methyl group
whlch has not been observed and 1s probably very weak (41)
Gaseous ‘acetic acid dimers are kQOWﬂ to be planar
apart from the methyl hydrogen atoms, or extremely c10§e
to_planar, from the eleetroﬁ diffraction measurements of

~ Derissen (42). The molecular ﬁoint group is 'taken to be

|
\

C Those.carhoxflic acids which crystalliz¥ as dimers

2h°
are also known to exhibit planar rings fofmed by the
carboxyl group (45), solthe usaal assumption that acetic
acid dimers are planar in the iiquid i a reaéhiable onet
The dimer. has 42 fundamental Vibratiohs, 36
internal'vibrations arising from the 18 vibrations of each
monomer unit andlé hydrogen—bond'vibratidns arising from
jthe loSs of six'degrees of translatiehal or roeational
freedom when the two monomer molecules form a single d1mer
molecule.: The 36 internal v1brat10ns form the representatlon'
124 +6A + 6Bg+12B under the point group. C,,; where the

g
12A° Vlbratlons of the monomer sp11t into 12Ag2and'12Bu

v1brat10ns/in-the dimer, and the 6A" vibration -6£athe
monomer become ﬁq and 6A V1brat10ns in the d1mer. The
gerade g, and uhgerade, u, v1brat19ns are Raman and -
inffared'activegfeepectively;"Thus'eaEh vibration of the‘
'menomer/fields dne‘fnfrared active and one eran\aétiVe

vibration whose frequenc1es dlffer by a small amount

that is greater -for the v1brat10ns of the carboxyl e

- . /
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group than for those of the methyl group. The 36 1nterna1
vibrations have been studled for the gas gnd 11qu1d
phases, and are particularly well defined in° ‘a_ series af
papers by Haurie and Novak (38, 44, 45). None of these’
vibrations absorb below about 400 cm -1 so they are not of
.further,concern to the present work.

'The.sixyhy@rogen-bondnyibrations form the
representation 2 Ag + 2 Aﬁ + Bg *+ B, under the point
group CZh; tbe ungeradsAvibrations are.again infrared
active and tbe'gerade vibrations are Raman active. These
6.vib:=t10ns must bé\dwséussed here. because all of thE’ y
1nterpretat10ns in the literature of the }ar 1nfnared
spectrum of solid acetic ac1d .are based on the d1mer model
rather than on the actual cha1n structure

The forms of the siw Vlbratlons can be approx1mated

by wr1t1ng the six symmetry coordlnates (46), based on ' )
vthe translational and rotatlonal dlsplacements of the two ;-
monomer un1ts which do not correspond to overall translatlon
or rotation of the d1mer These symmetry coordinates

are depicted in Figure 1, numbered to correspond to those

of Miyazawa and Pitzer (47).- The actual B and Bg vibrations

3

should corresp nd very closely to the symmetry coordlnates >
S3 and S6, Tes ectlvely, because there are no 6ther |

_v1brat10ns of like symmetry with similar frequenc1es, The*

two A v1brat10 are ex ected to correspond to 11near
g P p

combinations of S| and S2 and the two A Vlbratlons should

: /
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‘Figure 1. Symmetry coordinates (Sp) and vibrations

(vn) of carboxylic. acid dimers. For acétis//g>f4" f
"acid, R = CHS' T - : // .



be 1inear combinations of S, and S '(

Mlyazawa and Pitzer (47) calculated the frequenC1es

\

‘ of these v1brat10ns using a rigid monomer model. The only

=g

far infrared frequency which they had as data for acetic
acid'was 188 cm;l; which they attributed to.Millikan and
Pitzer (48) but which does not“apﬁéar in_thatcpublicétioﬂ
and, heWCe’,éﬁwpf uncértain origin.\ In order to obtain
reasonable excess of data over adjustable fofcé constants
in‘tﬁé{calculatioﬁ;~¢helentrogy of dimerization was tsed
and two simplifying assuﬁbtions~were made: 1. that the

force constants were the same for acetic and formic acids;

and 2. that the bending force constants were the same for

- R

infplane_and-obﬁﬁoﬁfplane motions. Three vibrational
fre&hehéies were available for formic acid dimer: 232 cm_1
(49), 237 and 160 em™ 1 (48) so that, with assumption 1.,

sufficient data were available_fot the calculation. .The
'Calculapion showéd that vy gnd v, correépond,to Sl and-

SZ’ respectively but both 04 and vs,had ﬁéarly equal
~‘cqﬁtributions from S, and SS.' Tablef4'§ive§ the freqﬁenciqs
calculated for 91 to v6.

’ Nakai and Hirota (50) observed a doublet absorption,
with haximavat 188 and 167 cﬁ"I in theuspectrum of gaseous
acétié acid dimers. A 51m11an¢doublet was seen (50) £or

(CD COQH)Z, but~ for (CH coon)2 they observed only a |

- single absqrptfbn,‘w1th a qustlonable shoulder. Consequently
they .postulated that the doublet arose from ptoton tunnelling

N
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in a double-minimum potential for the displacement of the

protons between the oxygen atoms. They assigned this

did not observe the bands

‘are expected below 100 cm” L,

absorption to vz (B, ) (Figure 1)

due to the two Au modes whi

reported frequenc1es are llsted.:n\ﬁable 4
'Ihree.features were reported between 180 and 140 cm 1, all of
which werefaséiéned to vz (B ) (Figure 1), the asymmetric
stretch of the hydrogen bonds. Stanevich aesigned tno o{ the
three features to hot bands of the vs‘vibration. Two other
broad absorptions centered at 75 and 40 cm® =1 were reported for
the first time and were a551gned to Yy and Vg respectively.p
(Flgure 1, Table 4) on the basis of Miyazawa and Pitzer's
.calculations (47). The follow1ng year'StaneV1ch (52)
reported the spectrum of 11qu1d (CH, COOD)2 from ‘about 210 to
, 140 cm 1vand 120 to 30 cm -1 and that of 11qu1d (CD: COOD)2
from 200 ‘to 140 cm -1 and 120 to 80 cm 1. The assignment of
these spectra foilowed that of (CH'COOH)2 and the'observed'
frequenc1es W1th thelr assignments are -shown in Table 4.7
In 1964 Zirnit and Sushch1nsk11 (53) reported
the Raman spectrum of liquid acetlc acid below 250 cm 1.
They did not specify the temperature or the lowest
freqnency which tney'could reliably opserve but they did
report a line,at'i233cm'1 which the; assigned to the‘Bg

out-of- plane symmetric deformatlon V1brat10n, v6, on the\

basis of the calculatlons donie by Mlyazawa and Pitzer (47)
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The discovery of thislline adds significant‘sﬁpport.to
‘the Validity of these calculations. R
Also in 19645 Kishida and Nakamoto (S4),published
- a normal coordinate calculation of the in-plane vibration
of acetic acid dimer; They were nain1y4conoerned with
 the. internal vibrationsoof the monomer units and their
data for the yibratione in;olving"the hydrogen bonds
- consisted of the frequencies calculated by Miyazawa and
Pitzer (47) plos the one experimentai.frequency'available
to’them (47). As a resuit'the‘main value of their |
calculationsvis that‘the vibrational frequencies were
also predicted for the'deuterated apecies (CDSCQOHj_2 at-
room temperatdre; between 400~and:33 cmhlt Their
calculated frequencies are shown-in Table 4,
~In 1965 Carlson W1tkowsk1 and Fatéley (SS)
publlshed 1nfrared spectra of gaseous (CH COOH)2 and '
'H(CD COOH)2 at room temperature between 400 and 33_cm,1.
- Their observed-Erequenc1es are shown on Table 4. of the
_ four frequenc1es reported for (CH COOH)Z; the absorptlon
at 310 cm -1 - was neither a551gned nor even dlscus;:d
The 50 cm-1 absorptlon was a551gned to vS(A ), the out-
of plane hydrogen bond bend and the 190 cm -1 absorptlon
was 3551gned to Vg (B ), the asymmetrlc hydrogen bond
stretch by direct comparlson with the, calculated

frequenc1es of,Mlyazawa and P1tzer(47). The feature'at_

168 cm_1 was assigned to y4(Au) (Figure 1)‘even~though
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the possibility of-a eenbination band of v$}§6 in Fermi
’resenance‘With Qg and the poss{bilfty of profon tunnellrng
were considered. Ih contrast to previous workers these
'authOrs equated Vg w1th S4 and Ve w1th S5 (Flgure 1) for_
reasons that were not stated T

In 1967 Glnn and Wood (56) showed that the doublet at
190/168 cm ; in (CHSCOOH)Q is almost certainly not due to
proton tunnelling, because  a correspending doublet at 183/161;
cm-l was obeerved in (CHSCéOD)Z. They attributed the doublet
to a combination of the effects of Fermi resonance between
/yS'and u5+n6 and of the rotationaliband cdntours.

‘ Between mid‘1§67 and mid 1968 four papers reported
low—frequency'spectra of dineric acetic acid in the liquid
.phase or in solution in iardous solVents. Fauquembergue,
'anstant’and Raezy (57) reported a strong absOrption-
centered at 182 em'l, a weak aBSorption at 123 cm_'1 and

e
a broad but falrly strong, absorptlon centered around

87. cm -1 by CHSCOOH in 5% solutlon in benzene and in
carbon tetrachloride. No 3531gnment was discuseed'other
than that these frequenci%s had Been calculated-by,
Mlyazawa and Pitzer (47) Waldsteln and'Blatz»(41)
'reported low frequency Raman spectra of 11qu1d (CH COOH)2
~and (CD COOD)Z'and solutlons of these ac1ds in n- pentane
and»water at 25°C. They observed a line at 11§i5 cm™!
for the.nure liquid, and a line-at lzdiﬁvcmflafor the
‘n-pentane solution .of (CHSCOOH)é; which tney assigned

to the Ve fundamental (Figure 1).predicted by Miyazawa
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vwiand Pitzer(47) to be‘at 128 cmil. The comparable lines
for (CDSCOOD)zﬁwere at 106+5 cm—% and 115+5 cm -1 respectlvely

Another line, at 47:7 cm™ ! in the spectrum of (CH COOH)2
in the pure 1iquid and in.solutlon was called a "liquid
structure" line and a thirdgiine, bossibly present at -
95 cm~1 in the liquid, was assigned to open dimers or
ponmers. éaunders; Bentley and Katon (58)-reported‘a‘
broad absorption, centered at 177 cm. ©, by (CH COOH)2 in
the liquid phase and in ‘benzene solution, presumably. -
at room temperature. . 0 ﬂ v

Tbe last of'the,four papers is by Jakobsen, .
Mikawa and Brasch (1) and presents the infrared spectra
_betWeen SOOfand 5'0»‘cm_l of acetic acid dimer in the gas,
liquid and'hexane’501Ution states. In the correspondlng.
spectra they observed absorptlon bands at 188 cm 1, 184
Cm_l and 176 cm -1 respectlvely, and 3551gned them to VS;
the asymmetricfhydrogen bond-stretching vibration -
‘(Fignre 1). For the vapor they also observed an
absorptlon at 168 cm -1 and assigned it to v5+v6 1nerrmi
resonanCe with' Vg . ThlS a551gnment was based on thelr.
normal coordlnate calculatlons for the out-of-plane
v1brat10ns of the d1mer, and on their observed frequency
dlfference between the Vg ylbratlons of (HCOOH)2 and
(DCOOH)Z; from which they. excluded V. as a p0551b1e

a551gnment of the 168 cm™ 1 absorption in (CH COOH)2

ﬂThe force constants used were taken from a simiYar
. \ : . .
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calculation.on formic acid dimer, in which the orce

constants wege determined from their experimental data on
(HCOOH)Z and confirmed by correctly giving the requency
of v, of (DCOQH)2.4 The_out-of-plane, symmetric, hydrogen

@

bond bendlng V1brat10n (v in Figure 1) was listed as
h§v1ng.B symmetry under p01nt group C 2h but it is dssumed
'tnét this was meant to be Bg‘ Their calculated and
obseryed frequencies, with assignments, are 1isted in
'Table'4; |

'AIn 1969 Fukushima and‘Zwolinski'(SQ) presented a
normal coordinate calculatlon for (CH COOH)Z, (CH COOD)Z,
fCD COOH)2 and (CD COOD)Z' They were mainly interested
in the 1nterna1 v1brat10ns of the monomer units and
thelr\data for the reglon below 400 cm -1 were primarily
the frequenc1es calculated. by Mlyazawa and P1tzer(47)
As a result the main value' of this work to the. present

discussion is that they edicted the frequency shlfts L

ue to deuterat1on of the aceti ac1d dlmer Their .

ca culated frequenc1es are presented 1n Table 4.
Recently, Witkowski (60) has proposed a new
1nterpre ation of the doublet absorptlon between 150 and

-1 by\acetlc ac1d d1mers -He appears to argue that

200 cm
the Ag hydrogen bond stretchlng V1brat10n »Vy of ‘Figure 1,
becomes 1nfrared active as a result of coupllng with the
OH stretchlng modes. As a result the absorptlons observed
at 190 and 168 cm \\by Carlson et. | 1. (55)-are a551gned

to v3.andr6&, respectively, by Witkowski. ' This work
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" stems from Witkowski's previous ‘interpretaion of the OH

stretching regién of the spectrum, based on his theory (61)

spectrum of the OH stretching reglon.of acetic acid

which presents .a model for strong coupling between the 0-H

and O-++-+0 stretching modes. iThere;is evidence (44) that.
at least some of the assignments of the bands in.the OH
stretching region yhiqh resuli‘frdm thié model are-not
corréct { :

A qu1pe<d1fferent assignment of the low- frequency

P
L

vibrations of acetic acid d1mer was publlshed in 1971 by
Redington and Lin(62). These authors studled the - 1nfrared '
dimers matrix isolated in Argon at 4°K, and assigned the

observed features as combination transitions of thé‘OH'c

stretching fundamental and of the overtone of the in-plane-

- 'C-0-H deformation with low-frequency vibraéions. 'They'

uséd the,low-frequencies:deduced ffom these combination
bands w1th the experimental infrared data obtained from
the gas by Carlson et. gl. (55) to make the assignment
shown in Table 4. The arguments pfesented in support of,
their assignment were not,particuiariy Self—consistenf or

clearly presented. ' Furthermoré Grenie, Cornut and

 ‘Lassegues (63) have recently shown that Redlngton and

A

Lin's (62)a551gnment of the mid- 1nfrared bands are not

consistent with the isotope shifts observed when

CH C180180H is used instead of the normal spec1es, although.

-



'no alternative assignment was presented for sonebof the
-bands. Therefore it is concluded that Redington and Lin's'
aésrgnment-isvpoesible but is not clearly an'improrement
over earlier assignments. = v : P

‘It-can be seen'from'fherabove discussion -and the
frequencies summarized'in Table 4 that; while 'a large
number of reports on the low-frequency spectra. of the
- dimeric ac1d have been publlshed our present knowledge
of the hydrogen bond vibrations leaves much to be de51red

‘In solid acetic acid I, two different chains

.

contribute two monomer’molecules each to éhedunit.cell
(18, 19, 27) (Section 1C). The sﬁ?ce'group ‘is‘PnaZI-CzV9
‘ (19) which shows that the unit cell group\(64) is
pisomorphous witn the point group C,yw To ;\first
approx1mat10n thelonly vibrations in an ordered solid
) wh1ch can be 1nfrared or Raman active are those in Wthh‘
the atomlc dlsplacements in one unit cell are 51mu1taneouelye
reproduced_dn all other unit cells (65). ‘Fhese vibrations
are calledizero~wave-vect0r Vibracions.“ Thus, to
determine‘tne infrared or . Raman activity_it is only
fnecessary to consider the viorations Within one unit
. cell, under the'symmetrylof”the unit cell grouyp.
| There are four vibrations in each uni 'cell
for each internal degree'of_freedom of each'monomer unit.

These four vibrations form a regular representation (66)

usder the unit cell group,‘and three of them are infrared-
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active and all four are Raman-active Haurie and Novak

(67) have studled and a551gned the Jinfrared spectrum of '

the 1nterna1 v1brat10ns of the monomer units*in acetlc'
‘ac1d I. They observed the spectrum from 4000 to 400 cm'll
at 0°C and -180°C and found theylcduld interpret. their data
by considering only a- single chaini The interactions* |
between molecules in the chain‘are therefore much stronger
'1than the Van der Waals 1nteract10ns between the chalns

as is expected. The unit cell group of each 1solated
infinite chain is 1somorphous with the ‘point group Cs

and the repeating unit.-of the chain confains two acetic
acid mblecules; thus all the vibrations are infrared
actlve—and two rather than three components are observed

in the infrared Spectrum from each internal monomer
vibration. However 'there are ‘no absorptlons due to these.

i .
V1brat10ns below about 400 cm 1, so they will not be further

dlscussed here.

Even though the crystal structure of .acetic
acid I was known to con51st of polymerlc chalns before ',
the far infrared spectrum was observed all of the 11teraturef
'1nterpretat10ns of the far 1nfrared spectrum of the SOlld
are based on a dimer model. As a result a theoretlcal
dlscu551on of the 1nter-monomervhydr0gen bond vibrations
of acetic‘acid,l is mot needed her- and wtll be left untii,7\

"

Chapter 5. : . o S

The far 1nfrared spectrum of 5011d acetic acid was

L

-
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f1rst publlshed in 196§'by Stanevich (51), ‘who observed
_the spectrum at -175°C between 250 and 140 cm 1"and

1 He observed;absorptlon:bands at

 between 120 and 30 cm .
232, 196, 83 and 42 cm ! and assigned themvonvthe basis" .
of tﬂé\calculations'done by Miyazawa and Pitzer (47), using
the notation shown‘in'Figure.I The 196, 83 and 42 cp !

: absorptlons were assigned to v3, Vg and Vg, respect1Ve1y
and the 232 cm L absorption was attrlbuted to an internal

| v1brat10n of the carboxyl group because there were no

hydrogen bond vibrations expeated at this frequency and

because he had observed 51m11ar absorpt1ons in other

carboxyllc acids. -

_ Thé follow1ng year Stanev1ch (52) reported the ~
v-1nfrared spectra of CD3COOD and CHSCOOD at -175° C in the-
‘same frequencywreglons as' he used prev1ously for CH COOH

(51). For CHSCOOD he observed absorption. bands at ~232

-1 ‘and a551gned them, as before (51)J

195 82, and 43 cm
to COOH, v3, v4,'and Ve, respectlvely, For CD3COOD he
~observed bands at 190, 78 and 42 cm‘l and assigned
them to vz, vy, Ve respectively;. his reported spectrum
stops at 220 -cm” L so one does not know‘if an absorption

was present near 230chf1 as was found for “the other acids.

Carlson, W1tkowsk1 and Fateley (55), in 1965
* - #
reported the far infrared spectrum of acetic ac1d at 11qu1d
X

n1trogen temperature between 400 and 33 cm -1 . put they only

'observed a 51ng1e intense absorptlon at 198 cm 1, whrch,
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'they did not assign. They were aware of the’ data reported
by Stauev1ch (51) but were unable to observe any evidence
of the 83 and 42 cm L bands, even with very th1ck samples
o The*most recent paper on the low- frequency spectrum
of S:Eld acetlc ac1d was publlshed in 1967 by Jakobsen -
-+ Mikawa and Brasch' (1), whp reported the spectrum at about
| -150° C between 370 and 60 cm 1. They were aware of the
polymorphlsm présent In acetic acid, "but were unsure~v

Wthh polymorph corresponded to thelr reported spectrum.

However, since their samph was formed by free21ng the

liquid, itlds‘assumed that they had acetic acid I. The
vibrational frequencies they observed were 198, 126 ands

82 cm-lt Jakobsen et. al. (1) stated that they 1nterpreted
their data on the ba51s of a polymerlc chain structure
haV1ng C symmetry and hence expected 8 infrared-active
V1brat10ns, but the actual assrgnments that they gave
corﬁgspond to those of the.dimer configuration. fThey .

-1

R 3551gned the 198 cm band to the hydrogen bond stretching

V1brat10n: ve» and, tentatively, the@g}cm-l-band to-theﬁ

thsting mode, Ve (Fiéure 1). 'They did not discuss how

- they transposed the d1mer v1brat10ns to apply to the -

polymers Slnce thlS 1s the most recent 1nvest1gat10n

of the low frequéncy V1Bratlons of solid acetlc ac1d

leaves the spectrum and its assignment very much uncertaln.
The lowrfrequency.spectrum of solld propionic

ac1d is of 1nterest for comparlson with, phat of acetlc

acid. In the SOlld phase propionic -acid- con51sts of :
- o : i ¥
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‘here and will not be discussed in'detail,,

—

" centrosymmetric cyclic dimers, crystallized in the space

gfoup P21/c-C§h with four monomers per unit cell (68).

As a result, since each monomer of propionic acid contains

]

eleven atoms, there are 27 internal vibrations per monomer
and a total of 108 internal vibrations per unit cell.
These internal vibrations are not of particular interest

oo

t some of

1

them do appear in the region below 400 cm “.j There are

also twenty-four lattice, or inter-monomer, vibrations
expected » of which three are simple translations of the

whole unit cell and have zero ffequency. The remaining

_twenty-one rotational and translational lattice vibrations,

several of which involve bending and stretching of the
_ SR C - .
hydrogen bond, are the primary concern here, and are

listed in TablgvS.

L Staneyich,(si),tin 1963, was the fifét to repqrtJ 
fhe far infrared'spectrum of solid propionic acid. He
reported the spectrum at -175°C between 250 and 30 cmzl,
and observed absorption bands atAéZQ, 176, 126, 78.and 40
cm-l, which he assigned, by comparison with acetic acid,.
to a carboxyl group internal vibration, Vs (Figure 1), an
alkyl group internal vibration,;v4, énd.vs, respectifgly
(Table 6). | | -

In 1969 Jakobsen, Mikawa and Brasch publishéd_two

papers (69, 70)5which répdrted the far infrared épectrum

' ‘6fnsolid propionic acid. In the first (69), the spectrﬁm =

- — T
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was recorded at —150°C,between 250 and 60 cm-l, using

either a film of. propionic acid'solidified between two
polyethylene plates or é<Samp1e absg¥ged into a polyethylene
fiim. In the second paper [(70), the spectrum of a poly-
’crystalline sample‘at liquid nitrogen temperature was
recorded between 300 and 50 cm-l, but the spectrum<wes ,'
only shown Between about 200 ahd 60 em L, They also reported
-the spectrum of CD3CD2COOD using the same procedure, and

all their obsérved frequencies and a551gnments are llsted

in Table 6. They“con51dered that the intermolecular
vibrational‘coupling is so week that the crystallvibratdons}
of dszergnt symmetry which result from the same ddmer_'
vibration are unresolved 'S0 they assigned the obserﬁed
/b&ndg/to Vlbratlons oﬁ a Sfﬂgle dimer. These assignments -
were made on the'ba51$ of comparisons with those of formic®
and acetic acids,:dedteration ehifts, and a.normal‘
coordinate calculation. The force constants for the normal
‘coordlnate calculation were those used for acetic and formic
ac1ds (1), except that an addltlonal force constant for the -
torsion about the C-C bond was requlred and was estlmated
51mply by ch0051ng a value sllghtly less than the force
constant for the tor51on about the C-0 bond.

The main'disagreement between this and StaneVich's

assignment (51) concerns_the5226, 78 and"401cm71'
abéorptibns ‘The 226 cm lband was con51dered to be due

to ice conden51ng on the out51de of the cell durlng the
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~cooling process, because they did not predipfﬁany
_vibrétions'fo be ét'that freqdené& and"betaﬁse they
noticed aﬁ increase in intensit&'With longef cooling fiﬁes.
“The assignments for the 78 and 40 cm_1 bands were reversed
from Stanevich's aésignmenf (51) on the basis of their
normal coordinate calculatlons o |

In 1971 Jakobsen Mikawa, Allklns and Carlson (71)

,published the low-frequency Raman spectrum of‘polycrystalllnev

4

propionic acid at 135°K in a 11qu1d nitrogen cooled cell.

s e
o -1

Four bands were observed: a strong band at 71 cm

-1

%and
three weaker bands at 109, 81 and. 55 cm " ..

A tentative a551gnment shown in Table 6% was
based c on their normal coordlnate calculations (70) and on
'coéﬁarlsons w1th the a551gnments for formic and acetic ac1ds.
The assignment for the 55 cmv1 band was left open to debate,
"but they did. say thatiit was due to ei%her'aﬁ in—plané or

an out-plane rotatiqnal vibration.

" 1E.  Objectives of this work

-

. Iﬁ generalvterms the"primarf’aim of this work is
“to obtaln data on the phy51ca1 properles of acetic acid 1I,
in order to characterlze it and its phase dlagram below
0°C.- All of the available evidence indicates that acetic
acid I does not change to acetic acid II when it is cooled
at oﬁe afmosphere pressure' On the other hand, though an
'extraporatlon of Tammann's (2) and Brldgman s (3) acetic

»

acid I to II equ111br1um 11ne,1nd1cates that the one



\

atmosphere phase transltdoh should occur at‘-SﬁiSBC,

4nd Tammann (2) did report having observed a phase transition
at -71.0°C and 1 Kg cm ~ pressure. Jakobsen, Mikawa and
Brasch (l)yobserved two‘phases using a diamond, high-pressure‘
apparatus but found_only one of the phases by cooling a
~sample of acetic acid. Vahringbauer (18) stated that he cis
.seeklng the second polymorph of acetic acid for X- ray study.

but nelther he nor Jakobsen@%t al. (l) appeared to be

aware of the work done by Tammann (2) and Bridgman (3).

~ Therefore the obJectlves of this work are as follows

(1) To map out the phase dlagram for the 'solid- sol1d
phase tran51t10n of acetic ac1d to see whether phase II
can be formed at one atmosphere and tovsee at what
temperatures it is stable at one atmosphere S

(1;) To record the X-ray powder dlffractlon pattern of
acet1c acid. II to characterlze the phase and, if p0551b1e,
to deduce the crystal symmetry and the unit. cell d1men51ons.

(111) To record the far 1nfrared spectrum of acetic acid
II,-1n order to obtaln evidence concern1ng~the dlfferencep
betweentphases I and II; The ‘spectra of acetic acid.I>
and propionic acid at liquid nitrogen temperature were
Aredetermlned u51ng the techniques used for acet1c ac1d II,

in order to compare them w1th the spectrum of - acet1c ac1d II

to help 1n_1ts a551gnment.



Chapter 2. Experimental

a

]

' 2A. Purification. of Chemicals

Glacral acev!c acid ;with a stated purlty of 99.8%
was obtained from Canadlan Industries Limited. The main
1mpur1ty expected was. water, and samples from freshly
opened bottles were analyzed for water by Karl Fischer
titrations (72, 73). The Karl_Elscher reagent was
calibrated.by determining the titre required.for 10 ul of
water before and after the'titration of the sample, which
was found to contain 0.11% of water, well:within the purity
limit claimed. | ' .

// ' The measurements of the phase diagra#h of aceticv
‘acid are very sensitive to the presence of water (74 75)
The samples used for such measurements were, therefore
.further-purlfled by zone-refining (76). Glass zone-refinlng

tubes, 6 mm inside and 8 mm outside diameter and 12-14

- inches long,'were used. About 8 ml of acetlc acid from a |

freshly opened bottle was placed into the tube which was -

then sealed. - The pur1f1cat10n process was begun by

.......

B Y

}cool1ng the tubes contalnlng the acef&q aC1d samples and
mountlng them in the zone refiner. With .care 11qu1d
acetic acid can- ea511y be super - cooled down to 5° C
which makes it very convenlent to d1rect10nally freeze

the sample by using the zone reflner to raise. the tube past

: the heater at the rate of 4 inch per hour. A seed crystal

was produced at the top of the sample tube by coollng a

38

-




smallnarea of glass with dry ice and the heater prevented
the whole sample from solidifying at once. As a result
the acetic acid above the heater was crystalllne and that
below the heater was super—cooled liquid, so that the
directional free21ng was controlled by the 0.5 1nch per
hour rate at wh1ch the tube was ralsed past the heater
‘The zone- ref1n1ng ‘apparatus was de51gned and constructed

in this department to fit into a refrigerator,’ —fso that

.the ‘ambient temperature could be kept at about 5°C. The -

39

" zone- ref1n1ng process 1nvolved drawing the tubes vert1ca11y

through a heater which created a llquld zone which moved
down.the'tube at a rate‘of 0.5 inch per hour. The zone

‘lengths were controlled to 1 1nch and each sample was

passed through the heater in this way at least fourteen

itlmeSv ‘When ‘the zone refining was complete the’ bottom 20%

.of the sample always appeared white and polycrysta111ne
whereas the top 80% appeared almost clear. The top 60%

of the zone- reflned sample was q sed. for experiments on

the phase d1agram The sealed tubes of zbne-refiﬁéd'acetic

ac1d were kept at 5°C and were used w1th1n a few days after

the zone- re$1n1ng process was completed

‘In order to be absolutely sure of the water content

of a typical sample used for the phase dlagram study, one
sample was treated in the follow1ng ‘way. A sample of
zone-refined acetic acid was placed in the high‘pressure

cell and kept there for four days. During the four days,
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L
3 experlments were carrled out to measure the pressure

‘required for the phase tran51t10n to occur at 0° C.

After the four daysﬁthe pressnre was: released and the cell _
was warmed up to melt the acetic acid. A sample was -
removed in a syringe anglahKarl Fischer titration was
carried out on this recovered sample One dvop of

tltrant was sqff1c1ent to complete the tltratlon 1nd1cat1ng
that the sample.still contalned at most 0.015% of water.

Prop10n1c ac1d was obtalned from Flsher Sc1ent1f1c
Company. The manufacturer s spec1f1cat10ns showed only
0.05%,water, and a bo;llng range of. . 140.6-141.4°C. Since
the propionic acid was used only for.the'stqu of its
infrared spectrum, and not for phaee diagram measurements,
the pority of the manufactured orodUCt was assumed to be
adequate However only proplonlc acid ‘taken from a freshly
opened bottle was used. o |
The.Watervused for calibration of the pressure

gauges washtriply Qistiiled, once from permanganate and .
~twice from.glass 'Once converted to ice, it was also ‘taken
‘through the‘lce I to:1ce III phase tran51t10n severa&”
times, becauee this has been‘shown to. result in further
purification (77, 78). However itﬂwas subsequently

found that water whi;h was simply distilIed'and freshly

boiled to remove gaseous contamination gave the same

Aresultsv..~
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2B. Apparatus and Sample Handllng Methods for the Phase

Diagram Measurements

The high pressure apparatus shown ln Figure 2 was
a -steel cylinder (B) havihg an inside diameter of 1.0015
1nches ;nd an out51de diameter of approx1mately 5 inches.
The cyl1nder was fitted w1th pistons (A), 1.000 1nch in
d1ameter at each end hhereby the pressure- could be applled.
" The plstons were made of Vascomax 350 and the cylinder
of Vascomax 300, l8°'n1cke1 marag1ng steels, wh1ch were
subsequently heat treated to about 50 Rockwell C. Sample
extrusion around the pistons was‘prevented by two brase

~ back -up rlngs (E) which had a tr1angular cross section

and which prov1ded a perfect\seal between the plStODS

-

¢

and the cylinder for solid ;amples.
The pistons and cylinder were mounted 1n51de a -
'coollng J&cket (F) wh1ch allowed~11qu1d coolant to
c1rcu1ate around the cell but did not allow the coolant to
come into contact w1th the plston-cyllnder junctions.
' This cooling:jacket'provided'an easy means of controllingﬂ
'the‘temperature within the cell at high pressure; and
allowed the cell to be cooled to the desired temperature
:(say —15 C) before the sample (C) was introduced. This
procedure of precooling the cell made it poss1ble to inject
liquld acetic acid intovthe cell where it lmmediately
froze. One’problem that arises.from.this procedure is
that water”tends to!cdndense into the cell while itbisA

\
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phase diagram studies.

The high pressure cell used for the
- parts of .the .cell are as follows:

.The lettered

: A - the pistons, B - the cylinder,
C - the sample, D - the thermocouple, E - the back-up-rings and F - the

onolant jacket,

Figure 2.

- 42
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bbeing’pretoored In order to overcome this problem,

the top of the assemb]qrwas covered by a clear plastlc R
sheet and dry nitragen gas was blown into the cell. ,This
kept a dry atmosphere ‘around the top of, and within, the-
1ceil., : | .

//:-_The acetic acid samples were transferred from the
-zone~refining tubes)to the pressure cell in the following

'way, u51ng a dry box filled with nitrogen gas wh1ch had

‘ been dried by three, 12 1nch columns of molecular 51ever-‘
\yand whuch was kept dry by phosphorous pentox1de 1n51de the
"box. The zone ref1n1ng tube containing the acet1c acid

sanple was cooled to 77° K by immersion in liquid n1trogen,

then remored from the liquid nitrogen and very quickly j
placed in the entrance chamber of the dfy box. Insnlatron

was provided for the.tube inlthe entrance chamber . so that_' <>
-the sample would not melt while the chamber-was being :
;vacuated and refilicd with dry nitrogen gas. As soon as
jthe entrance chambervhad-been,filled with dry.nitrogené
the cold tube and sample .were transferred into the dry
box and ahe tube was Broken open such that the bottom'4b%

of -the sample could be discarded into.a beaker and the top
.60 of the sample could be melted out of" the tube into a

50 ;1 round bottom flask. The whole-process from immersion'
in 11qu1d n1trogen till the tube was broken open took
between 5 and 6 mlnutes and no- meltlng of the sample was
-erer'observed durlng that tlme._ The acetic ac1duwa§&

“ . : S

<
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allowed to melt in the round bottom flask until only a

small amount-of solid remained. At this'point a-4 ml sample
-was taken in a 5 ml syringe.- The syringe and its contents
were‘placed-inside a plastic bag, removed‘frOm'the dryfbox,'

and taken three or four feet to the precooled pressure‘

Vessel The needle of the syrlnge was poked through the

plastic and 1nto the»cell' the ‘sample was injected 1nto

3

the cell where 1t froze_ 1mmed1ately, and the plston was put, -
PRV 5]

into the cell. After the _sample was allowed to thoroughly

cool and solidify for a few m1nutes the- pressure was applled

to compact’the'samplef\ Once the’ pressure w1th1n the cell
‘reached 250 bars it was assumed that no contamlnatdon f“bm"””—i’~

the. atmosphere could occur, and the flow of n1trogen gas \

¢ 2

over the surface of the assembly was .shut off. » If at a .
later time the pressure needed to be lowered belbw'isoibars o

'thenfthe.dry nitrogen'gas.flow,was,alwaYs%restarted, as a
2 N . . . ' ’ N

precaution. s e ‘ ‘ i D
‘ FENR o

¢

The syringe, round bottom flask and beaker‘were

Adr1ed in an.oven at YSO C for many hours before plac1ng

them, \txli\ho: into the «dry box. Before be1ng,dr1ed31n'
this way, the yringe'was'calibrated usfng~water‘atlits_~

‘melting point as a standard and'the'volume'of acetfc acid'

3, {From the den51ty

-~

A 4

Q(SZ) and volume the weight of;acetic acid used for ea&h \

used is believed to be knbwn‘to:to.llcm
experlment was calculated. el - ""' _ P

The pressure was_produced by a 20 ton press of

4 . . )



‘ inch) were accurately set dmagonally across from each

45
standard de51gn, equipped w1th an O-ring oil seal on the .

ram- 1nstead of the usdal leather skirt. The pressure

w1th1n the cell was determlned by the square of the ratio of

o

the radlus of the hlgh pressure cyllnder (dlameter = 1. 0015
i
inches) to the radius of the ram in the press (dlameter =
2. 625 1nches) The o0il pressure was measured on two, factory-

callbﬁgted 14 inch Heise Bourdon gauges. One gauge

, covered the range 0 to 500 bdars and the other 0 tb 100

bars w1th stated accurac1es of 0.5 and 0.1 bar,
respectlvely Both gauges were zeroed before a run and
checked agaln after a run. The pressure callbratlon of
the whole assembly was checked by measuring the 1ce I-1I1
equ111br1um pressure- at -25° C and comparing the result

w1th that obtalned by Kell and Whalley (79) .- Kell and

Whaliey reported an equ111br1um pressure of 2098 _bars

at -ZS°C Wthh agnees to within- 4 bars ﬁlth the results
obtained here ThlS agreement is Very sllghtly poorer
than that expected from the accuracy of the gauges.

‘Volume changes were determined from measurements'

of the distance between the plattens of the press. Two

Starrett dial gauges (#656- 617 smallest division. 10_-4

-other at the corners of the plattens equldlstant from

the center. tThe‘average of the reading of the  two gauges

o

was used to determine the change, Al, in the.separation-

of the plattens, and the volumg¢ change, AV, was calculated

: ” - - k . v
e - . . - - ’
7 o n P
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g the equation: AV = wrZAl where r is the radius of

“the"pressure cy11nder at atmospherlc pressure., The volume -
changes ca4§u1ated in thls ~way do not distinguish- between
the true changes inythe sample volume and changes in the
separation of the plattens due to the compressibility in
the°apparatus. However,-the volume change at thé phase
transition was measured at a constant pressure, so it is not
affected by the compression of the apparatus,h-
| Temperature control was,;chieved by circulating\
methanol,'from a Neslab LT9 low—temperaturegthermostat
bath, throuéh‘the cooling jacket surrounding‘the cell, by

means of the circulating pump-on thethermostat-hath The
hoses through which the methanol flowed were 1nsu1ated’and
'the coollng jacket around the cell was also 1nsu1ated
The temperature of the cell was measured by a' copper-
‘Constaﬁ%an thermocouple,ﬁwith thefreference junction at
0°C in an ice;water slurry. A Honeywell model 2733
slide-wire potentiometer was used_to measure the
thermocoupie voltage and hence the temperature The
temperature measurement was callbrated W1th several consta~
temperature baths from +100 C to —80°C A Hewlett- Packaro’
28C1A quartz crystal thermometer which. had been callbrated
“ggarn zr. NBS platinum re51stance thermometer was used

as t} - standard Ti themocouple voltages above and below
0°C were fittsd to arate quadratic functions of
temperature using the'least.Squares technique, and

@

Voltages were calculated at 1 degree intervals.from -150
.. r A4 R

v
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to 0°C and from 0 to 150°C and arranged in‘a table.
Temperatures were then determined from the therﬁOchple
voltages by 1nterp01at10n between the points in the table
and they agreed to within 0:1°C with those given by the
Hewlett Packard quartz crystal]‘hermometer .The thermo—
ncouple was placed in the base,of the cell, in a small

hole which was drilled 'into the steelblockas shown in
Flgure 2. The hole was then sealed around the ;hermocouple
wire in order to prevent coolant liquid from coming in
contact .with the thermocouple Thetemperaturesreported

| .are belleved to be those of the sample to w1th1n 0.5°C

and were constant to within 0.1°C for the tr;e during
~which measurements were made. |

. \‘i\ - ‘ » !

2C.~ Preparation of Acetic Acid II and Ground Samples S~

Acetic acid II at 1 atmosphere and 77°K was

required fer the X-ray and speftrpscoplc studles, and was
prepared in the follow1ng way. \‘Glac1a1 acetic acid, 99.8%
pure was loaded into a piston- c;llnder hlgh pressure cell
and pressurlzed u51ng the techniques descrlbed 1n'Sect10n
2B. The hrgh pressure cell was identieai fo that described—
in Section 2B, except that the lower half of the bore was
conically tapered so that rhe'diameterbat the_bottom'ef the
cyllnder was 0.010 inches greater than that half- -way up the
'ebore.' This taper fac111tated the removal of the sample from
the_cellw The cell sat in a metal cup, as shown in Figurée 3a;

-

and was kept at about -10%10°C by pouring small quantities
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Figure 3. The high pressure cell used to prepare‘(Figureﬁ‘
: ~ 3a) and recover (Figure 3b) acetic acid II. o
‘The lettered parts.of the cell are as follows:
A - the pistons, B-- the cylinder, C - the-. .
sample, D - hardened steel block, E - the back- *
up ‘rings and F - the metal cup. - .. :

S S
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of liduid nitrogen into the cup from time to'timer"The
pressure was 1ncreased to 2500 bars and left for one hour

to ensure that the acetic acid was totally transformed to

phase II. L1qu1d n1trogen was then poured 1nto the cup

and When the pressure cell had been cooled to 77°K, the
pressure was. released to atmospherlc pressuf% &he
pressure cell was then transferred- qu1ck1y to the cup
shown in Flgure 3b, which contalned 11qu1d nitrogen,
and pressure was again applied to force the sample out of
the cell 1nto the cup. The sample was then placed into a
_streu—topped, glass vial, which washplaced inside a.sihilar
vial and stored under 1iquid nitrogen;until required;

- Samples of acetic acid\Ilfﬂacetic acid I and

ric acid wefe\grgund to a f1ne powder for X-ray and

3 ectroscoplc study The saﬁple\ were powdered at lqu1d

\
1€§ogen temperature, either by a Spexy\gneezer Mill, \
\

lpower grinder or by hand - grlnding with a mortar\and pestle\
\

W,
It was found that the rapld cooling of the sample to 77°K, \
Lln the pressure Vessel for acetic acid II or in a mortar'

for acetic ac1d I, usually caused -the resultlng crystals

" to be extremely small Little g11nd1ng was then necessary

~ to convert the' SOlld obtalned to a fine powder. In the

grinding process it was necessary to take precautions

‘against,heatfng-the,sample} This was especially true

with the power grinder when acetic acid II was being grouhd,
since the"sample could transform back to acetic acid I if
the temperature increased to above about~-60°C, _Inégrder

to prevent the temperature from increasing siﬁ%ificantly,

' b

« S
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‘the grinding was done in periods of 10 to 30 seconds with
one or two minutes cooling time between the grinding periods.

When the'grinding was complete, the powdéred'sampie was
i
placed in a vial 1n51de a second vial and was stored under

[

11qu1d n1trogen unt11 requlred

~ .

A1l manlpulatlon of acétlc acid II, pqwdered,;
acetic acid I and‘powdered proplonlc aGid'was rarried out
on a table in an uninsulated cén»contaiﬁiﬁgvliqujd nitrogén
using long tweezers and spatulas.b These techniques are

“described more fully in Section 2E.

\2D. X-Ray Experimental and Method
A ‘ . o I

ﬁ\ The X- radlatlon was produced by an Enraf Non1us

1ffractls 601" . generator Copper, cobalt or chromium .
‘targets were used, and the radiation was filtered by : ld
sheéts of nickél,.iron or vanadium pentoxide respectiveiy
to remove white and B radiation (80, 815. The‘resulting
Ka.radiatidn had wavelengths of 1.5418»X for copper,

"1.7902 A for cobalt and 2.2909 R, for chromium (80). A
'Jarrel—Ash'preceSsioﬁ camera was uéed»as‘a‘flgt—platé
powder.  camera. The X—ray film'was obtained %rom Il1ford ‘
Ltd of Edgland and was of - Industrlal G quality. The sample
to f11m distance was '60.0 mm and was callbrated using

sodlum\chlorlde powder as a standard at 295 K (82) and: 1ce

Ih at 120 K (83) The:samples‘were contalned;ln quartz
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capillaries with’an'lnternal diameter of 0.5 or 0.3 mm and
a wall thickness of 0.01 mm. The capillaries Were mounted
on the goniometer head via a bakelite adapter designed to
shleld the metal gonlometer head from the: cold nitrogen .
stream, which was used to cool the sample. '

The samples were prepared as described in Sectlon
. ZC and‘all operations required to place the sample into
-a Gaplllary ‘and mount it on the gonlometer head were
carrled out in a can containing b0111ng liquid nltrogen,

as descr1bed in Sectlon 2E. Im order to fill a capillary, -,

it was~p1aced in a hole ih%a brass block and cooled. The . -

spowder uas then carefully transferred, a fem granules at ‘a
' 'time, into‘the capillary. Long_metal'spatulas werehuSed
tojtransfer the powder and very thin glass‘rods were used -
‘to pack the sample firmly into the‘capillary. ﬁihe
caplllary was then mounted in the bakelite adapter on the
gonlometer head and carrled to the X-ray camera. The
caplllary was 1mmersed in, 11qu1d n1trogen whlle belng‘
carried to the camera, and as ‘'soon as it was mounted on the
camera it was kept cold ‘by a flow of cold nitrogen gas.

This flow of coolant gas was malntalnedlcontlnuously and?<
was begun’at least one half hour bef@re the caplbﬂary was
mounted in place The coolant gas was produced by b0111ng
11qu1d nitrogen and conduct1ng the coldtgas through a
glass dewar tube to the}sample site. To prevent condensatlon
of water_onto the cold capillary, a continuous stream of

'y

-0
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‘of-up to 24 hours.
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. -

'warm dry nltrogen gas surrou‘ded the cold stream and

'flowed coax151 to it." In this way the sample could be'

maintained between room temperature and 100°K for perlods

. ,'

‘The sample temperature was measured by placing
an iron-constantan thermocouple near the sample but not = -
in the path of the X- ray\beam A continuous record .of

the temperature was kept using a potentlometrlc recorder

and the variation durlng.an exposure was less than 3°K.

The uncertainty in the temperature of the sample is, however,
of the order of *10°K because. the thermodoiple was not inside

the capillary but was merely close to it.

The exposure times varied from one to twelve hours,

K . [

. due to differences in‘the intensities of the 1ines being

observed and dlfferences in the packlng of the ‘sample in

" the caplllary. The caplllary contalnlng ‘the sample was

mounted. on an -axis perpendlcular to. the X-raypbeam and
was .rotated about that axis'while the photegraphs were s
beingitaken} The {otation of the ipillary helped to ensure‘
that reflections from. all pessible;orientatiohs,of the:

Crystals were reeo;ded' as a result of this and the fineness

of the powdered samples the lines on the phot graph

showed no sign of spottlness but were uniform 3nd easily

‘measured.
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2E. Spectfoscgpic Methods

The low-temperature infrared cell is illustrated in

e

Figore'4‘and consisted'of‘two main partS'. an inner part
) and an guter Jacket The»1nner part of the cell consisted
of a copper block (D), ‘which was machined to enable it to
_ ‘hold-the infrared windows which contained the sample, a
‘metal tank (B), and a copper-tube"(C) which conhected‘the
copper block.tonthe tank. The tank was; in fact, a |
-reeervoir for 1liquid nitrogen which acted as a COhstant
temperature coolant for the sample The space betweeh

the inner part and the outer Jacket was evacuated through

the yacuum-tap_(A) and the vacuum seal between the tiwow

perts of ‘the cell was proVided.by'two éreésed buna-N O—rrnge.
dThe'windoﬁs'(E)'in the outer part of the celi were also
vaeuum-seéled_using buna-N,eringsl Typically, the cell
'~couid'be eVaCuated to 10 m&crons‘or better in 5 to 10
'minutes ~The window materiel used ;as'polyethylene*or'
teflon, and all of the windows were conlcally tapered with
a half angle of 3° 26' in order to e11m1nate 1nterference

' frlngee. N |

Thehfar infrared'samples’eonsisted of the finely
¥'ground5011d mulled with iiquid propane at aboot 100°K. In-
the'casekofdacetic acid 11, powder X~ ray photographs were

_taken df:a d1fferent aliquot of the same powdered ‘'solid as

‘was used for the infrared spectra, in order.to confirm its
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Figure:4.
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The cell ed for low temperature infrared
spectra. he lettered parts of the cell are
as follows: A - the vacuum tap, B - the
metal tank, C - the copper tube, D - the .
copper block, E - the outer-jacket windows

and F - the solid metal wall of the outer
jacket. '
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- Below- the 1evg1;o£u
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o

poiymotphic.state; The preparation‘of the powdéred solida

is -described in Section 2C. The technique used to prepare

'1ow-temperature’mulls was a modification of'the‘technique

-"developed by Bertie and Whalley(84) and is described below.

The mills were prepared in a cold can which was

e

nf_ Th%é‘alls of the cold can

reservoir of liquid #itTo

reached éb&ht 25 cm above the level of the platform, . so

that anything sitting on the platform was surrounded by an

atmosphere of cold'dry nitrogen gas. The inner part of the
cell contalnlng the windows, the v1al for the mulllng agent
and the stand for- the windows, were cooled for one half
hour in the cd61d can before the mulling process was begun
Since the 11qu1d n1trogen was contlnuously b0111ng, more

liquid had to be added to the reservolr from time to time,

'

'*and thevcgntinuous flow of nitrogen gas out of the cold can
prevented any condensatlon of water onto ‘the cold apparatus
'w1th1n the can.

After the equipnent in the cold can had been cooled,
.thevwindows were removed from the celliand laid flat on the

 window holder. The sample was then brought to the cold can

from its storage dewar, and the v1als were bpened u51ng long
metal tweezers wh1ch had been. cooled in 11qu1d nitrogen.

Then a long metal spatula, whosiagnd had also been cooled

.in liquid nitrogen, was used to transfer some sample onto

o



s but was‘aﬂ%ut 10 to 100 mg.
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one of the windows.; The powdered sample was usually soaked
in'liquid nitrogen and had the tekture of mud. Howeuér,
once the sample was dep051ted onto the W1ndow the n1trogen
qulckly evaporated 1eav1ng a little pile of ‘the sample
ready,for.mulllng. The amount ofusample néeded for a mu}l

varied greatly with the intensity of absorption required

The mulling agent used was~propane' which was
condensed from a 'cylinder into a vial. in the COld can.
About 10 drops or 0.5 cm3, of propane was usually condensed
into.the vial, and'was then transferred to the sample on the
window by dipping allong éo;d'spatula into the liqdid and
touching the window with it One or two drops of the
mulling agent were thus placed on the window be51de the
sample, and w1th1n a few seconds spread over the w1ndow
surface and 1nto the sample The spatula was then used to"
mix the powdered sample and the mulling agent together.
© The propane remained a 1iquid while in the cold can, even
though the\meltlng point of propane is 6° warmer than the
b0111ng p01nt of nltrogen | | .
| It was found that the amount of propane used was
cructal to obta1n1ng a mull of the de51red absorbance
Too 11tt1e propane made the mull lumpy whereas too much
propane washed the sample off the window when the w1ndows

were pressed together in the cell. When the correct amount

s
f mulling agent was mixed with the*powdered sample, it ‘took
(v .
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A < “'“‘.: . ' S ’d
on the" con51stency of a th1ck slush and would flow somewhgt*

o

on the windows but was not fluid enough to dra1n off

In'order then, to obtain a smooth uniform layer
_of sample on the w1ndow surface, the spatula was used to
'spread out the matenlal into approximately the de51red
vpos1t10n. Then the‘e;hfr w1ndow was set on top of the mull
to sandwich it between the two windows. ' The top window
had a small 1ndent 1nto wh1ch the p01nts of a cold pair of
‘tweezers were placed, and-the top w1ndow was rubbed over.
the bottom one to deﬁthe final Emoothlng,of the mull. If
this precess was co%tinued too leng, thpugh, it.tended‘to
squeeze the mull out from®between the windows. Since
polyethylene or teflon windows were used' it yas not possible
-to see the actual mull, and this made it difficulc to |
know when to stop smooth1ng but with exper1ence, this method
gave very good.mglls which consistently ‘had the desired
absorbance? | | | |

P Once the mull was prepared the windows werer

mounted into fhe-copper block:and held in place by squee21ng
them between two coppew,surfaces, in the center’ of whlch |
were,rectangdlar'apertures - The one surface ‘was part of

the copper block whereas the other surface was removeable’

3 -

and was held ‘in place by a spring soldered to a opper ring

wh1ch in turn, was.sgm%ﬁed to the.copper block At _this
point the inner part of the cell and the outer Jacket were

ready to 'be joined. . The outer jacket, which was warm and
¢ - : ) Pl :‘}:‘".,‘ww.,,. . ‘ * . | .

.7



R

‘ ““'nsplltters of thlckness 6, 12, 24, 48 and 96 microns.

unx11 marks on "the two parts of’ the cell were

&3

‘ . ' N 58

which had been purged'for at least one half-houriwith dry

n1trogen gas, was placed into a spec1al-51de arm of the cold-

can wh1ch was also f111ed with dry, cold nltrogen gas To
make sure that the sample remalned cold a small amount of ~
liquid nltrogen was poured into the tank of 'the inner part'

of the cell The two. parts were then joined ensuring thatn'
the copper block contalnlng the sample stayed inside the

cold, dry atmosphere,‘ the vacuum.tap was opened and the

" cell Was removed from the cold can. The 11qu1d n1trogen

t

‘tank~was then completely filled and the cell was allowed to

stand unt11 1t was evacuated to a pressure of 10 microns.

-~

Since the w1ndows ?n the cell were opaque to v151b1e

s S 4

X

v'

light, the w1ndows conta1n1ng the sample were allgned

-parallel to the outer\w1ndows by rotata\g the inner:’ part

When the, pressure 1n the cell was 10 m1crons,_the

R

vaGuum tap ‘was closed and the cell was taKén to the* .

1nterferometer where 1t'was connected to another vacuum line ,

. to ensure that the pressure stayed below 10 microns. The

11qu1d n1trogen tank of the cell requ1red ref1111ng every

:threerhours but normally‘it waS'kept_at least half fq}l all-

s
a

of the tlme.
Far 1nfrared interferograms were*}btalned from a-¥

Beckman- RIIC FS720 1nterferometer equipped w1th a,

‘contlnuous, M01re dr1ve system (85) ’Five~mylar beam

- . ] . 3
w - [ .
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used in conjunction w1th fouf“hlgh frequency cut-off fllters
py .
in order to 1nvest1gate the spectral region from 360 to 10
cm_l. The 1nterferometer was evacuated to at 1east 50 o

’

microns to remove water Vapor before 1nterferograms were 7‘

3
l

recorded, but the pressure: ﬁzs usually less than 20 mlcrons.‘

The pressure in the 1nterferometer and that in the cell

were contlnuously moﬁltored using model G6A Pirani Gauge
* Heads connected to modpl BS. Speedlvac Gauges

The 1nterferograms consisted of the 1nten51ty of ¢ o

¢]

radlatlon reachlng the Golay Detector at unlformly spaced
fvalues between +X and -X cm, of the path dlfference

_between the two beams of the anterferome%%r (86,,87)t’,'heﬂu

-

inténsities were dlgltlzed and automatically punched onto
computer cards. They were then Fourler transformed by the ‘

| ‘” .J
I. B, M, model 360/67 computer, \ﬁsaﬁg the program BOBS IV

D
whlch Was written in tﬁls laboratory gvaertle Othen,

Brooks and Sunder. The program wrltten originally in

5 ~

Fbrtran Iv, performs ‘sine ‘and c051ne Fourier transformatlons
» of the 1nten51t1es and determlnes the 1nten51ty at wave
PR ﬁumber v as,the square root of the sum of the squarps of

;;ﬁ‘«"\ :
a3 "?( Slne and CQS 1ne transforms at that wave number. In-
P SR ~ AR

A

u i mple'termlnology this procedure transforms the 1nten51t1esh“

Sl e .‘,'_".-'. Sl . e Lo ._:‘,_.-"”’A AP L
grom“;hejalstance domain (an 1nterferogram5,to the waye
_.‘ J .o . :» . ;‘ . ./
st number domaln (a spectrum) (88) In. order to preyent

spdrlous peaks from belng 1ntroduced into the spectra 50'5*

obtalned because of the truncatlon of the 1nterferograms,

- . / “ x ' A
. . - | B



. work was given by l.S/X cm
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the interferograms'were apodized using a triangular apodizing
function (86)
The BOBS IV" ‘program allows the interferograms to be

transformed 51ng1y, and plotted as 1nten51ty versus wave

"~
1

. number or sample and réfereﬂcé interferograms may be used

’

and the.result{ngéSpeqf}a are, ratloed tdayleld a plot of
4% ,-‘ii R : ’

absorbanme versus Wave number - Further, the program allows
»~ b I [ Y

GeVeral,absdibaﬁbe spectra to be averaged together to reduce

T

n01se,*and 1he averaged spectrum is- plotted When a

et )

U
reference interferogram was de51red the cell was, prepared
v }— " u-% t
1n the way descrlbed earller exeept that only propane
&

‘was placed between the w1ndows : S -

“~

The resolution’obtﬁlned-in:the/spectra equals l/Xf‘P'

u -

cm 1, where X'cm is the makimuﬁ path difference, if the
\ / V . . .
1nterferogram ;s not apodhzed " However, triangular apbdiza—
!

a

tion: lowers the resolutl h by 50% so the resolution in this

-1 Thg fesolution used in the

mregionMSSOfto 100 cn_l; whlch was covered in a 51ngle N

interferogram taken wiﬁj the 6 mlpnon th1ck bgam splltter

-1

¢
was 3. 0 cm butabelow/IOO cm - ;, where the 12, 24, 48 and

<

96 ‘micron beam splléteﬁs -were used, the resolution was better f
than 2 0 cm 1.. Thfﬁkls because the path. dlfference between
. y -

sampl;ng p01nt51m45tbe less than or equal to 1/2 v SO

max’

that when only low frequencies are studled ‘the sampling

@

5 1nterva1 is 1ncreas%d making it convenient to.increase the

A

‘-4maidmum path dlffergnce (and resolutlon) W1thout 1ncrea51ng
e ) . , LW X
0 . . ", ) - ..'\. R t’: *

L ‘ S S Lo



the nUmber‘of data.points.~ The frequency accuracy of the
Finterferometer has been calibrated several times.hy others
in this labpratory (89). The.snectra of vater vapor;
hyd#~.en chloride and meth ° ‘oride have shown thel

= f*@éﬁk:

‘The temperature of the sample was not measured but

frequehcy‘to be accurate to at least 0.2 cm

1t can be estimated 1n the follow1ng way The meltlng.

point of propane is 83°K (5) and the,vapor pressure ofj
propane is about 10 microns at 103°K and ‘0.01 micnons at
77.°K (84). Therefore,pif,the temperature;ag the samples

had beeh higher than lOObK the propane would have BN

evaporated ‘and beg%w 83°K 1t would have SOlldlfled \

"~ When the cell was dlsmantled after taklng spectra, propane re .

"was always found in the mull, and 1f the propane had : a

_solldlfled while a spectrum was being recorded a 51gn1f1cant

drop in 1nten51ty would have been observgég The conc1u51on

belng, then, that the temperature ‘of the mulls was  in~ the
. AN
. . N ‘

<

range 92+10°K. . . - . e
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Chapter 3s The Phase Diagram of Acetic Acid Below 0°C
The methods used to study the phase diagram of
A : r . '
acetic acid below 0°C and the results obtained are '

presented and discussed in this chapterp

3A. Methods -

»

The acetic acid was put into- the high¥pre§sure

cell and pressurized in the way described in Section- 2B. |

-

After the apparatus had stabilized at the desired tem-

”perature, the pressurevwas increased‘by 50 to 100 bars

every eleven minutes, and the dial gauge and.press#ref
readings were taken ten minutes after the-pressure_ »
change (measured b? stop-watch). This time period-was
chosen because the slow changes in the pressure awgydlal
gauge readings wh1ch always follow a pressure chang%'gad

become extremely slow after 10 minutes. The onset of

the acetic acid I to II phase transition was indicated

by a d%viation of thé dial fuage readings from the linej

formed by the data- prev1ously taken on a graph of

pressure_’galnst dial gauge readlngs. Once the phase

btran51t1on began tdé occur, d1al gauge and pressure

readings were taken every 10 minutes w1thout~pump1ng

any oil info*the préSﬁ;until'the phase'transition was’
~ 0

.completed or until the pressure became steady The

-~
v

pressure was then 1ncreased 1n*the usual yay a few

.hundred bars past the phase tnan51t10n and then allowed

- 62
ﬁ'" 4
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to sit for at least one hour before. the pressure was
‘decreased The entlre phase trih51t10n took between 30
and 50 minutes and the plattenvnovement amounted to

. about three thousandths of an inch. The acetlc acid 1I .

to I phase transition was then measured in the same way,

except that oil was removed frg .~he press by way of a

release valve rather than\pumped into the _Press.

. When the phase transition measurements were
completed the pressure was released unt11 the upperr‘
piston no longer ®6lched the top platten. At that point
the zero pressure reading was read from the pressure
gauge. TheTusﬁal zero pressure.reading was 1.2 to 1.4
lbars 0il PT, gssure and was subtracted from a11 pressure

\

readings taken durlng the measurements
One o- the 11m1tat10ns in the quallty of the
results. obtalned was the d1ff1cu1ty in recognizing t’at
_the tran51t10n had started in time to study it in d ta11
| K\\A phase tran51t10n often does not start until the
'7 pressure is somewhat hlgher than that requlred to
- the* t}ansnxson occurrlng once 1t has Etarf’d but

ot 4.;:‘
the tran!ﬁtlon is~ 1n1t1ated the pressure drops

the prstons move cldger tpgether Accurate meas rements»

'» v

s allowed to drpp as far“gp'rt w111 then the /pressure -

N [y
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is .increased sllghtly by pumplng more o0il. into the press
and the-pressure is.allowed to drop as far "as it will,
-and this praéess is. repeated w1th the pressure dropplng
to the same value each tlme For the acet1c ac1d I to
II tran51t10n studled in this work, however, the volume
change at the tran51t1q€ was only about 1. Sﬁ of the
volume at atmospheric pPressure, so the tran51t1on was
often very nearly completed by the tlme the pres:ure
had dropped from that which was requ1red to 1n1t1ate

the transition. When the- pressure was then ralsed
sllghtly, the tran51t10n was Lompleted and the pressure

did not,drop back to the same pressure as it reached on -
its initial drop -This* js 111ustrate ! the graph of _

y N ~ < By

Pressure agalnst Volume change ‘shown 1r‘;§’ Figure 5. 1In S
this case one can only select the 31ng1e point at ‘the :

.,lowest pressure reachedldurlng the\I to I trans1t10n ‘

and assume that 1t is the correct m1n1mum pressure

requ1red to keep the I to I1I tran51t10n runn1ng 'The

Same pr1nc1ples apply when'the IT to I trans1t10n is

belng measured but _the effect is: the reverse of that

‘ experlenced in “the - I to II tran51t10n as shown. in

Figures 5 and.6.b The tran§1t10n pressure was somewhat

better defined during other measurements 1n this work,

. Cy o
an example of which is . shown in Flgure 7, but an un-
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\
certainty -does remain in the results because of this
effect. In order to minimize the effect the plston in
the hydraullc ram was kep; very close to the bottom of
the ram, to minimize the volume of compressed 0il under
the plston The use of relatlvely long samples to
kmax1mlze the linear displacement durlng the tran51t1om}
also relieves this problem The samples used were
between threecpnd four m1111meters long This length“
was chosen because with shorter samples the plston

movement was too small to be precisely measured and

with longer samples ‘the frictional effects due to non-

hydrostatlc conditions became so large that no advantage

a‘, 4

was gained.

N\

3B, Results and Dlscu551on of the Phase Dlagram Work

The tran51t10n pressures of the acetlc ac1d I
: (‘ 1,
to II ‘and II to I phase tran51t10ns were obta1ned at

o~

- several temperatures by the met ds descrlbed in Sectlons
2B and’ 3A, and are presented in Table 7 and Flgure 8

The equ111br1uT pressure is usually (90) found by
averaglng the pressures of the I to II and the II to IL
tran51t10ns on the assumptlon th:i the hystere51s' ’
effects are symmetrlcal Ihe,equ111br1um pressures so

ohtg;ned are also, Lsted in Table 7 and shown in Figure
- v > . . ) :

5

A
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Table 7 continued °

. \
3
7

- T
Other Workers:

Temperature

(°C)

Tamman ' 10.01

0.00
: . -20.7

"™ Bridgman . 0.0

o

Equilibrium-Transition
Pressure (bars)

130.7+69
112325
750+83

1064

-

70
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" Figure 8. - The pressure-temperature phase diagram of .
: ’ " solid acetic acid. The circles represent the L
equilibrium phase transition line and the w
- squares and trlangles represent the observed .
phase transitions. If the time interval
between readxngs\was 11 mlnutes, a square is.
.- used, if. 6 minutes a ‘triangle is- used B
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.8, and where indicated, the pressures listed. are the

-

e’averaﬁe of the values obtained at that temperature. -, "‘\
The transition pressures uere read from graphs.of thel
- volume: change plotted agalnst pressure with a prec1s1on
of * 2 bars, but the Epproduc1b111ty found in d1fferent
o Jexperlments at the same' mperature decreased as the
temperature was lowered but was .of the order of * 25; /
bars. -Better reproduc1B‘ 1ty might have been ach1eved
if the plston had been osc1llated to reduce frlctlon — f%'
| "The equ111br1um transition pressure found’ at |

My o te .

~ O C is useful for compangson with those of preV1ous
_workers. Tammann (2) reported 1145 Kg/cm , which is
equivalent to 1123 bars and Brldgman\?S) reported 1074 ﬁa:
Kg/cm2 which when corrected for the error in h;s -
pressure callbrat1on (91, 92), is 1085 Kg/cm _and 1s - Tt
equ1va1ent to 1064 bars ‘The Value 1135 bars reptrt=d .,'; i

in h1s work rs.@he average of ten experlments aﬂd.has : L
been carefully :checked because it is hlgher than elther
vd(l_*

of those preV1ously reported Brldgman clalmedqghat his

samples were more pure than those of Tammann (2) and

1

= assumed that the ‘greater purlty resulted 1n a lower and

more correct phase transition pressure. In'Order to %

check Bridgman's (3) claim, three experlments were done

u51ng a sample . to wh1ch a small amount of water had been'

L



v .
i :
L AT . o . - Ty

added ‘ Thé’fegult'waSzthat the pure samples gave an

equ111br1um trans1t10n pressure 20 bars higher than the

s

iy

e

r

4

-

ﬂlmpure'samples" This experrmental ev1dence along w1th

i

the fact that thlS work ‘agrees reasonably well with.

that bf Tammann (2) (Table 7) and that the pressu&&s at .

other temperatur@s w1th d1fferent samples are con 1stent

w1th a tran51t10n pressure 'of 1135 bars at O c, provrdes

. a

the basis for concludlng that Brldgman s (3) Value for

.~

., the t?an51t10n pressure at 0° C 1s,1ncorrect¢.’Thlsils

not.eﬁtireIQ:Surprisipg'sinceiBrngman (3) on” a'd a

. ‘_“ . ' - T . ’” ‘:éz

73

K

) . L . . v . '
- single experiment to measure thke phase transi . o T

Q.

- S . . ' . . .Vf
el : %, w2

: . . S
. O ° C N Dt ! L s af -“L? . N SR

DA
v -

It is clear from the results presente@ iq Flg

b} 5 .
8 that acetle“ac1d II- can not be formed from acetlc ac1d

1 at less than about 800 bar‘ln a reasonable tlme. The-

. v -:-_ KB v .
reason for the sharp 1ncrease R .¢he I to II trans1£1on -

‘u
&, 3

pressure as temperature deqpeases is- not known but it

— L

could Well be ‘due to-a rap1d dekrease in the’ rate of

the tran51t10n w1th decre351ng temperature, and. is

’ e

lprobably not an- equ111br1um effect Acetlc ac1d.II is

.-

metastable up to about 35 C at atmospherlc pressure

N

“and Judglng from the extrapolatlon of the - equ111br1uma

111ne phase IT is ‘the stable phase below about —60 C at

PURTE 4

;one atmosphere, even thoughlpt can not,be'fofmed.by_' -

7 ot
0

] .

PR

v » . @ ‘. L

4 %
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gé 6 and 7,~w;th dn uncertalnty of aﬁo:iw

~werb also ca]c

L

' AS

\takeniffom graphs 51m11ar to thoses4

taInedlln.thls work -0.0158 cm'/g,.wlthln the_spbc@Eled

pl

coollng phase I ,to th£§~temperature.
w L
« The th&rmqunamlc parameters for the tr‘an51t10n

£33

e
%ind com%ared with those reported
byﬁBrldgmAn (3) as shown 'in Table 8. Thewslope-of the

equilibrlum line of the phase tran51t10n, dP/dT nequals

| '18 2 ¢ 0 QGEE?s/degree whereas the value reported by

g
Brldgman (3) was 18 4 bars/degwee.ﬁ U31ng the Clapeyron

74

equatlon AS = NVJHP/dT '1t 19 p0351§%b ”o calc'late 13

X ! ' & ‘
A *V‘ B ," P - -
¥ the entrogy of acetlc ac1d IImlnus thaﬁaofh;_.ﬁ ¢

'ac1d I‘ and hence to. calcUlate AH the enthaLyy”cﬁﬁage,
M &

*wwsk
'51nce the free energygls constant &&%lng a reVer51b1e.

g g b

he 2

the volume of phase II mlnuﬁ;thﬁt of phase I, W%%e'

twn‘ln Flgurei S‘a.
P 003 cm3

8

wh1ch

N &_ —’?‘: ”y "LAM 7 ’,' )
corrected for the mass of the ;é

)

t §§9007’cm /g Brldgmaﬁ s G/) value of 0. 0140 éﬁ@/g,

for the Volume change at 0°cC agrees w1th the va1Ue ob—j

[YC
and ‘the uncertalnty in the Values 115ted 15 about 7 or

'89 e o . - ) ' . . . '.;“-JA".

6. : ' C )

'ﬂbhase tran51t10n and AH = TAS The walues measuré&‘ﬁbr*-

5 -~
%

,uncertainty ’ Table 8 glves the thermodynamlc parameters

'”_of the phase tran51t10n galculated at 0, -10 and -20 C, .

v

Rz
e

cprresponds to' f;i@

b
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'fTablémS. hermodynamlc Parameters for'%he Solld Acetlc

?

/
g . 7c1d Phase Tran51t10n
R

o

e

s

" .Temperature AV | S Aas M
[e .. ‘ - " N " .
('F) , -'(cmj/g). B (cal/mole-deg.) -‘(cgl/mole)

0 i -0, 01:38 -
-10 . -0 *‘0141

*040 3 G ,

.Q,. < - . ‘ ‘ _ N
‘ ' ot - o T ’fqv[ :
Brldgman s qéﬁorted valuesf d&gdx&s 18.4 hgrs/degreq/; o

0 d&; . =0 0140 s -o 369 .’-,,@ %100 8
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Chapter 4. A Discussion of fhe.X-ray Measurements on

Acetic Ac1d Powdered Syl

The A-Tay d1ffract10n pattevul

Q )

;‘//) acet1c acic 1 and acetlc ac1d II are dlscussed in this

P

7

~chapter to 1nterpret and evaluate the data obtalned

o Sampjes of acetlc acid I and 11 were prepared

‘_vand X- ray dlffractlon patterns were obtalned as des-

" whete Spis.theisamplelto~fi1ﬁ distance,

cribed in Sectlons 2C and 2D Four dlffractlon pattern

photographs were taken of acetac acid I, u51ng CuKa

» o

radlatnon 1n“order to evaluate ‘the re§u1 obtalned

u51ng powderﬁtechnlques by comparlng th%m w1th thOSe

- wit

-Bobtalned from 51ng1e crystals and in onger to.distin-

. *H‘r
gu1sh betwéen ‘the dlffractlon patterns of " acet1c ac1d I-

o

and acetlc ac1d Ifﬁ Elght photographs of the acetlc

acid ﬁ@ daffractlon pattern were obtained, flveau51ng
. r

-..,

CuKa 'two n51ng CoKa and one u51ng CrKa’ radlatlon.

.These- photographed X- ray diffraction pattern§ con51sted

Rl

of concentrlc rlngs whose 1n51de and out51de diameters
r/‘s

_were measured and averaged to obtain the daameter of

'the rlng, D. The dlffractlon angle 9, wancalculated
. ‘.’\ . a . . P . .
& N

from the equatlon . N . Cot e e

[ T ’ - -

<Y . ° : - . . .
v . - iy & . - . -

p/2s ="tan'20 -

X
.

N

o

-

v



= meter "The areaiiunder the peaks

I
2
Y

inter- planar spac1ngs usually called the d- spac1n§s

\ .

d; were then calculated from the Bragg. Equatlon

v'.,_/ N v, . ' ‘ | / . . \\ .
[ ."i ) T ’ ’ d = A/ 2 5 in 9 . . N ’/)‘ .\ A\ .

where A 1§ the wavelength of*the d1ffragte? rad1at1on
-The Valua%yobta1ned for the d- spac1ngé of/gcetlc acid I-
and II are llsted in Tables 9 %nd 10, respect1vely

/. ’ .
llowaacetlc""o

éﬁ The patterns were clearly dlStlnCt and -

"- . /
. /

aC1d II- to be recognrzed

lines produced
“ .
II were measured

>

P
"»-C\i

‘;@dlatlon dlffracted by acgzmc aci
’ ‘, v ;(“Q" ’
' by a Joyce MK;.III o} dd‘%le bqﬂ. rﬁk rdlng mlcrodans1to-

™

The relatlve 1nten51t1e§nof t e

. vhe gnlcroden51to*-

&

'mexer trace were taken to be propo tlonal to t e - llne

'n Table 10 '.re ob-

L
’Jf the .area nder'a~peak

1nten51t1es ~and the 1nten51t1es
talned by mu1t1p1y1ng the ratio

-to eﬁ% area undér the largest p ak by 100

The observed d- spac1ngs for acetl acid~I~at-_J

IOO K were 1ndexed u$1ng the Hesse- L13/g’ method (93,

94) . 1n which the dlffractlon'
ss;gned Mdller 1nd1Ces, h,

/

k; and 2 The }ndexed 11ne were . useﬂ to calculate the

unlt eé}l ﬁwrameters Whléh' £ré néfmheﬂ by a 1east<
,\‘

orthorhomh§c7crystal can- be:

squares procedure us1ng th computer program DREFINE

"

ines of a powdered Jnknown'

77
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line,
S
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Lo
Table 9,

[

- X-ray Powder Difffactionvbata for

ﬁib0°K,and Atmospheric-Pressure.

d{ﬁ)

observed
mean deviation

+-

%

d(A)
calculated

obs o calc

(A)

\4“’ l/

cetic Acid’I at

-

hkg.

78

no. of W

-photographs « %"=

i

2~ 

14

15
.16

A

6.641+0

4.348%0,

- 3,391%0,
3.2570.

15540y

2.917%0

L 2.628%0,
$2.30040

"2.174%0

2.857%0.
S ;4»{4 )

2.055%0

1,955
LY

1.928+

1.902%0.
1. 844*0

1. 798+

011.

004
003

004 -

0018 .

.013,

005a

.003
001

001
001

.005

7y
w

004 -y

e
s

6.626 °
14.359:
" 3.374
3246

3,152 -%

2.053
1.960
1.939

¢

1 0.015
-0.011

© 0,017, -

. >

;do,
s?bi
.310,
'sﬂiﬂw

16 .
L]

111°

211

""ioi

402

a1

.'f"

320

- 311?‘1
‘112’

511
020

120

¢

121

L

- ..- 4 'l}.“c'u’ ; ,v Sl
4 cu

4 Cu

R A

3 Cu’

“3cu

4 Cu |
4vCﬁ
1 Cu
1.Cu{
2 Cu
2 Cu
1 Cu .
."



* Data taken'from reference, 18
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Acetlé Acfd I Unlg ceLl garameters v
H-M’b~ orthorhomblc, 4 mol%cules/uhff cefﬁ ‘ /,
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"*.‘.‘ ’ . CH o . d >|£7 . ,‘ .‘,‘“4 ] /_.
<, . @ ° v )id ) v e . o - * '7"_‘. \
@ 278° Ks* 30 - 100 K SN 83°K* 2 &',
. v " J Eas og.-. od wl, P v AL ‘0 ;
a = 13 310*0 001 A w3 3 13 25 0. 05 A, a= 13 214%0. 001
% v Ty .
Q & Q3
b E B §2+o 01-A “b = '3, 924“ 0 001 A’
o v - o.
cts 5 77%,.0 02 A‘ '_/c; = 's. 766 o oof1 A
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(95)' The refined unit ce}{ééarameters were then used
to calculate d-spacings and the dlfferences between -
.'the observed and calculated d- spac1ngs (column 4 of
Table 9) were used as an 1nd1¢at10n of ‘the re11ab111ty
of the der1ved cell parameters, wh1ch are compared in
Table 9 with parameters obtained from 51ngle crystal
work at 278 and 83° K- (18) ' The agreement ‘is good iThe

'uncertalntles in . the cell parameters at‘100 K were cal-
« PR
A S
The d1ffract10n patterns expeoted ﬁﬁf acetlc

"culated by the program DREFINE

acid.I at 278°K and 83° kaere calcuﬁated from data T
R I
reported by Nahrlngbauer (}8), as shown in Table Ll -

A ¥
'and were compared w1¢h that found in thlS work tg deter—‘
X

mine the rel1ab111ty of the powder method The 11ne '.;:td \

3

1nten51t1es were calculated as the 1nﬁegrated CTOSSs-

« . u.i

¥

secti®ohal optical den51ty by the equatlon (96) @
1+ cos2

I, m F __ - cos 26 .. - .
hk? . hkz ['sin2 9 cos 6] SRR :

o
. 4
. )

‘where m is the mult1p11c1ty and FhkR 1s the structure
:factor df the reflect1on plane. The llne 1nten51t1es

observed agree qualltatlvely w1th those calculated and ;

S " )
1e is clear that many llnes on the powder pattern are {

11\ ;
due to more than one set of reflectaons.‘: S A

T . L e PR ' v
-‘Waﬂ&o S K . g
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Table 11.

" hkg

Powder diffraction pafterns of Acetic Acid I

at 278 and 83°K, calculated: from the .cell.

'barameters and structure factars réportedlby

Nahringbauer (18)

Q

278°K |

d(A)

a Relative
Intensitx

¢ d\
9 .

3 ) l

5 v .
5. w6
S ;
N ‘ 1

v\

. zop

k. s

s o Try
20& 4,361

zad.

00 ' 3.327,
111;ﬂ 23]
310 A
211:f-
4015f" :
002_

- 24669

"ty 649"
2.322 .

712,182
2.082
- 2.081

5.660,
D el

3:479 -

ﬁ%%11 %P‘;

3331

: ,89,!5\,
100

25

.i'} 6. 667.

83°K

v

d(A)

‘Relative

Intensity

L 4.343%

~

e 3 377“
. ns §

247

3,303 .

3.155-

2,933

10)

72

100 .,

53

13
68
100

L

13

v
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" Table 11 continued -

line

g

 hk%

»

o

a .

K

83°K @

d(A)

278°K ~ N\

. [o]
Relative d(@)

‘Intensity

‘ Relativé :

“

Intensity

12(3) 020

13¥

@)

Fuy

120

412
o121
1320

2.016

"1.924

1.904

. P
1.854. ?

i .'

. 5 fv —

1 R 5 ? LI ) a

structure fagtors were not ‘given for.

€ E__;-_

¥

SN N

&

&

¢

R

A

.

)
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)
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Even though the unit cell symmetry of acétic

~acid II was unknown, the HesSe-Lipson method was applied

in an attempt te index!the diffraction pattern on the

basis of orthorhombic symmetry. The lines were indexed

.and cell parameters were calculated, but Ihe‘agreement

between‘calculated and observed d-spacings was sig-

nificantly poorer than that found for acetic acid I.

Further, the calculated molecular Voluqk was‘apprdx-

imately 5% larger than that found for acetic acid I
under the same conditions, instead of being about 1.5%
smaller as was expected'singe the voluhe-change at the
phase transition at O°C was fdund to be about 1.5%

(Chapter 3 and reference 3). However, it was subsequen-

tly found that by allowing the unit cell to have mono-

‘clinic symmetry and reassigning some of the 'diffraction

‘pattein lines, much better "agreement betwéen observed

and calculated d-spacings was obtained and the molecular

volurc wésnapproximately 1.5% smaller than that of

‘acetic acid I under the same conditions. Therefore, it,

was concluded that the unit cell given in Table 10,
containing 16 molecules and having monoclinic symmetry,
provides an adequate ‘fit and is the best fit obtainable

using these methods.
’ i
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Chapter 5. The Far Infrared Spectra of Acetic i, Acetici

Acid II and Tropionic Acid

The far?infrafed spectra obtaihed in the presehtu
work are presented in Section 5B and diséussed in,
Section 5C. Section SA‘bresents a theoretical anaiysish
of the inter~monomer vibrations of acetic acid I, which
has not been presented previously and is required in
order to attempt to assign the spectrum in a moté sat.s

factory way than has been done previously.,

e

N

SA. Analysis of ‘the inter-monomer vibrations of acetic

acid I s
As was deécribéd.in Section iD; acetic acid I
is known to exist as long chain hydfogen-bonded polymer;,
which crystallize iﬁ the space group PnaZ,-Cgv;-With |

. : ’
two monomers 1in each.of two chains in the unit cell.

_ | . . ,
The unit cell group (64) is isomorphous to the point

v

groug Cva
,Thé absorption by the internal vibrations of
the acetic,acid monomer ﬁpits can be analyzed by con-
sidering;only a single_chéiﬁ, as discussed in Section
1D. The implicdtibn of ébis is that the hydrogen—bon&

- forces within a chain are mudh more important than the

van der Waals' forces betweeh the chains. 1If only a

88
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single chain\is considered, there are tno monomers per
unit cell and the unit cell group is 1somorphdhs with
the point group C , in which a1l the vibrations are
1nfrared ‘active., If the single-chain approximation is
applied to the inter-monomer vibrations -twelve vib-

rl

rations are expected, but three of then are, the 51mple
translatlons of the chain and another is p simple .
rotation of ‘the chain and the frequencies of these four
vibrations must be assumed to be'very small compared

to those of the'otner gight vibratlons These elght
remalnlng vibrations of a s1ng1e chain involve bendlng
and stretchlng of the hydrogen bond and are expected to
have frequenc1es above about 50 cm 1. In polyethylene
the 1nter chaln vibrations have. frequencies between 70
and- 100 cm 1, S0 1t must be ant1c1pated that the interj

chain v1brations of acetic acid will have ‘similar

frequencies. Therefore the single-chain approximation

"is not expected to be useful for the inter-monomer vib-

rations and the full unit cell must be taken 1nto ac-

~count.

Pl

'In acetic acid I, the twelve inter-monomefhvib-

rations of ‘the single chain become twenty four V1brat10ns

1n the full unit cell, three of which are the simple

translatlons of the unit cell and’ have zero frequency.
’ ¢
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'z, The symmetry coordinates for the full

L . 3
NE

The remaining twenty one vibrations form the represen-

tation SA1 + 6A2-+ SB1 + SB2 but s1nce the A modes are
3 e

.infrared 1nact1ve only f]Fteen v1brat10ns are expected

to absorb in the far 1nfrared region.
The single chain approximation is, however
useful to help one to visualize the .zero-wave-vector

n

lattice -vibrations of the crystal and to estimate their

- frequencies. Figure 9 shows the twelve zero-wave-vector

. symmetry coordinates of a single chain which are based

on translational and rotational motions of the molecufé

The- dotted’ 11nes enclose the molecules w1th1n one un1t

,cell and the dot dashed line shows the diagonal gl1de

plane whlch, apart from the 1dent1ty, is the- sole
symmetry element of the chaln. This gllde plane l1es:l
in the crystal's bc plane, and the dot-dashed l1ne in
Flgure 9 lies along(the crystal's b+ ¢ d1rect10n. 'The'
translatlonal dlsplacements are, for brev1ty, termed

X, ¥ and z displacements and correspond to d1sﬁ/acements
in the crystal's b+c,aandbd - ¢ d1rect1ons. The
rotatlonal d1splacements are about the inertiad axes

of the monomer' and are termed -Totations about m, n- and

)
nit cell are

Q
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’

displacements having Al symmetry in each chain,may be:

reproduced in the other by.application of the screw “axis

operator“ then the symmetry coordinace pfodﬁced‘haé Ai
- symmetry in the full unit cell If the displacements -
S0 produced'have opposite  sign, then the symmetry co-
ordinace,produced has‘.B1 symmetry. Si%ilarly.d%splace-
ments having A'" symmetry in each chain produce AZ ahd,

>

B,-symmetry coordinates, respectively.

2 :
In Table 12 the symmetrylcoordinates of the

unit ceil are listed in the order in which the‘Symmetry‘
coordinates of dfsingie chain, on which_they are baséd,
‘are illustrated in Figuf@ 9. Each“one is described in
terms of the dlsplacements whlch are expected to deter-

m1ne its frequency, and consequently a crude estlmate

'15 made of the:expected v1brat10na1 frequencies. As a-

guidéline‘for ﬁaking these estimates,.hydrogen—beﬁd
stretchlng modes were assumed to occur near 200 -cm 1,
mlxed hydrogen bond bendlng and stretchlng modes were
'assumed to/occurvbetween 100 and 200 cm‘}, hydrogen
bond bending modes were aséumed to oécur‘becween‘SO

. : v
hnd-100¢cm:¥ and interchain vibrations, involfing move-
meht‘éfupne chain with respect to the oth€f<inithe unit

cell, wére ‘assumed to occur between about 3Q and 70 cm

One can extend tHe descriptions and frequency

R

-1
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estimates given in Table 12 somewhat, in tﬁé'following

way. S1 to S4 are expected to interact-to yield two
1

< , . : -
normal vibrations, d¢f symmetry A1 + Bl’ near to 200 cm °

- and two, of symme f; A1 + Blg Qeaf‘fo, but_probably'
above, 100 cmnl. 814'and Sl6 are expected to interact

1

to yleld one vibration near to 200 cm = and one near

1

to 100 cm . Furthgr SS’ 56’ 518’ and Szo}are expected

to have higher freduencies than S7, Sg and SZZ" &hUS'a

'very approximate prediction is that three vibrations

1, three aljsorb near to but above

1

absorb near to ZQovcm'

100 cm_l, four absorb near to but below 100 cm —, three

1 and two.absorb-between 30 and

.. absorb near to 70 cm

70 cm'lh

SB. Far Infrared Spectra Obtained

Far infrared spectra‘of acetic acid I, acetic
acid Il and propionic acid at about -180°C (93°K) were
14

obtained between 360 and’aboutVZO cm © using the methods

described in Section E. The spectra are presented in
.Figurés 10 to 12, and tﬁe frequenéies of the observed
'.féhturés are giVén in Table 13.
The,sbectrum of acetic acid I shown in Figure 10
- was 6btainea in two‘sect}ons; The speétrum from 350 to

70 cm-l,was obtained as the average of twelve spectra

1
/
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A

of three different samples and the specirum from 100 ‘to
20 cm™ 1 is the average of 10 spegtra of three samplés;'
Both curves have been smoothed to remove non-reproducible
features which had -an order of magnitude similar to thaf
of the width of the liﬁe used to draw the curve;. The
two sections of the spectrum obtained in this way matched
perfectl& in tﬁe overlap ng}on so they have been drawn
as a continuous line in Fiéure 10.

The main'uncertaintylin the spectrum is that it
is possible that the abso;ption between 180 and 220
cm-1 should be slightly mo;e infenge and, therefore,
the feature 'in this region should appear less flat-
topped than ‘it does. - Further, other:feqtures of com-
pardble magnitude to the beak at 43 cm—1 appeared near
to it iﬁ some of the qyefaged spectra obkained, but the
4,3 em” 1 feature was tﬁi only reproducible one and,
therefore, is believed to Be fhe only real feature in
that region. The spectrum reported is consisteﬁt with
those reportéd previbusly, apart from small frequency :
and iélative intensity differences, but shows.sig<
nificantly more detail, partly begguSe 6f the g{eater
éontinué&s freduéncy range. The features at 341, 230

1

and\i83[tm- have not been reported before, although

a suggestion of the latter shoulder is visible in
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~ Stanevich's spectra. (51). The doublet feature at

130/116 cm™ 1 was previously reported as a singlé‘peak

(1) and the previous report of the peak at 43 cm*} in-

\
\

dicated that its intensity relative to that of the\peak
at 83 cm'1 was much g}egper (Si) than that found in\\ ' .
this work. L, \
The higher- frequency part of the spectrum of \
acetic acid II shown in Figure 11 is the average of
‘thirteen spectra of three samples while the lower-
frequency part is.the average of_séventeen spectra of
five sampies which were more strongly absorbing than
those uséd for the higher.frequencies. Both parts of
the spectrum have been sﬁoothed to remove non-re-
‘produCible features whos;'magnitpde was of the order
of the width of the line used to draw the curves. The
only uﬁcerfainty in the spectrum iies in fhe broad weak

feature near 40 cm ! which showed significant variation
/

~in its relative intensity and therefore, may not be . //

réal.'. & . o ,

] VL The spectfum of propionic acid is shown in »w/
Figure 12, Thé uppef spectrUm.Qetweenﬁllo and 350 cm;l
is tﬁé average of fifteenrspectré of four samples'while

the spectrum between 140 and 20 cm ' is the average of

~nine spectra of three samplés and has been 1owefedﬁby
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‘/ : , | {

0.05 units for clarity. Both curves have been smoothed

to eliminate non-reproducible features of the order of

\

magnitude of the width of the line used.

The number of features present below 60 cm-l‘is

somewhat uncertain. The peak shown at 34 cm'1 was re-

producible in ak} spectra, whil€ other features which

were ofvcomparable size on this average spectrum were

]

not present on other averages and have, therefore, been

!

removed from the spectrum shown. Similarly the shoulders -

at 225 and 170 em™ 1 are believed to be real, but, because’

they are so weak, they could be spurious. There is also

some uncertainty in_the position of. zero absorbance for

'/ these two curves because the peak at 124.5 en L s

,

stronger ctelative to the background absbrption in the

2

lower- frequency curve than in.'the higher~freqﬁency curve
~ whereas the background absorption is greater in the
b.hlgher—frequency curve. Therefore 1t ‘seems pvbbable that

thi¥near1y flat background absorption should be much .

nearer to zero absorbance than is’ shown in Flgure 12. o

o -1

W ‘The lower curve between 110 and 350 cm is the

’

smoothed average of three spectra of a weakly absorblng
sample, It is 1nc1uded to show that the peak at 323 cm -1

is‘signiflcantly more ;ntense relatlve to the one-at

-1

,177.cm than is apparent from the spectrum‘with higher
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absorbance. .
. The proﬁiphic acid spectrum obtained here is -
similar to those reported previously (51,69,70j apart

+L from small frequency differehces, but shows more &etéil.
Thus the doublet absorption at 85 and 73 .cm~ 1 has

previously been reported as a single peak at 77 - 7E cm-1

(51,69,70) and the features/ﬁt 111} 170 and 225 cm-1

have not been reported previously. A peak at 230 &mtl

was reported to haYe varyipé relative'iptensity and was

thought to be due to ice (69,70). However, spectra of . . '
the mulling agént 'propéne were obtained using 1dent1ca1 &\
technlques to ‘those used for the spectra of the acids
mulledfln*propane, and showed no sign of absorption by

ice. %ﬁus 1t is believed,that the weak absorptlon at

-1

230 cm and the shoulder at 225 em”1 are due to proplonﬁc

- acid.

Q

5C. Discussion of .the spectra

It is clear from a compafiéon of the spectrum of
acetic acid I (Figure 10) with the'approximate predic-
tions made in Section 5A that an unambiguous assignment

of the spectrum is impossible at the present time, but
that Vibrations are expected in all regiohs where sig-
, s -
nificant absorption is observed. It is fairly certain



that the peaks neaf 200 125, '83%and 4\3\¥cm-1 arise from

vibrations which 1nvolve hydrogen bond tretchlng, a’
mixture of hydrogen bond. stretchlng and hendlng, hydrogen
bond bending and 1ntercha1n dlsplacements, respectively,
A more detailed 3551gnment must await the jresults of
infréred or Raman studies on single crystéis of acetic
ecid I nhich can'unambiguoﬁsly characterize the symmetry
of the vibration Causiné a peak.

-5h‘g A striking feature of the acetic acid I spectrum

L

that has mot been reported previously is the breadth of

the absorption centered at 197 cm "l Its width at half

the peak intensity‘i§'about 70 cn-l, compared to the

~5 cmi1 half-width thch is expecyed for peaks due to .

, internolecular vibrations in ordered crystals and which
_is found in The'spectra of the.ordered forms of’ice (97).
Similar very broad features have been observed in the
far infrared spectra of the disordered forms of ice

f97-100) and the clathrate'hydratee (101,102), and have

o=: -+ interpreted as being due to the disorder which

4
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re. s from the two possible ’éitions which the hydrogen

atom may occupy i the hydrofen bond (98,103). The only
. signit _ant disorder of'thie type that can be envisaged .
in the ccetic acid I structure is the possibility that

there is no correlation between the positions of ‘the

‘hydrogen-bonded hydrogen atoms in different chains. Such

o
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disorder, however, should have been detected in the
neutron diffraction study %27), ;nd in the X-ray study
(18,19) because it involves the interchange of C=0 and
C-0 bonds. It must bg concluded therefore that acetic
ac1d I is not 51gn1f1cantly disordered in this way,

r in about 5% of the chains (104).

although the fraction studies would pﬂobably not have.
detected dis e

It is probable, therefore, that the extremely

broad band in-the spectrum of acetlc acid'I is not due
to disorder. A source of breadth ‘of absorption by ordered

solids is the overlapping of bands due to several zero-

wave-vector vibrations. It was shown, however, in Section

s N

5A that only 4 such vibrations are expected between 150

i

Capd 200 cm’ 1, so the broad band in the spectrum of acetic
(facid I can not be-due to this cause and its origin must
*remain unknown uhtil'further evidence is availeble.

‘ Thevassignment of the spectrum>of propionic acid
.(Figure 12).is now consideredvuith the help of Tables 5
and 6 (Section 1D). Again it is not pbssible to makeban
unambiguous aésignment from the data available.: - The

' doublet at 73/85 c_m-1 hay be due to the two active com- -
ponents:of,v4 (Table 3) orbmeyvbe due to ene or both
components of 7 ahd Ve because the 40 cm'l'frequencf

assigﬁed by Stanevich (51) to v_.,seems very low- for this
, 5¢ -

‘vibration. The absorption at 34 em™ ! is assigned to one

~
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of the three active translational vibrations of the dimers.‘
The features at 177 and 170 ‘cm™ 1 ¢an be assigned to the
two compopents_of‘vs,#and the peaks at 323 and 124.5 cm™ b
arenassigned to intrahonomer modes follcwing Jakobsen

et. al. (69) and Mikawa et. al. (70), (Table 6). The
assignmgPt of the remaining four weak featutes at 290,
230, 225 and 111-cm-1 is less clear. The only one whose.
frequency'is near to that exﬁected tor an unassigned fUnQ
dament transition is at 111 cm ' and it is extremely weak.
_Al1 four features can be assigned to combination tran-
sitions, and until more etidence is available further
speculation is pointless. |

. Since the assignments of ‘the spectra of acetic
acid 1 and:propicnic acid, whose crystal structures are
known, are 1imited; it‘seems clear that a detailed asSjgn-
ment of the spectrum of acetic acid‘Ii is impossible.
However, it can‘definitely be cohcluded that acetic acid-
11 con51sts of hydrogen bonded monomers because of the,
high frequencies at Wthh the inter-monomer V1brat1ons
occur. One can alsovattempt to deduce whether/acetlc

acid II consists of polymeric chdins or dimers from a
comparison of its spectrum with thosé of acetic acid I

and propienic ac1d The peaks at 124 5 and 323 cm -1 R

in the spectrum of propionic- ac1d must be excluded from

the comparlson because they are due to the ethyl grdﬁp
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It can be observed that the long-chain structure of

acetic acid.I yields an extremely broad absorption near
200 cm—l’which is contgnuous with weak absorptions near
125 cm” !, while the dimerigpsfructure of propionic acid

yields much sharper absorption lines which are distinct

from each other. A further observation is that the

hydrogen bond stretching vibrations absorb near 180‘-cm-1

in the dimeric structure while the absorption maximum
due to hydrogen bond stretching modes in the long-chain
.structure is near 200 cm-1.4 The feasons:fdhufhese dif-
ferences are unknown and hence one can nof be sure fhai
the& are a relzablefwéy of distinguishing between the
two structurgif Nevertheless, the spectrum of acetic
acid II is very similar to that of acetic acid I and,

)
from the evidence available at present, it can be con-
cluded that acetic acid II probably consists of hydrogen-
boﬁded chaiﬁs of acetic acid molecules. The molecular
Voluﬁe of acetic,aﬁid II_is~sma11erqthan'tﬁat of acetic
aéid I and it is probable that1th£ main difference between

‘the two structures is a.closefr packing'of the chains in

~ v

acetic acid II than in acetic acid I. -
A}
5D. Summary and Conclusions

(1) the pressure-temperature phase diagram of

acetic acid has been measured.Voiumetrically'between 0-
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and -40°C to 3 Kbar. The acetic égid‘I + II phase tran-
sition involvés é 0.014 cm3/g decrease ip volume. Acetic
acid II cannot be formed from acetic acid I below.about
800 bar, even though it appears fo be the stable phase
at one atmosphere ,below abput‘-60°C. "Once formed,
though, écetié acid II fs metastable at oﬁe atmosphere .
below about .-35°C. | . 7
(2) The X-ray diffracéion 5attern_of powhered

~acetic acid II has been obtained and indexed‘on a mono-
-A clinic cell with tﬁe dimensions: a = 13.30 ¥ p.02 K;
b = 10.39 * 0.01 A, ¢ = 8.59 * 0.01 Z,;and B = 86,1 * 0,3°
at 100°K and atmospheric pressure. If the Qnit cell  ' \
contains 16 molecules, the molar volume is 44.6 cm3/mole;

1.5% ‘smaller than that of acetic acid, (I, which is in

14 . .
agreement With the resultggfrom the phase diagram work.

(3)'_Thé far infrare ectrum of ‘acetic acid II

‘has been 6btained and compare those of acetic acid I
and propionic acid. It has érgued that acetic acid
Il probably consists of‘hy -Eonded'chains of monomers
which are packed in a more efficient way than in‘acetic

acid I,



111

References

1. R. J Jakobsen, Y. Mikawa, and J. W. Brasch, .
Spectrochimica Acta, 23A, 7199 (1967)

2. G. Tammann, Kristallisieren und Schmelzen,
y page 275 (1903)

3. P. W. Bridgman, Proc. Amer. Acad. Sci., 52, 91 '(1916)
4. L. Deffet, Bull. Soc. Chim. Belg., 44, 41 (1935)

5. Handbook of Physics and Chemistry, 5oth edition,
The Chemical Rubber Company, Cleveland (1970)

6. Willy Tan, K. A. Krieger; and John G. Miller, J. Am.
- Chem. Soc., 74, 6181 (1952)

7. R. Philippe and A. M. Piette, Bull. Soc. Chim. Belg.,
64, 600 (1955)

8. -L. Raczy, E. Constant, and R. Gé%lllard Compt. Rend.,
252, 2523 (1961)

9. J. Tlmmermans, and M. Kasanin, Bull. Soc. Chim. Belg.,
68, 527 (1959) '

10.. R. J. Jakobsen and J. E. Katon, Dévelopments in Applied’
Spectroscopy, Vol. 10, page 107, Plenum Publishing
Corporation, New York, 1972

11. Beilsteins Handbuchy publlshed by Julius Springer,
Berlin (1920), reproduced by Edwards Brothers, Inc,;
Ann Arbor, Michigan (1943), Volume 2, page 99

Bellstelns Handbuch, publlshed by Ju11us Springer,
‘Berlin (1929), reproduced by Edwards Brother, Inc..,
Ann Arbor, Michigan (1942), Volume 2, Supplement 1,
page 41 :

Beilsteins Handbuch, Springer- Publlshlng House, Berlin
(1942), reproduced by Edwards Brothers Inc., Ann Arbor,

Michigan (1943), Volume 2, Supplement 2, page 97

A
lﬂgllstelns Handbuch, Springer-Publishing House, Berlin
(1960) Volume 2, Supplement 3, page 143.

12. J. Timmermans, Phy51co Chemlcal Constants of Pure
Organic Compounds, Elsevier Publishing Company, Inc.
New York, Volume 1, page 380-383 (1950)
Volume 2, page 277-279 (1965) ,



7

13,
14.

15.

16.
17.

18.
19.
20.
21.
22.
23,
24.
25.
26.
27.
28.
29.

30.

41, 2875 (1949)

) © 112

. . fraan

I

W R. Bousf1e1d and T. M. Lowry, J. Chem Soc.
(London), 99, 1432 (1911) .

-

W. C. Eichelberger and V. K. La Mer, J.'Am. Chem. Soc.,
55, 3633 (1933) - . -

C. Schall and dc Thleme Wledtmarckter Zeitschrift fur
Elecktr.chemie und Angewandte Phy51ka115che CTemle, 35,
337 note 3 (1929).

S. Y8ung, Sci. Proc. Soyﬁ Dublin, N. S. XII, 374
(1909-10) -

J. M. Costello -amd S. T Bowden, Re i Trav. Chim.,‘ a
77, 803 (1958) _ : ‘ I

I. Nahrlngbauer Acta Chen. Scand 24 453 (1@70)

R. E Jones and -D. H. Templeton, Acta Cryst , 11, 484 |
(1958). : . T :

D.A. MacInnes and . T, Shpdlovsky, J. Am. Chem. Soc.,
54, 1429 (1932). .

+H. F. Hall and H. H. Voge, J. Am. Chen. Soc., 55,

239. (1933) o -

J. Kendall and P.M. Gross, J Am Chem, Sbc., 43; 1426I
(1921). b e

e,

PR

R. J. W. Le Fevre, Trans' Faraday Soc.,_éi, 1127 (19385\\\

E. Constant and A. Lebrun, J: Chlm Phys., 1‘(1-2),
163 (1964) : S

N. A. Puschin and-P. G. Matavulj, Z..Physik. Chem;,
A161 341 (1932) ' - J, .

R.~R. Driesbach and R.2A. Martln, Ind/ Eng. bhemi,
P-G-. Joﬁsson ‘Acta Cryst » B27, 893 (1971)

T. E. Thorpe and J: W. Rodger Phil. Trans., 185A,
397 (1894) | | A —

M. Hennaut*Rolénd and L. Lek, Bull.fSoc\JEhim.'Belg.,
.40, 177 (1931) ST

FY Schwers, Bull. Cl. Sci. Acad. Roy. Belg., 731 (1912)

£l
]



31.

32.

33.

»

34.
35.
36.

‘37
- 38,

Z ‘d o

€

113
F. Von Rautenfeld and E. Steurer, Z. Physik. Chem,,f
S1B, 39 (1942) - ’ -

M. L. E. 0. De Visser, Thesis, Utrecht (1891) and
Rec:. Trav. Chim., 12, 101 (1893)

G. S; Parks and K. K. Kelly, J Am. Chem Soc.,

.47, 2089 (1925) .~

Dow Chemlcal Company, unpubllshed (1956)

J. ‘Mevyer, Z: Phy51k Chem., 1& 225 (1910) -

Pettersson, JOur Prak. Chem. (2), 24, 296'

Massol and M. Guillot, Compt Reﬁﬁ 121, 208 (1895).

Haurle and A. Novak J. Chim. Phys , 62 137 (1965)

3§\~«4{ Weltner J. Am. Chem. Soc ’/77 3911 (1955)

40.
41.

42,
43
a4.

45,
46.

47.
BT
: | §0,. 3515 (1958)
49,

50.,

881 (1960),

>
J. R. Wilmshurst), J Chem. Phys 6, 1171 (1956)
: . = <y .
..Blatz, J. Phys. Chem.,.71, 2271

J. Mol; Struct., 7, 67- (1971) ..,

J. Donohue, Acta Cryst B24, 1558 (1968)  and references

thereln y .
’ N - . g ..‘ :\&

M. Haurie and A ‘Novak, J Chim. 'Phys , 62 146.(}965)-4

M. Haurie and A. Novak, J. Chim., Phys. 953 1584 (1967).

ﬂE B. Wllson, Jr., J. C. Decius and P. C. Cross,

Molecular Vibrations, McGraw-Hill Book Company,
1955 (New York), pagé 117 S

T. Miyazawa and K. S. P1tzer, J: Am Chem. .Soc., 81,

74 (1959)

[4

R. C. Millikan and K. S. Pltzer, J. Am Chem Soc.,

. \ v .
L. Bonner and J. S. Kirby- Smlth Phys Rev., 57,;

1078 (1940)

.9

Y. Nakai and X.. leota, J. Chem. ‘Soc. Japan, 81,

N



N

N\

AN

N\

~ 68.

51.

'52.
*53.

54.
s5.
56.
57.
sg.
59.
60.
61.

62.
63.
64.
65.

06.

67.

.S. Kishida and X. Nakamoto, J. Chem. Phys., 41,
1558 (1964) .

'Applled ‘Spectroscopy, 22, 28& (196

M. Haurie and A. Novak Spectochemlca Acta, 21,

] : -

e
1

.~ , ‘ 114

~. ~

A. E. StaneV1ch, Optics and Spectroscopy,
" Supplement 2, 104 (1963)

AY E. Stanev1ch OpthS and Spectroscopy, 16, 243 (1964j‘

u. A. ernlt and M.-M. Sushchinskii, Optics and
Spectroscopy, 16, 490 (1964)

—t

G. L. Carlsop, R. E Wltkowskl and W. G. Fateley, °
Spectrochimica Acta, 22, 1117 (1966) - -

S. G. W. Ginn and -J. L. Wood,_J._Chem. Phys., 46,

2735 (1967)" . o | o

R. Fauquembergue, E. Constantand L. Raczy, Compt.
Rend., Series C, 264, 1325 (1967) \

J. E. Saunders, F. F. Bentley and

K. Fukishima and B. J. Zwolinski, J. Ghem. Phys., SO,

737.(1969) \
A. Witkowski, J. Chen. Phys., 52, 4403 (1970)

Y. Marechal and A. Witkowski, J. Chem. Phys., 48
3697 (1968). T T

. R. L. Redington '‘and R. C. 'Lin, J. Chem. Phys., 54,

4111 (1971)

\Y Grenle, J-C. Cornut and J-C. Lassegues, J. Chem
: Phys , 55, 5844 (1971)

J E Bertie and J. W. Bell, J. Chem. Phys., 54,

160" (1971) ,, . T \
: 2L .

- T. Shimanouchi,‘M Tsuboi and T. Mlyazawa, J. Chem )
Phys., 35, 1597 (1961) ' ’ -

Vibrations, McGraw Hillf Book Company, 1955 (New York),

/
E. B. Wilson, J. C. D&fj gﬁ}and P. C. Cross, Molecular
page 113 . % v/]l

1217. (1965)

F. J. Stieterg‘D.'H. Templeton, R. F. Scheuerman.and
R. L. Sass, Acta Cryst., Li 1233 (I962)

E. Katon, T

. »

N



69.
70.
71.

72.
73.

74,

75.
76.
77.

78.
79.
80.

81.

83.
84_‘

85.

2359 (1968)

115
R. J. Jak6b5en, Y. Mikawa and J. W. Brasch,
Spectrochimica Acta, 25A, 839 (1969)

Y. Mikawa, J. W. Braséh and R. J. Jakobsen, J. Mol.
Structure, 3, 103 (1969) \ d

R. J. Jakobsen, Y. MikawaS J. R. Allkins and

G. L. Carlson, J. Mol. Structure, 10, 300 (1971)
B ’ K] :
K. Fischer, Angew. Chem., 48, 394 (1935)

- E. D. Peters and J. L. Jungnickel, .nal. Chem.,‘_S_Z,'c

450 (1950) . |

J. Timmermans, "The Physico-chemical Constants of
Binary Systems in Concentrated Solutions", Vol® 4,
Interscience Publishers, Inc., New York, '(1960),
pages 355-376 - ’

. . o
P. W. Bridgman, Proc. Am. Acad. Sci., 51, 59°(1915)
H. Schildknecht, Z. Anal. Chem., 181, 254 1961)

S. R. Gough and D. W. Davidsgg,,J. Chem. Phys., 52,
5442 (1970) ' o

J. E. Bertie and ﬁ. Tremaine, J. Chen. Phys. , §§,

. 854 (1973)

T

G. S. Kell and E. Whalley, J. Chem. Phys., 48

E.”W. Nuffield, "X-Ray Diffraction Methods", John
Wiley~and Sons, Inc., New York (1 36), page 34 = .

" R. W. M. D'Eye and E. Wait, "X-Ray Powder‘Photography“

in ‘Inorganic-Chemistry', Butterworths Scientific
Publications, London (1960), page 24 '

I. Waller and,R!_W. James, Proc. Roy.  Soc. (London),

117A, 214 (1927) . c

R. Brill and A. Tippe, Acta Cryst., 23, 343, (1967)

J. E. Bertie and E. Whalley,.Spectochim. Acta, 20,
© 1349 (1964) A »

-

A. E. Maffin, "Infrared Instrumentation and TechniqueS”,

" Elsevier Publishing Company, Amsterdam (1966), page 118

and RIIC Instruction Manual for thlie Fourler Spectro-
photometer‘FS—720'(1967),.page 8, Research and Industrial

Instruments Company, London ~

L

s



116
§

86. A.'E. Martin, "Infrared Instrumentathn and Technlques"
Elsevier publishing Company, Amsterdam (1966)

87. S. Sunder, Ph.D. Thesis, Unlver51ty of Alberta (1972)
88. G. Horllck Analytlcal Chemlstry, 43 61A,(1971)

'89. M. Sollnas, Ph.Dp. The51s University of Alberta (1973)

90. J.E. Bertie and P. Tremaine, J. Chem. Phys., 58, 854
(1973) ' . :

91. S.E. Babb High Prcssure Measurement edited by A.A.
Gardini and E.C. Lloyd Butterworths Washington, D.C.,
1962, page 115 ,

92. R.S. Dadson and R.G.P. Greig, Br. J. Appl. Phys., 16,
1711 (1965). ,

93. R. Hesse, Acta Cryst., 1, 200 (1948).

94. H. Lipson, Acta Cryst., 2, 43 (1949)

95. K. Simpson, Ph.D. Thesis, The University of Alberta
(1973). : . )

96. P. Tremaine, Ph.D. The51s The University of Alberta
. (1974). ' ‘ -

97. J.E. Bertle and E Whalley, J. . Chem. Phys., 41, 775"
'(1968) )

98. J.E. Bertie, Applied Spectroscopy, 22, 634 (1968).
99, J.E. Bertie and E. Whalley, J. Chem Phys., 46, 1271 °*
| (1967). | .

100. J.E. Bertie, H.J. Labbé and E. Whalley, J. Chem. Phys.,
49, 2141 (1868).

101. J.E.. Bertie and D. A. Othen Can. J. Chem., 50, 3443 .y
. (1972). 4 - '

102, J.E. Bertie and D.K. Hendricksen,'dnpublished,

103. E. Whalley and J.E. Bertie, J. Chem. Phys., 46, 1264
(1967). | A —

104. M.J. Bennett, private communicafion.'

\

ANY



