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ARITRACD

The interaction between boron trihalides (bromille,
ehloride) and benzene derivatives (benzene, m-xylene,
mesitylene, hexam&thylbenzéne) has been studied using the
tecimliques of cryoscopys VAPOUr pressure zeasurement, proton
masmetic resonance and Daman spectroseopy. : o evidence was
found to support prsvioua aﬁsertioﬁe ¢f wealk complex formation
in solutlon. _ |

The reactions between carbonyl halides (bromide, chlorids)
and Group Thrse kalldea (boron, alumi&iumﬁ ichlariﬁe, bromide,
1odide) have been studied. No complexes could be isolated,
in contrast to the systenm c0¢12/A1613 studled previously,
flo reaetlion was found uslag boron halldes, but with aluninium
‘halides rapid and eifehsiva hﬁlogeﬁ exclnge occurred at
ambient temperatarés, Alunminium halides also catalysed the

decomposition of earbonyl bromides
czaar&.(_w = co(g) + Bry(g) [+ 3r,(L)]
The enthalpy of hyirelysls of carbonyl biumide was
measured by adlsbatic solution calorimetry
coar,(1) ;nzzzo ) c%az(g) + [2n9r, (n-1)u,03(1)

1% hydrolysie = ~49.06 £ 0,16 keal mol“
| [=205.36 & 0,67 &F mo1~1]
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FProm this was derived

81 Cosry(1) = =34.70 2 0,21 keal mod™! [-145.18 £ 0.88 kJ
S K
mol™']

dlffering sisnificsntly from previsus values. Datimates |

have been made of thermodynanlic funetions for carbonyl lodide.
The standard enthalpies of formation of sluminiua bromide

ard eluminium 1sdlde have been determisned as |

21 A13rg(e) = -118.4 £ 0.6 xeal mol™! (~495.2 2 2,4 KJ mo1™]

859 AlI4(0) = =67.1 £ 0.6 keal mol™! (~280.9 % 2.4 k7 mol™]
by isoperidel calorimeiry of the reactions

AlX,(c) « {3FaCl + nRalitag —> LKaal(Gi), + 3fall
’ + 3ipX + (nwa)ﬁa%ﬁ]a;

£1C14(c) + L3FaX + nfistitlaq = LHaAl(ON), + 37aCl

+ 35aX + (n-h)VaCli]ag
where X = Br or I.A ‘In'aﬁﬁitien.
810 ¥aA1(0H), 15,000 F,0 = ~409,3 £ 0.4 Jeal mol™!

{=1715.0 £ 1.6 keal mo1™']
Infra-red studies on the complex Fﬁﬁlj.éelj(e) have
confirmed its stracture as dative covalenit, with dbonding froa
oxyzon t0 boron. On yunning the infra-red spectrun at room
temperature, there 1§ consideradle dissociation of the com.lex,
and also reaction with the potassium bromide windows. Deter-
mination of the degree of dissociation has shown that there 1is

only nezliizible asasciation In the vapour.
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THE INTERACTION JTUERY AINCH TRIFALILES

ATD BENZENE DERIVATIVES




INTRODUCTION

Previous work'*? has suzgested thae presence of wealk
solute=-solvent complexing in benzens solutiona of boron
tribromide and boron tri-iodide, In each case, the
symmetric stretching mode, V4 (278 cm™? 33rse 196 e BI;)
of the boron trihalide sppeared as a stronz band ia the
infra-red speotrum, Since the selection rules predict Raman
activity only for this mode, it was suzgzested that deformation
of the boron trihalide was allowlnz the band t9 become amctive,

113 nuclear magnetic rescnance of the boron tribromide/
benzene syatem showed a residual high-field shift at infinite
dilution of O.48 p.pem. (relative to pure boron tribromide)
after cqrrecting for the bulk diamagnetlc susceptibility of
the sysfem. azain sugresting weak interaction. It was
proposed that the principal orientatlon of boron was above or
below the plans of the aromatic rinz, as indlicated in the
toliowing diagrams=-



The averaze dlstance between the sromatie ring and the boron
atom was estimated to be vh-Tgo

Lowever, the same workers state that the phase diagrams
for boron tribromide + benzene and boron trie-lodide +
benzene showed no sign of complex formation.

The object of the present work was to seek further

evidencs for complex formation, using the following technijuess-

(1) Cryoscopy, and deteramination oflphase dlagrams,

(2) vVapour Preémure Yeasurements

(3) Proton Maznetic Resonances.

(4) Raman Speciroscopy.

Boron trichloriﬁa and boron tri-iaﬁide were studied with the
following aronatie campcunds; benzene, m-xflene. meaitylene
and hexamethylhbnzeme. The electran-donating methyl group

should increase the Lewis baaiolty of the aromatic ring.

(1) PuARE DIASHATS

- The &pparatus‘waa tested using the known chloroform/

mealtylens syatem?..gnﬂ then the mixtures

boron tribromide/mesitylene,
boron tribromide/m-zylene,
and boroa tribromide/hexamethylbenzene

wora studied,



Fxperimental

Apparatugte= ‘
The oryomcter used (diagram 1) has been deseribed in

detall elsewhere.3

Temperature was measured using a
minlature platinuz resistance thermometer {Degussa lanau)
connected across cne arm of a Wheatstone bridge, and eallbrated
using the freezing points of purified (see next paragraph) |
chlorobenzene (=45.2°C) and chloroform (~63.5°C)* (atazranm 2).
Readinzo were accurate to % 0.1°c. Stirring was achieved by
means of a salenoi&~activated,reeiprocatin y Chromium-plated,
iron cylinder. '
Chemicals:~

Chlorcbenzene (May end Bakar) was dried over size hg
molecul&r sleves and distilled at atmospheric pressure (b.p,
131.5°C, ltterature® 131.7°), " |

Culoroforn {(Yay and Baker) was shaken with water to
TEenove aﬁded alcohol. dried owver aX molecular sleves, and
diatilléd‘(b;p.‘61.2°3. literature“ 61.3°C)$ |

Vesitylene (B.D.H. Ltd.) was dried over ug rzolecular
sieves and dlstilled (bep. 164.7°C, 1iterature® 164.7°C),
| Hexylena {B.D.le Ltde) and hexamsthylbenzene (Eoch=-Lizht)
were used as supplied commereially, with stated purities of at
least 935 and 934 respectivelye.
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Boren tribromide (Koch~Lizht) was purified by shaking
with mércury to remova eny free bromine, and then distilled
at atmoapheric pressure, the portion boiling at 91 % 1%
bvelng retalned, (literature“b;p&“ 91.3%C).

Procedure i~

One component was placed in the cryometer, and euccessive
aliquots of the second component added throuzh the side-arnm.
Tolsture sensitive boron tridromide was always loaded in the
eryometer in a dry-box, the side-arm covered with a self-
sealing rubber cap, end the hydrocarbon aliquots added through
the cap using a repeater syringe (Jencons Lid.), welghed
before and after each addition. The quantity of boron halilde
used waa determined by post-experiment hydrolysis with water,
separation of the hydrocarbon, end titraticn for bromide with
0.1 silver nitrate solution, using eosin indicator,

The mixture was frozen using a toluene/liguid nitroger
slush bath (ca«04°C)., The freezinz point was taken when the
temperature remalned almoaf constant'fbr épprokimately one
minute, or lomzer, due to the latent heat of fusion evolved.
Wheré‘supércooling occurred, the témperatura foll well below
tha‘freezing point, and then rose sharply a9 érystalliaation
' commenced, fallinz asain when equiliirium had been reached.
The freezing point was taken as the moximum temperature reached

after erystallisatiuneo



Peaults and Liscussion

Chloroform + Vesltylens

The results of a single experiment ars given in Table 1.
| C ppmrmg

PREETING FOINTS OF CHLOROWORM & MESIPYLENT FIXTINES

| PeRoTe RESISTANCE|FREEZ2ING POINT |MOLE FRACTION ¢
 L(orrs £ 0.9 0m1) [(C 2 0.1%) CELOBOTOR
| 75.8 -63.5 100.0
B | =709 | 835
2.8 | s 813
722 | =135 82,9
72,8 | =715 | 7T |
5 | -6k | 39
768 | =608 | 69.6 |
LT84 -55.4 6342 |
0.1 | =52.8 | 5749
80.9 =504 | 5304
81.0 | -50.3 | 49.5
80.8 50,4 | 46,2
3.6 ~5645 | 347
7541 65,7 . 2641
Ted | =6641 1 155
79.2 -54.6 | 0.0

The freezing points for pure chloroform and pure

N

nesitylene azgree very well with literature” wvalues of
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u63¢§°c ama ~52,7°C relyactively.

The phase diagram (d1agram 3) ehows a well-defined peak
at 50 mole 3% chloroform, indicating a 111 complex with a
gongruent melting polnt7. in effect, this corresponds to
two eutectic phasse diagrams 1linked together, namely, for
chloreforn + complex end eomplei +* mesityléﬁe. . The diagram

azrees well with previous resu1t35¢

Boron Tribromide + Menitylene

Cn mixing baran:tribremlde and mésitylene.:both of which
were eolourlaea, a very pale lemon-yallow colour appeared,
whioch deepened coﬁaiﬂerably on freezing ths‘mixture.

In all, six e;perimenta were carried out, the resulis of
wpiph are given in Table 24 ,

The results show very poor reproducibility below approx-
imately 50 mole % boron tribromide (diazram 4), The reason
for thls is not entirely c¢clear. One poassible explanation is
that supercoolinz, which was particularly marked in thls area,
rosulted in the trus freezing polnt not always belng reached,
upan commencement of crystallisatlonﬁ. ‘ Cr&stals of mesitylene,
being in excess, would tend to aeparate. 80 that by the time
equilibriua was reached the liquid yresent would be richer 4in
" boron tribromide, and the freezingz point correspondingly lower.

Hence the correct freezing point would never be attalned,



TARLE 2

'FREEZING FOINT3 OP SORON TRISHOMIDE/AWMSSITYLINEG MIXTURBS

ﬁKPE@EﬁEﬁT P.K‘T; RESIS?&%CE Egﬁﬁglﬂﬁ gezﬁm M@LE_?RACTIQH o

HuHasn (OHt = 0,1 €117) [ {Y¢ = 0,17¢) DORON TRIANGMIDT
1. 82,7 . =45,0 100.0

1 81.0 . =50,2 90,8

1 T332 | «55,0 : 331
2 775 | -53¢3 The5
6 77.0 . 6045 73.0
1 768 «61,0 7101
1 T4 T ~66eT , 62.1
2 73.8 ~53.8 5943
6 73.7 «69.5 5Tk
1 T3¢ -70.9 552
6 T1.9 ~73.8 , 51.9
1, 71 07 "74&“» )49.6
5 69.6 ' -50,2 4949
2' 7‘03 ' "7505 1&90}
3 7015 ) “7757 R ‘%709
6 70T  =TTe1 574
3 7Ok L =777 45.9
1 _59‘-9 "‘7"3n2 ] 451
3 T0.% ~T77 L4,0
6 6’9.‘ '-"3109 o h3.5 .
2 6849 -81.6 42,2
- 0.4 =777 - 42,2
6 65.0 | «513 40,3
5 63.5 -80.2 39.6
2 63.9 ~81.6 3548
L 63.4 -82,2 36,8 -
5 63.4 -30.2 3249
2 6309 l "8106 3207
3 7005 "‘7707 2908
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TASTE 2 (CCNTINUED)

ZXPERIMENT | PoR.Ty RESISTANCE |FREEZING POINT | MOLE FRACTICN 4
NIaIR (O = 0.1 O101) (°Cc = 0.1°C) AYRCH TRIBRIMIDE
1 6943 : «80e5 29.4
5 1.6 «7540 28,2
N 6349 | SER | 23,0
2 70,7 «77.1 | 2647
5 7245 -T245 24,7
2 T2 -72.6 2445
3 7290 “73@7 2300
4 Tl «T5e3 22,6
5 T35 ~6948 21,9
5 4,0 «68 o4 197
b A 7292 *7393 . 1399
3 The3 «67+5 - 18,7
2 13,4 «7040 18.3
5 TheT ‘ «65,6 17,9
[ T2:.9 wT1.3 16.3
3 Tk | -6l 6 15,8
4 72.9 «T1,3 . 14.3
b IV E | =Gl y5 v 12,7
5 7546 -Gl o ‘ 12.3
3 7545 A -52,0 . 12,0
3 76.6 ~62,0 f 10.7
3 7646 62,0 | 9.7
L 7640 -63,0 8,9
3 77;3 *59;6 809
3 T3 =536 Te5
4 76,8 =611 5’3
- 792 ~5446 0.0




a3

The true freezing point i thus ta&en as the hizkent value
obtalned fsr any glven comyosition. when a reasonably smooth
- eurve ls obtaineds .

A plateaw 1s clearly diacernihle between approximately
33~a3 mole % boron tribromide, but thers 1s no evidence for a
peak dus to ecmgie# formation. - The @lateau 19.probabiy due

to a miscibility gap 'O

s contalning, at equilibrium, two

eolids in equilibriua with the remaining 1iguid. [On complete
solidification, a #éterageneoua mixtu?e of the two eolida
would presumaﬁly be obtained]e By eprlying the Fhase.Rule to
thia,equilibrium"sg we obtain, for tires phases and only two
components, ¢ne dsgr@e éf freedon. ihia {3 taken up 5y the
preséure of the systen, assured éonstaht. This means that
whatever the composition of the mixture within thla range, the
temperature of ffeézing muet remaih cénstant. A simtiar
1ucbngruancy was found in the bo?an tri-10d1de/venzene phase

&1agram2.

Boroa Tribromide + m-Xylene

Azaln, a yellow celour was obaerved. but only in the solid
rhase. . ‘ ‘

The results of a single run are glven in Table 3..

The literature? freezing point for pe-xyleng is «47e4%C,
Ihe‘freezing pointfcom@osition curve (diagram 5) shows;a
simple eutectic at -79°C, where the composition is 4T/ boron

tribromide, 53¢ m-xylene. There ia no misc;bility gap as for
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PARLE 3
FREDZING FOINTS CF BOROY TRISAOUIDE/m-XYLEIE PIXTURDS

PeBeTe RESISTANCE |FRERBVING IOINT MOLE FRACTION ¢
(o 2 0.1 om1)  [(%c X 0,19) ORON TRIVNONIDE
82,7 ~45,0 100,0
T4e6 . =67.0 | 6640
73.0 “T101 60.8
12.8 -71.8 5644
7249 | <735 52,6
71.0 ~T6 okt 49.3
70,3 -73,2 4643
72.7 | =T1.8 X RN
74,8 | -66.2 3547
£2.0 | 4.5 0.0

boron tribromlde/mesitylene, and no evidence for complex

formation,

Boreon Tribromide + Hexamethylbenzene

A similar phase dlagram could not be obtained, due to the
very low solubility of s0lid hexamethylbenzene inm boron.tri-
bromide 1.e. the presence of a wide miscibility gape. Al
solutions prepared at room temperature and cooled, gradually
precipitated hexgmethylbanzene to give saturated solutions of

approximate composition 1 mols o hexamethylbeonzene, 99 mole %



tribromide, end freezing at =47.6°C, ,
Cn mixing hexazethylbenzene (a white solid) with boron
tribrozide (a colourless ligquild), an oranze colour eppeared

in the solutions cbtained,

d6



a7

(2) vAPCUR PRESSURRE MEASIRTUDITS

The s&stem& studled weret= .
Boron tribromlide + benzene
Boron tri—iodide'¢ benzene

Boron triﬁrcmide + mesitylene,

Ixperimental
Apparatusie

All the compounds were handled on a §acuum line capable
of achievinz pressures 6! 10~% torr or better (d1azram 6).
Hixinz of the compounds, and all vapour pressure measurements,
took place in a section of the line completely free from
grease, thereby avolding any absorption of the grease or
ieaction with boron tridromide. Under these conditions,. best
Vacuum seals were obtained by using taps of the "Uni-form"
%ype (Glass Frecision Engineering Co.. Ltde, ), and "Cerinz®
3aints (7. Younz (Selentifie Glassware) Ltd.). Thus the
‘oompounﬂs were expeéea only to Teflon, glass and mercury vapour
'(from the manometer). Vapour pressures were determined using
'a mercury mahﬂmetef. conslsting of two parallel glass tubes,
approximate diameter 2 om, connected by a capillary tube.
The mercury was cafefully degassed before uce by pumpiag for
several hours while warming gently, The differencs in helight
of the two mercury columns was measured using a cathetoneter.

Fressures were usually reproducible to & 1 torr.



a3

apluiolqiiy
uolog

RYVVVYYY

19SSOA -
Buixiw

P

- dey .
SS9]9skalg «ﬁ S

)

RTTITTT
NRVRNAN

l19}19uouep

, Ainolisiy
4

mcmwcmmmww

\

!
L

QEDQ

/r

B ol

SINIWIHNSVIW  FJHNSS3IHd

dMNOdvA

404 WILSAS

WNMOVA 9 WVdoOVIQ



a9

Chemlcalste

Distilled boron tribromide, b.p. 91°C (1lterature® 91.5%)
was redistilled into its contalner on the vacuum line, where 1t
was stored over mercury to remove any free bromine formed,
It was degassed by repeated freezing and pumping. Before each
run, the sample used was dlstilled and trapped at ca. -50%¢
(s011d carbon dioxide - acetone slush bath), at which tempera-
ture any hydrogen bromide impurlty would be pumped off
(vaﬁour pressure® ~ 500 torr)., It was then condensed into
the mixing vessel, and 1ts purlty checkad by meaaurement cf

its vapour pressure at known temperaturest-

Temn, (°C) Exgerimental Yeps_(torr) Lit, Valueg {(torr)

0 19 19
12.8 37 .35
20 ' 52 5

A supply of purs boron tri-iodide was already svailebdle
in the laboratory, with established purity1’2 98997,

Commercial samples ¢f benzene and mesitylene (8.D.H. Ltd.)
were distilled (bep. 80,0°C and 164.,7°C respectively, liter-
ature values® 80,1°C end 164.7°C), and dried and stored over
grade 4 wolecular sievea)(s.Dﬁﬁ. Ltd,)e Each was degassed
by repeated-freezing and pumping. Thg purity was also

checked by measurement of vapour pressuret.
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Pemn, (°0) Fxperimental V.p. (torr) Lit. value“"o(tarr)

Benzene 0.0 25 - 2643
12.8 52 52¢%
€045 79 ’ T6T

Hesity- 19 2 1.7

lene . .

Proceduret=

A quantity of boron trihalide was either condenszed into the
mixing vessel, (33r3) cr loaded in a dry-box and then connected
to the vacuum lime énd degessed (BI;). Aliguots of benzene or
mesitylens were then distilled in, the amncunt added beling deter-
mined by weighing the contalner befors and after sach addition,
The mixturs was now isolated from the pump, and allowed %o come
t0 equilibrium at the temperature sslected for the pressure
measurenents, Readinga were usually taken below rooa temper-
ature to aveld thermostatlng the manometer, To achleve this,
either an ice bath (0 % 1°C) or a p-xylene/1i3uid nitrozen slush
bath (13 £ 1°C) was used, In the case of boron tribromide +
wesitylene, consistent readings were only obtained when the
mixture was well stirred. The reason for this 1s rot known.

To achieve mixing, a magnetie stirrer and glass-coated follower
wers usea; wﬁich<meaht howsver that the mixture could not be

thernostated, and all readings kad to bs taken at room temperaturs,
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The quantity of Uoron hallde used was determined by
post-ezxperimsnt hydrolyeis end +titriuetriec aralysis. A%t the
end of each run, the mixture was frozen in 1lizuid nitiogen,
and the mixing vessel cub off using a hot spot. The mixiure
was then analyaé& argeatizetrically, as described previously

{paze 16 ), for haligde.

Results and Discusalon

Noron Tribronide + Benzene

A colourlesa sclutlon resulted from mixzling boron tri-
bromide and benzena, which remalned golourless om freezinb.
in cOntrast 40 the osther systems studled,
Four experiments were performed, and the results chowmn
in Table k. | |
The results from ezxperiment 1 were in very poci azrecnent
with ths rest, and were discarded in constructing tha Pressurs -
compoeition curves (diazraem T)e  These show & poaitive
deviation from Racult'’s lawie | |
i’ = IIApA + 1‘323;;3
N, = Mole fraction component A
pA = Partial presgure compenant A

Pm Ghserved presaure.
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EXPERINEnT
RUMAER

YOLE FRACTION ¢

3CRON TRIBRONIDE

Nl e o P e OOE RN OWORN WO e W W W N e

VATGUR PRESSURS (TOER 2 1 TORR)
0% 2 1% 13% 2 1%

" —

19 37
22 38
24 43

26 45

27 49

41 -

29 49

29 52
30 51

28 52

28 52

27 %1

27 51

28 51

27 51

1 -

28 5"

32 -

30 -
25 52

100,0
100.0
97,9
94,0
8645
61.6
53.6
48.8
B34
38,3
35.4
34,6
3.1 o7
28,2
23,7
22,9
2.6
5.7
114
8.3
0.0
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This implies that the major contribution to interaction
between boron tribromlde and benzone in the 1ligquid phase comes
from . Van der Waal's forces. An alternative repre-
aentaticnv is that %he attraétian between two molecules of the
same component i3 greater than between two different moleculss.
I? eny Bignificant coaplex formation occurred, a negative

deviation would be expecied,.

Boron Tri-iodide + Beazena

Great diffiowlty was experienced in diasszolving boron
'tr1~iodiﬁe, even with vizorous stirrinz,. Conszegusntly,
measurements were only ;ésaibla at 13°¢,xana then only at
concentrations below 30 mole 7 horon tri-islide, ,

The solutions were colourless, and remained 80 on
freezing,.

Tﬁe results of the single experiment are given in Table 5.

ADE S

VAPOUR DPRESSURT OF 30RO TRI-IODIDE 4 JCH7ENER

VATGUR _FRESSURE . | MOLE FRACTICN %
(*ﬂc;zm;» 1. TORR) CBORON
| 139¢ = 100 i hl-INNIDE

2 | 00,0
L3 , T 2846
1&8 ' ‘ 134
- R 1 9.6
Y4 - 00
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sesplée the szall numbder oflpciats; ard the fact that
only one-third ol the total composdltion range is covered,
the pressure-composition curve (diagram 8) shows a clear
posltive deviation frou &a@ult*a Lawe Agzailny there is no

support for complex formation.

Boron Tribromide « Fealtylenae

Ag 1In the cryosocople experiments, a ysllow eolour,
particularly pronounced in the solid phase, sppeared on mixinz
the two componentia.

Because of the necezaity for stirrinz to obtain consistent
pressure measurements, readlngs were only taken at room
temperature, 15°C. The results are shown in Table 6.

PARLE 6
VAPOUR PRESSURE OF BOR0N TRICROVIDE & MISITYIINE MIXNTURES

V&PGJ& FHEQ&JRW FOLE FRACTION ¢

(Term = 1 ?Lnﬁ} BORCH
19 = 1%¢ | _TRIPROMIDE
52 100.0
37 Giel
26 61.7
33 , 497
26 ] 35.0
25 | - 32,5
2 0.0

As with the previcus experiments, thére 18 a positive

deviation from Raoult's lLaw, and no evidence of complexinz

(dtazram 9),
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(3) DrOPON DASHEPIC REIONANCS

2 onigts were deternised for wesitylene, and a 131
zixturs ¢f mesltylene anld boron tribroaids, usinz tetra-
metaylsilane {(T.M.5.) a3 internal stasdard. For comparison,

the 1:1 mesitylene/chlorofora epectrua was also run.

Experinsntal

Chemicals t~ o
- Nesitylene, chloroform and horon tridromlde were purified
ags described previously (p. 29 ). Tetrametihylsilone was

used &5 obtained commerclally (3.D.H. Ltd. ).

Procedurei-

All tke spectra woere run on a Yarlan iHA 60-IL machine
(GO Eﬁ;)e locked on to the T.M.S. peak, with facilities for
low texperature spectra using a ligquid nitrogen/nitrozen gas
flow for cooiling. | N

The NeieRe tubses were £illed with sample in a drye-dox
(including small quantities of T.M.S. as en internal standard),
and then sealed.

Spectra were obiained for all three samples at rooam
temperature, and also at «40°C for mssityl%hé ana mesitylens/

boron tribromide,
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Nesuldta and Lisoussion

BAYTT T
L e

PROTON MAYNITIC RINOUANOR RUSINDG

sgspos  [SSPSESITY | pemer | CHTMIOAL, SHIDT SPLITTING
RAZIO Room AD S
tamperature =4C"C PATTER:
HZ DePolliy HZ Toelafie
CeHa(CHy ) > ci 128,77 |2.145 [127.6{ 24127 | At least
6737575 3 ’ ' guartet,
1 H 30644 [6.607 3244/ 64573| At least
- | octet.
SotialClixda | 3 | CHy  |92942]2,153 128.5]2.160] At least
6"517373 3 | guariet,
Y 330 1 1 396.8|6.613 295.0 64583 | At least
- I . octet,
Colig (Cla)n | 3 cH 130.0 (2,167 | = - | At least
6735 : 3
u ' guartet.
+ ClLCL, 1 ot 400G |6.5TT | = - | At least
octet,

All ﬂhifta'are relative to THE, and accurats to z 0.333'
'(0¢006 p-p.m.}.
:The'aepafatian between peaks due to 3plitting was No.éﬁ3

for sach syaten.




The predicted sjpectrum for meaitylene“,ia two peaks
with very complex splitting, since all) the couplings are lonzg
ranze, eunall, anl of the san? order, However, the chemical
sbiftes and oboerved splitiing in the present case are in good
agresnent with pudlicked spectra for pure maaityleae.’i"2'13'

Before the shifts in the mixtures Ccan be csmpared with
those of pure mesltylene, allowance must be made for the
variation in bulk zagmetlec susceptibllity. This can be
representea‘h as “preferred orientations® of the molecules in
the mixtures arising not from any chemleal interaction but
from the inhereant maznetic anlsotropy of the molecules not
averazing cut to zero when all possible moleculg-molecule
orlentatlions are considered. The-cgrrecticn is made using

the eguations'15'16

J corrected ® Jobservea * 3 AN X pixture = X mesitylene)
R whera d © ghift 1in Pepeite
X = volume susceptinility
end? : |
X mixture = N, X, + N X,

The values used were

X mesitylene = «0.652 CeZe8e unitss
X Bar, =-0.900 * !
X cxol = -0,731 ?

3
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The effect of the T3 in this reepest can be neslected,
since 1t is only slightly affected by changss ia bulk
magne;26 susceptiollity, and 1% 1s present in only ver& low
eanceﬁtr&tien@.

After making the corrections, the shifts obtained

(ralative to pure mezitylene as zero) arete

AT 8
CORREGTED P..R, SUIFDS (YESITYIENE = 0)

SYSTE! FROTON CUCHICAL SHIPT (PF.il,)
T?ﬁggg%?ﬁ%ﬁ ~40°0

MERITILENE | CHy ~0.24 “0u24 |

+ 8ary | 1 ~0425 ~0.24 |

EESIPTYLINE | Cig -0.06 - |

+ CHC1, H ~0.01 - |

‘ |

Zue to the correctlons made, shifts are now accurate t0 caly
2 0401 pepete |

All ohills ere row g§~field, showing more shielding, as
expected, Aromatie profons or sudbstituents are norzally
strongly deshielded by the field produced by the ring eurreué“"@
which opposes the ampplied field within ¢the aromatle ring, but

reinforces it outside the rinze [Hence an up-field shift
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suzzeste a weaker ring current, vhlch would occur 1f thers was
interaction between the TVwelectron systea and the lewis acid.
liowever, the £kifis ere always only very slizht, indlcating
that any interaction nmuzt be extreaely weaxs Compare, for
exanple, with the complexes ef 1,3,5 trinitrobenzerne with
benzene and methylhenzene&17, where shifts of 1.2 - 1¢3 DePDeme
are cbtalned for the ring protons. But nezlizibdle shifts are

8180 obtaluned for solutions of fodine in benzene‘g. where a

woak charge-transfer interaction is also thouzht to oceurﬁg.

Previous studies''® on the shifte of tke chloroform proton
and 113 of voron trivromide, poth in mesitylene solution, gave
values for 141 mixtures of «1e1 DePeite 8nd =0,60 pupee Ires-
pactively, relative to pure chloreform and pure boron tribrogiﬁe.
The srall values again suggest only weak interaction, though
stronger than lndlcated by the present work. fhis iz probably
dua to the cbaﬁge in shielding of the Lewls acld atom; sited
direcetly above the 7TT=electron ¢loud, beinz more pronounced
than the indirect shielding of the ring substituents.

The 1dentlcal shifts obtalned at room temperature and -40%
for mesityleans/voron tribromide suzzest littls or ro temperature
dependencs for any interacticn. This is rather surprising,
since the shift obtained would be a weighted averaze of the
shifts for "complexed® and "free®" molecules (essuslng rapid
exchange)e LSee, for example, reference 14, p.100]s Cne
would expeet an increassing proportica of molecules to be com=
plexed as the temperaturs was lowered, with a corresponiing

increase in shift.
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(4) RASAN SERCTROSCHPY

- The nIoman epectrum of an approzimately 111 mixture of
boron tribromide and benzene was run in the reglon 0-200 cm™ ',
wiaile the sanple was kept frozen, in erder to detect the
possible presence of lattice dands atiridvuiadle t¢ relative
notion of molecules in the e0lid (see, for example, reference
20)e 3scmuse of the large masnses of the molecules izvolved,

such lattice moden would be expectisd at very low freguencles.

Fraerimental

Speotra were run using s Carey 81 1nstrument; with a

50 oW lslium-iison laser, and 53233 exeiting lins.
o The sasple was placed 1n a flat-ended capillary, sulseg-
uently sealed. his was surrouniszd by a wﬁi el plastieine to
act as an insulating jacket, frozea by immersion in liguid
‘nitrogen, and placeld in the leser bean. - Periodls visual

checks were nade t0 ensure thalt ths sample razained 801id.

Hesults aad Dlccusslon

Cnly two banls were odialned, at 153 e~ aad 280 cm"’.
‘both strong in lntensity. Theae ara attributasle to the v“
{1o~plane bend) and v, (syuuetrie atreteh) moldes of boren

tribromide, which occur at 150 ozl and 273 cu™! in 1iquia

boron tribromiaez1’22.

23

' Denzene has no avsorption in thie
rezion“~. o c



bty

The absence ¢f any furtzer bands indieates that lattice
hands must bYe 80 weal a3 t0 be indistinguiskable froa Dacke

ground nolse,
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CONCTUSINNS

While the results obtazined eliminate the existence of
atrongly-bonded complexes between boron trikalides and
benzene derivatives, the possibility of weak contact charze-

transfer ban&ingzu'zs

renains open.

The positive vapour pressure deviations from Zaoult's
Laa, and the fallure to find eny dlscontinulties due to
cowplexing in the phase diagrams suzzest that the bonding
ecergy wast be extremely swmall, even by charge~trancfer stan=-
dards (for exaample, benzene/ioidine is quotaagﬁ a3 -1.,32 keal/
mol [-5.52k3/mole] and bvenzene/trinitrodenzene &s «1,7t keal/
mole [-7.15 kJ/mel])e A parallel can be drawn with the benzene/
lodinsg systenm (ses, for ezazple, the reviews in references 19
and 27}, where the bulk propertiss of the solutions show no
Geviations, but charge-iransfer complexing is wsell estadblisked
by other nethods, such as infre-red and ultre-viclet spectro-
gcopy, spectrorhetometry, X-rey crystallography.etce  Also,
as alrealdy mentiomed, there 1s no measuradle skift in the
benzene ' resonance ca dlssolving iadiné‘a.

Parther suprort for loose coaplexianz c¢oues from the yellow
coloure ¢bserved when freezing cany mixtures of boron tri-
bromide and methylbenzones., Abvzorption in the visible epsctrun
iz a welleknown phenomencn assocliated with charge~tranafer

‘ 19424428 . oy . ,
complexes s cauzed by transiticns betwesen energy levels
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asseolated with the charzs-itranzfer bond. Indeeod, the
closely ralated systexzs sluzinium brsmiﬁa/benzene or wethyle
benzenes have been showm to form 11t and 211 80118 couplexes,
all of wilch are various sikades of yellcw39’50¢

Ywo approacies wialeh wishd provide mowe evidenes of
complexing are the use of dipsle moucnts and of ultra-violet
spectral wessureneants of soclutlons of boron trihalides in
benzenes. Both rejulre further investigation. lany charge-
tranefer conplexes, even when formed by molecular specles each
with very small individual dipoles, have beea sbowa to exhibit
‘apprecladle dipole zomenta” ! (esze L0dine/benzezs)e A detore
ainatianzz ¢f the dipole moment of bdoron tridbromile in benzene
vieldsd a value of C.134 e.B,4s Tince very low values arve
unreliadle 1t was inferred thai the boron tribromids was planar
hiowever, in view of some of tho other evidence, iuls needs
re-investizating, along with other 8ysisms, in case the low

value represents a real dsviastion from zero.



PART T%O
INTZRACTION OF GROUP TINEIE FALIDES

WITH CARDORYY HALIDNES




48

IHTRODUCTICH

Although reactions of boron and aluminium holides with
orzanie cuarbonyls (and other organic lizands) have been
extensively studied because of thelr importance in Friedele

Crafts type aynthese333

s with one exception very little work
bas been done on thelr reaction with carbonyl halides,

The exception is the system aluminium chleride/carbonyl
chloride (phoszene). The firat roference to this is in a
paper by Baudsu, who elaimed the existence of several solid
conplexes varying from A12G15.566612 to 2312915.cec12. In
the 1lizht of later %ark. this paper seems very unreliable.
Gerrenn®? end co~workers carried cut extensive studles on the
solutions, which contriduted eonsiderably to the formalation

35'37'33. Aluniniun

¢f acid-base theories for solvent systeus
chloride/phoszene solutions were believed to contain ienie
specles, such as COCL* or 00%* cations and A1€1, " enlons, and
the s0lid complexes obtalnable from these solutions were also
thought to be lonic. Subsequently, nuston39 has shown that the
exchange rate ¢f radiocactive chlorins for very dlluts (less than
2 egquivalent fraction per cent) aluminium chloride solutions in
phesgene is very slow, exchange half-lives varying between 12 end
60 hours at 0°C. This slow exchange would be extremely

improbavle if ionle species were involved. IHuston also showed
the exchangs to be homogeneocus. Ia a later paper, hewevar§§.

he nodified this view to allow for the appearanee of ions at
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higher conceatrations, the exact concentration at which ions
first appear in the solutlon belng dependent on temperature.
(Approximately 10 eguivaleat fraction per cent at -21°C,
2 at 0°C and C.3 at 25°C).

ore recently, Jones and Wcod“’ and Christe“g have shown
that cnly the 111 complex exlsts at anbient temperatures, this
being a white, easlly dissociated solld, nmeltinz point 25%,
Both sets of workers overcame extrere experimental difficulties
caused by the reactivity of the complex to obtaln its infra-red
spectrum. Althouzh there are some wide dlscrepanclies between
the two sets of Band'aasignmants. both papers azree on the
dative covalent nature of the complex, with co-ordination
throuzh the oxyzen to aluminiun,

cl ' CL
P —

- Na

. C L

Christe confirmed the 111 aluminiam chloride/phoszene eomplex'
by nmeasurement of vapour pressure - ¢onposition curves at o°c.
and 2500, when both a negative deviation from Raocult's Law and
& sharp bresk at a 1:1:éale ratio were found, However, with

boron triehlorida/cabﬁényl chlériae. he‘feund a pos;tiva
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deviation from Baoult's Law, and no evidence for a complex.

Thais 1s rather surprising, since boron trichloride is generally

‘aocerted to be a stronger Lewis acid than aluminium chleridehs'kb.
Literature data on systems involving bromide is very sparse.

As vOR Bartall? clalmed that alumiziun bromlde reacted with

excess phosgene according to the equation
Alar} + 300C12 = Alﬂl5 + 2C0C13r,

¥ith the aluminium dromide in excess, however, at 100%¢
aluminius dichlorobromide, AlBrClz. was supposed to be formed
as a brick-red solid, meltinz at 142-143°C, Identification of
this substance was based on analysis. The red colour seems
rather'surpriaing in’view of the faet that boih aluminium’
chloride and aiaminium bromide are white. . In & much later
paperhs, Corbett anﬁ Gregory repeated the experiment, and found
t2at the red colour was due %0 free bromine; Also, the
erystais obtalned resembled en annealed mizture of eluriniun
chloride and aluminiuam bromide rather than any mixed hallde
phase invelving Al8rCl,3 no analyticai data were givan«
Aluminium dichlorobromide is known, howgver. froa the reaction
of hydrogsn chloride on aluminium‘bromiaahs’QT-

The objects of the pr%sent work Qerei~
(1) In view of the fallure of Ckriste®® to find a complex
between boron trichloride and carbonyl chlorile, to imvestigate

the systen boren tribromide/carbonyl bromide. Boron tribromide
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is a better lewis acid than boron trichloride due %o the
smaller degree of Nebonding involved in the molecule, leading
t0o a smaller reorzanisation enerzy for the traamsition
Bspa—-—-) Bsps required on ecmplexingz‘a’w’ﬁc.

bromide, despite beingz thermodynamically much less stable

Carbonyl

than phoszene with reapect to the dissoclation
cox,(1) = colg) + X,(1) or (g) [See Fart 3]

mizht be expected to behave a3 a better donor because of the
lower electreonezativity of bromine compared with chlarin351.
There 1s the added advantagze that possible halozen exchanze
would be unimportant. Technijues employed were infra-rad
apectroscopy of gaseous mixtures and s0lld mixturss, and the
113 magnetic rescnance of 1iquid mixtures,

(11) To re-investigate the resction between aluminium bromide

and phosgsne, and also the other comblnatlionst

Aluminium chloride/earbonyl bromide

Aluminium bromide/carbonyl bromide

Aluminiun iodids/carbonyl chloride _ ;
with a view not only to establisning the products of exchange
reactions, but also determining any complex formation, both at

room temperature and belows
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Technlques enployed wereile

(a) ¥izing the two components, both at room temperaturs and
low temperatures, puaping off volatile products, then welzhing
and analysing the residues,

(o) Infra-red sjpectroscopy of the vapours from the mixtures,

In both (1) end (i1), infra~red and Raman spectra of both
solutions and resilues would have bezen Invalusble. However,
safficlently inert materials sultabls for fabricating infra-red
cells were not avalladle (compare reference 4%, where the
complex aluniniua chloride/carbonyl chloride is stated %o attack
sodium ehloride, potassium bromide, silver chloride and polythene)
Infra~-red gpectra of the residues yielded only bands too breoad |
and too wéak t0 be assizned. Yeasurement of Raman spectra was
attamptgd. but each time strong fluorescence obscured any bvands,
Tals was possibly due to bromime being present in very low
concentrations, eince it 13 well knewnsz that minute quantities

of coloursd impurities can cause strong fluorescence.
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EXPERIMENTAL

Apparatus and Procelure

All the compounds were handled on a modification of the
greang-2ree vacuun line described in Part Onme (p. 27)
(3lagram 10)s Volatile compounds were storsd in the grease-
free containersz, A and B, from which eanmples could de distilled
into the reaspective U-tubes and then into the mixing tuds, C,
This mixing tube was fitied with a zZreaseless tap and attached
to tha line via a greaseless jolnt, so that 1% could be readily
detached and welghed., Having ab%ainea thé required mizturs,
one of the storaze contalners could then be replaced by an
infra-red cell or H.¥,R. tube as rajuireds The ralativelj
iuvalafilég s8011d, aluminium halldes were loaded in%to the
mizing tude in & dry-box, and the mixinz tube then attached to
the line and evacuaté;.

For infra-red 2as ?hase spectra, a call é@ecially designed
and construateé in the departmeﬁt was use&v(diagram 11)s The
cell, path-length 10 cm, was fitted with ;étassium bromide
windows, held cn and sealed by Viton '0-rinzs® and metal screw
caps. It was also fitted with a "Uniform® gréasalasa tap
(Glass Freclsion Inzineering Co. Ltd.), and with an '0-ring
Joint for attachment to the vaauuﬁ line, It was capable of

holding a vacuun of ea. 10™* torr. For £illingz with the vapour
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M 11 INFRA—RED GAS CELL
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| \
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Screw Screw KBr ,
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from a reaction mixture, the c¢ell and mixing vessel wers both
svacuated, and then closed to the pumps The taps connectiang

- the two were opened, and the system allowed to come to equile
ibriun. After shutting the taps and puzping away excess
vapoury the cell could usually be removed from the line simply
by s8liding the jJoint apart, deopite the vacuum inslide. 1Ina
few instances, 1t was pecessery to ehrink the 'O-ringa' of the
. join%, using a little 11guid nitrogen, in order to pull 1t
aparte To run the spectrun of a gzaseous mirxture of boren
tribromide and earbonyl bromiée, the cell was attacked o the

- 1line in place ¢f the mixing vessel. ZEZach of the components,
étared in vessels A and 3, was dlstilled into its respeetive
U~-trap, where they were thermostated such that the ¢$wo vapour
pressures were nearly identiecal, and of a suitable value to
oblain xeaaonabla peak helzhts in thg spectra. The boron tri-
bromide was kept at room temperature (approxzimately 20°%C) and
~the carbonyl bromide at apgrggimately:*5°¢ (1¢a/éalt bathl,
where both have vapour pressures in ths regian_ﬁovtoir“'ss.
The vapours were then sllowed 0 mlx, and the cell filled.

The spectrun of a solid boron tribxnmiﬁa/éarbonyl bromide
‘mixture was obtalned by using the cold cell shown in dlagranm 12,
A 111 nixture of the vapours, preparsd as described adove, wae

sprayed throuzh the fine nozzle on to the casslum Lfodide plate.
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Caesium 1o3ilde was usaed due t0 1ts supsrior resistance to
thermally-induced strain compared wilth most common window
caterialss The plate was elted in a coppor holdsr cooled by
1izuld nitrogens Afisr opraying on ths wmizture, thke plate
eould be rotated by means of tha greased joint at the top of
the apparatus 80 a3 o aligm 1% with the potassium bromides
windows. Care had to be taken that the greszsed joint 14 not
gleze Que to the extrems cold. Sest mobllity wae cobitained
uaiﬁg»gpiazan I greasse {May ead Daker). Another problen
encaunteieﬁ in hmmié,w&a%har was that of water and carbon
diloxids condensing oﬁ tue oulside of the potassliun bronmide
plates dus 10 the cooling of the apparatus, and gpuricus bands
were obtalned in the spectrya’ast approximately 3500 cn! and
1600 en” !, {water) and 665 em™! (carbon dioxile). The one

- doud¥ about the principle o¢f the methed misht be thal, for weak
complexea where there is interactlon 1m the solild but not the
gas phase, spraylng a gaseocus mixture on 19 a cold plate glves
not a mixed erystal, but a mizture of the individual erysials,

' However, using a similar method for bromine/benzene, Person’*

showed that only the mixed erysial was farﬁed; end complexing
was obaerved,

‘A1l infra-red spsetra described edbove were run on a Perkine
Tlmsr 337 instrument, giving a resolutlon of spproximately

"t 5 em.”' »
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Y

Infra~-red spectra of the residues from aluminium halide/
carvonyl hallde resctions were attempted ga;ﬁujclvmulls &nd
dry powders, bétwaen potassiun brozmide plates. These spectra
were run on & FerkineIlmer 325 instrument.. [iowever, the bands
obtalred were always too broad and weak to be of use in

identifyling the residues.

Rﬁman,epectra of solutions and s0lids were attezpted on
both Cary 81 (helium/necon laser, 63283 exciting line) and Spex
Ramalog (ionised arzon laeser, 51&72 exciting lire) instruments,
but ell eamples XIueiesee& 80 etrongiy 89 to completely chacure
any bands.‘ The samples were made up by iziiing,thick~wallea
capillary tubes {with flattened hases;of,tninﬂer glzes) in a
dry-box situated in a fume cupboard, then freezing, and sealing
off the tudes. |

g nuclear magnetie resonance for berbn,tribremide/ :
earbonyl‘binmida end pure boren tribrozide was carried out om &
Ferkin-Zlmer R10 instrunent (60 ﬁﬁz). Twa_ﬁ;ﬁ;ﬁ;vtubes. each
aontéining a,eealei caéillary of boren trifluoride etherate,
BP340E5y &2 external reference, anaﬁtitte&rﬁitg & greaseless
Jolnt, were attached to the vacuua line and fil;ed reapactively
with'pare‘bnron‘tribromiae,anﬁ an aprroxizately 1:1 mixture of
boron tribromide/carbonyl bromide., Tney were then sealed, and

the spectra run. Shifts were measured accurately to 3 PeDeDe
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For atuldyinz the reactlions of aluniniun halides and
carbonyl halides, the mizingz vessel was evacuated, weilzhed,
lozded with alumiaiun halide in a dry-box, then re-evacuated
and re-wglghade Carbonyl hallde was distilled. in, and the
nixing veassl ree-wsighed.s The syasten was then therzosiated
12 regquired. . Afler pumping off earvoanyl halilde at low tempw
erature, ususlly -45 £ 1°¢, (onlorovenzens siush bata), the
mizing vessel was re-weighoed $o0 ses 1f Yasre was any alditiom

in welght corresponlding to eosmplex formatlion. Comparisom

39 42

with tha method of preparation”” and disgsociation pressares
quoted for aluainiu& chloride/carbonyl ehloride showed tae
unlizeliliood of decompuaing any couglex Jformed Dy punplng eway
excezas carbaayl halide at «45%°3,  After punping to dryness at
room temperature the residue was weighed, hydrolysed, and anale
yaoed as followai= "

Freeas sodiun hyiroxide solutlon (coneentration not
eritical) was placed in the mizingz vessel ahove the tap, azxd
the vessael stoppered. Tha %tap was slowly openeld to allow
gradual hyirelysis of the residue. - After shaking %o discolve
the resldue completaly, the hydrolysase was male up to a stan-
- dard voluze in slightly seld solution (IXiC4)s  The addition of
ocid wos t0 preveant the slow preaipitation of varlous aluainium/
hydroxide species whieh ovcurs in alkalline sclution on standing,
and which are very difficult %o wediszsolve. The hydrolyais
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itezelf had to be carried out in alkaline medlum because
aluninium bromide, unlike aluminium chlariﬁe..hydrolysea only
extrezely slowly at pH (7 55. Total halide concentration was
detcrmined by Volhard'smethoagé. involving the precipitation

of silver halide from nitric acid solution with excess 0,13
silver nitrate, filtering, and backe-titrating the excess

silver nltrate with O.1N amnonium thioccyanate, using ferrie
indicator. Chloride was datermineﬁ57 by first removing

bromide by oxidaticn to bromine with potassium iodate in acld
solution, followed by bolling. Excess lodate was remaiea by
reduction with phosphorous acid, nﬁroj. and bolling off the
iodine 80 formeds The chloride solution remalning was then |
tifrated by Volhard's method as above, the bromide present ﬁ
belng obtained by difference. Aluminium was determined gravie i
metrically by precipitation as the 8~hydrcxyquinelaté L
("oxinate"), Al(ﬁgﬁaaﬁ)s. in anmonium acetate buffer (refercnce |
56y pe 3C8 end 516). The precipitate was collected in a
sintered zlass crucible (porosity No. 4), washed, dried at 1209C,
and weighede

Chemicals

Carbonyl bromide was prepared according to the method of
Sehunacher and L@nnerss. by the reaction of carbon tetrabromide
with concentrated sulphuric acid (specific gravity 1.83) at
150-170°C. The carbon tetrabromide was heated Just to melting
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in a dry, nitrogen-filled atmosphere, and the sulphuric acid
added dropwiss from a funnels After all the sulphuric acid
had been added, the mixture was heated to 150-170°C, when all
thoe volatile proéucta of the reacticn distilled off, and were
condensed using a cold finser f£1lled with an ice/salt mixture. .
The distillate was collected in a flask cooled in & solid
carbon dioxide/acetone slush bathe The dark-brown distillate
céntained; apért from carbonyl bromlide, considerable quantities
of free bromine, hydrozen brsmi&e, and assor%ed'aulphur
compounds, The agparatné was open ta-tha atmosphere via a
drying bottle (coneéntrated sulphuric acid) to allow for the
eseape_ot ecarbon monoii&; also formed 15 the reaction,

The brcﬁina was removed by the very slow addiition of
mareﬁiy while shaking and codling‘the liquid. (This process
must be earfied ou% very carefully, sinee'the large heat of
reactlion between meréury and bromine can éasily lead to

decomposition of the carbonyl bromide
codry(1) = co(g) + 3r,(1) + (g) 1

The mercuric bromide formed ®talled off® to zive a coating on
the wall of the flask, while the liquid turned from dark brown
t0 pale yellow. , | o
The earbonyl bromide was distilled off at atmospheric
preasure, the portion bolling between 61-65°C belnz retained.



63

The last traces of brumine were removed by the careful
addition of small quantities of antimony powder, while
cooling, and a further distillation at reduced pressure
yielded colourless carbonyl bromide (boiling point at
atzmospherio pressure 645 = 0.5°C, literature valuegj 64-65°C),
The yleld for tie preparation varled betwsen 20-407 of

theoretical based on the ejuation
cara + [0 > CCBr, ¢ Bry «

Carbonyl bromide is extremely poizomous, 80 all distill=
ations wers oarried out in a wellw-ventilated fume cupboard,
and the apparatus was open to the atmosplers only via a conw
centrated sulphuric acld washhottle (to exclude moisturs)
and a washbotitle of concentrated alkall to decompose any

carbonyl bromlde wvspouri=-

The carbonyl bromide was introduced into the vacuum line,
degassed by repeated fraeszing éna pumpinz, and aﬁored in the
dark at -195% (115414 nitrogen)s Vhen a saanple was reguired,
1% was fractionated through =45°C (chlorobenzena slush bath)
%o a:trap aﬁ «94°%C (toluene slush bath). at which temperature
any hydrogen bromide impurity would be pumped away (vapour

presaure“ approximately 500 torr).
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The purity of the carbonyl bromide was teated by
bydrolysing a sample with alkall, as described for aluminium
halldes anove, and titrating by Volhard*s method.s A typieal
resull, nsing a 0,339z saxple nade up to 200 ml solution wes

3z {(found) B4.67 by mass
Br (calculated) 835,174 by mass

To test for the presence of fres brozire, potassium 1odide
was added to a 8lizhtly acid post-hydrolysis sclution,
£ollowed by a drop of etarch solution. The absence of any
innedlate dlue cclour due to starch-iodine complex showed the

{cdine conceatration to ba less than 2 x 10"5f 58

¢ cOrreaponding
to a broamine content in carbonyl brouide of less than one half

of one per cent.

Commercial carbonyl chloride (Matheson Co. Ltd,), supplied
in a éylinder under pressure, with stated purity 92.0¢ minimum,
was further purified by fractionation as for carbonyl bromide,
Ehe‘eylinder was éannectea to the vacuunm line by a lenzth of
rainfaree@ polythene tubing, ths jolnt eithér end belngz made
vacuun tight by application of *Torrseal® resin (Varian Ltd),

Boron tridromide was purified as described previously
(pe 29 )s | ”
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Commercial aluminium chloride and sluminium bromide
(3.D.0. Ltd.), with minizum stated purities 987 and 99
respectively, were vacuum sublined several %times each, the
Lirat few times from a mizbture with finely-divided aluminium
powder to remove water and free halogen. A micioun of
heating had to de used for these sudlimaitlons, because cn

heating at low preasures, the reaction
2a1(s) + AlXz(s) —> 3a1x(g)

. tends to eccurﬁg. {n condensingz, the mcnohallde dlspro-
portionates to the trikallde and sluminium again, resulting
in a transfer of aluziniua metal to the final product.

After sublimation, both trikalldes were white, crystalline
golids, thousgh the tribrozlde éa:&ened slightly after =zeveral
months even though stored in the darke. The purities were
teated by alkaline hydrolysis followed by halide and aluainium

detsrmination a3 deacribed above, The results wers

A1C1y C1{found) 7917 by mass Al(found) 20,37 by mase
Cl{cale.) T9.7# by mass Al{cale.) 20,3/ by mass
AlBry Br({found) 89.87 by mass Al(found) 10.2) by mass
Br{calc.) 89.9,) by mass Al(cale.) 10.1 by mass

Attempts to purify commercial aluainium iodide (slfa

Inorganicag no stated purity) by sublimation resulted only in
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further decomposlitlon to asluniniun and ioiine, Likewlse,
preparation irom the elements according to the method of
Vatt and Hallso éésulted cnly in dinseoloursd product.
Probably this was dus to tze difflculty in the method, which
involved subliaing iodine through heated alumlnium grazules,
of packing the alualnium extremely tightly. Only one-inird
of tha'quotéd welzht of aluniniua pei unit voluze of apparatus
could Ba achieved. @aerefcre.'tha comseraial product,
supplisd as a plak powder c¢ompared with the white colour of
Parg aiuminium 1odida, was used directly, since analysis
showed tho purity to be battor than 99, despiis the die-

eolouration.

3

.AIIS i(founﬂ)\?ﬁ.zﬁ oy masa Al(found) 7.0/ by mass
I(calecs) 93.4% by mass Al(calc.) 6.6 by mass
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RESULT
SRRSO

Baoren Tribromide ¢« Carbonyl Bromide

(n mizing boron tribromide and carbonyl hromide, a
ealaurléaa solution resulted, which turned very slowly brown
‘on 8tanding in the 1li:zht for meveral hours, due 10 Gecome
poaition of carbonyl bromide. The rate ¢of appearance of
broaine colaur.was about the same es for pure carbonyl bromide
under the same conditions,.

The gas phase spectra of boron tribrﬁmiae. car%enyl
bromide, and an approximate 181 gaseous mixttre of the tws are
shown in diagrams 13. 14 and 15 respectively, and the Lfreg~
uencles listed in table 9. | |
All frequencies are £ 5 cn”l,

The_ageet:a cf boron trlbrémide and carbonyl bromide agree

very woll with published spectrad 1162

¢ except for the presence
of & PGR band at 1362 enV in the carbonyl bromide spectrun.
This 13 almost certalnly due tp the exirenmely stronz v3
fundamental (1352 cmf‘} of snlphnr~éioxi&e€3. present as an
impurity from the preparation. The intersity of this dand
xndicatéa that the sulphur dloxide was present in only small
woncentiationé, and 1@&@@& after the first few sanmjles the band
disappearaed {compars, for examglé. with the carbonyl bromide/

boron tribromide spectrum, diazram 15).
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UESCIES OF 30ROH TRIMOVIDI/CARYEYYL

ARLHIDE
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ASS TSI gimezm‘ cmaézfzﬁ BORLN TRl | ASSIGIZERT
o BLEILE PROEIDT, BROEIDE e
(REF. 61) cm- BRON T AL = (ReF, 62)
ARIDE o=
2 v, 3633 m 3632 w |
vy 18322 8 1822 8 |
3V 4+ 1780 = 1755 » | |
1715 w 1715 o 2 v4(778)
1639 1641 o 2v3(Me)
2, 1510 m - 1 '
2 Vg + 2, L1480 m - |
S ' 1375 w 13713 2 vyt V‘,’("B)
80, laugurity) 1352 8 -
2 Ve ¥ Vg 121% w -
v * v‘ 1150 m -
1132 m 1132 vye v5(1%3)
| 1093 n 1093 o ver 75(113)
2 vg 1018 w - f -
4 ' - . 1000 w Vgt Uu(10;‘3) |
97 n 967 = vge v, (1)
YV, 4V 918 w - 4 | - ‘
3 & ,,
910 w 91t m [ 2V vzt"a)f
855 vs | Bk ve | vy (193) |
| 818 ve | S15ve | vy (113) l
”1*”5 786 vs . T2 vs ‘ 2t
Yy Tat vs T42 va - . R ’
o ; 575w | 5T m va= ¥ (V)
Y, Vg 560 w - o -
L 3 e |
550m | 539 m vs- ut(”;;) |
Y6 512 o 512 w \
vy 42T m 423 m N
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The epectrum of the 111 mixture 18 clearly a super~
imposition of the two component spectra,s whereas if there
was any asscciation in the gas phase, shifts or changes in
relative intenslty would be expected in soma of the bands,
accompanied possibly by new bands attributable to a B w0
bonde Compare, for example, with aluminium chloride/carbonyl
chloride, where a band assigned to a shiftéd C=0 atretch
appeared in the regicn 1600-1T700 e~ u1.u2.

3imllar conclusions are reached from consideration of the
spectra of the solids (diagrams 16, 17, 183 table 10).
Althouzh many of thé bands shkow temperature shifts relative to
the gas phase spectra, there are no shifts in the 111 mixture
relative to the pure ecomponents. This strongly suzzeats that
no conplex exists even at low temperatures {less than ~100°C),

The 118 nuclear masnetio resonance spectra azain lend no

support to the poasibility of assceiations Samples of pure

boron tribromide and 111 boron tribromide/carhonyl bromide both

zave low~field shifts of 39 = 3 p.p.ms relative to boren tri=

fluoride etherate, No corrections for chanzes in bulk masnetie

susceptiblility have been attempted, since these would be

insignificant relative to the limits of accuracy of the measure-

ments.
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Aluminium 8romide s+ Carbonyl Rromilde

Cn condensing a large excess (mole ratioc ¢a. 511) of
carbonyl bromide oa to aluzninium bromide, a white =011d mixture
resulted whilst maintained at =196°C, indicating the aboence
of bromine. On allowing the mixture to warm, the carbonyl
bromide melted, and the aluminiua bromide floated to the
surface of the liquid., The aluminium bromide slowly dissolved,
but a3 1t 4id so effervescsnce and the formation of a brown
eolour were both clearly visidle at the 80113/1ijuid interface.
3y the time roon tegyeratura had been reached, all the s0lid :
had dissolved, and the colour had spread to give a uniformly
dark-browm solution. On pumping this solution at-~h5°0;
whefe pure gardvonyl bromide has a vapour pressure of eca.
ia tor&ss, a dark brown s0lid resulted, wﬁich ebviocusly etili-
contalned conslderable quantities of frea.bramine. Tﬁei@fore.
the temperature was gradually ralsed, while atill pumping, |
t1ll a white 80114 remaineds This proved to be slumlnium
bromide, feecvered almos$ guaﬁtiﬁatively. two ex?erimenia
givinz respectively 935,54 and 97.07% of the starting weight.
This 18 in sharp conitrast to the}preparatién of aluniniuvm
ehlorida/earbonyl chloride eomglex“‘. where om punping off
excess carbonyl chloride at epproximately 10 torr, ths 111
complex remained, | o

Althouzh the al&minium bremiag/carbonyl bromide mixture'
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turned dark-brown within ninutes wzile'warminglta room
temperature, a reference saaple of pure'carbanyl bromide,
kept at room temperature usﬁer atherwisa sinilar conditions,
reuained colourlesa, Evidently the aluminiun bromide |
eatalysed the decompousition of carbonyl bromide, a conclusion
supported by the preaence of a new, strong, band ian the infra=-
red apeefrum of the vapour from the mixture (dlazram 19).
Centred at 2150 = 10 cn™?, with well~defined P and R branches
and rotational fine structurs, this band i{s attributable to
carbon monexide63. ' | |

Even when malntalned at ~h5°¢. a fréshly prevared mixture
8%ill turned bHrowm, tﬁough.much’more slowly than ai room

temperatura.

Alunininm Chloride + Carhonyl Reomide

'Sevaral experimgats were performed, with aluminiun
chloridet carbonyl hi@miaa ratios ranzing from 211 to 1130,
On allowing some mixtures to slowly warm up from «~196°%¢, the
reaction appeared visually iﬁentiea; to tha aluminium bromide/
carbonyl bromide syaten, with solid flegting on the carbonyl
hrnmide. and gradually dissolving, accompanied by etferveacenea'
and formationvot bromins, to glve a dark-brown solution.
The appeafanca ¢f brouwine colour was extremely rapld, reaching
1%5 maximum intensity in well below five minutes when hand-hecat

was applied to brinz the system to room temperaturs quickly.
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Even when maintalned at ~h5°€. broaine was %11l formed,
but only very slowly., ©On pumping to dryness, also at -u5°c,
the residue showed a welizht increase far less than that
predlcted for a 1:1 complex. Bincs the resldue was brown,
the weight increace was probaj’ly due, at least in part, to
bromine, which at =45°C 18 a solld with vapour pressure only
eas 1 torr®,  This was confirmed by the appearance of brown
vapour on warming the residue to room temperature. The
result wagte

Starting wte A1Cl; = 0.0605 g

Final wte reslive = 0,065, g
Hencey &ven at these low temperatures and prescures, there ls
no evidezce for an isclable complex.

Two solutions, both contalning a larze excess of cardonyl
bromide, wers allowed to stand at room texmperature for several
kours, then puzped to0 dryness (when a whilte ©011d remained)
and enalysed. [IHesults werst-

(a) . (9)

AL = 0,33 x 10 g aton 0.78 x 10~2 g, aton
Cl = 0,40 x 10‘3g.atem 0.71 = 10‘3 g. aton
Br = 0.46 x 10’3g.atom 1,62 x 10~ g« atom

¥te Tesidue (ealckm 0.0662 g. 0 01757 2«

¥t. residus(found’s 0,0599 z. 041758 g

Starting wi.AlCly = 0.0465 &. - 0.1204 2o
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TUTRA-RED NP VALCUR PR ALUNISLIUA CHTORIDI/CARICHYL 3WHMILE

 FREQUENCY ASS THTIER
- em {zzp, 61)
3630 o 2y, CCx,
2150 s Co
1922 w ?
1822 vs vy Cox,
1780 n > Vgt V) CO8r,
1630 w 2 v, cocl,
1590 m 2 v, cocr.
1505 m 2 v& - COBry
%50 n 2 VetV Clir,
1405 vw Ver vy, G0C1,
1318 & ver v, CCClar
1218 n 2 Vet Vg ¢o3r,
1165 © Vgt Ve COsr,
1135 w ? '
1094 w ”a{" Vg CL3r,
1085 w 2 Vg o - Cel1ar
1022 m 2y, CO3r,
960 w ' T
G20 o BV 3+ vg‘ C%Srz
893 8 | ”1* vs .?GClBr.
808 vs L -t
785 vs(sh) | vgrvg OO,
- T45 vs- . ] Voo {:931'3
610 m | vgevy oo
S48 m Y 6 cOCLBr
5228 vy CociEr
512 s Vg Co8r,
4268 Yy cosr,
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Both residues correspond to A1x3 only, and also clearly
demonotrate that halogen exchange Las occurrsd,

~ Purther proof of exchange came from the infra-red
épectrum Qf ths va;ouf.from a room teamperature solution, when
bands for carﬁomyl ﬁrﬁmide. éarbonyl chlorobronids and
carhonyl gﬁlori&e ware all eléarly visibles The aszimuments
are given in table 11, and part dz a spectrui ¢0tained at
lower pressure (yy,expanﬁing vapour into a 1érger volume) is

shown in diagram 20 (compare with diazrams 14 and 21).

Ths mueh lower intsunsity of cazbonyl chloride bands

compared to the others 1s presumadly due to

| (a) The larze excess of carbonyl bromide over aluminium

chloride in the starting materials.

(») Cémplexing’of carbonyl chloride with aluminiuam chloride,
thus reducing ita vapour pressure.
Aluninium Bromida + Carbonyl Chloride

Similar results were outalnmed, with the solid dissolving,
and foraatlon of earbon monoxide end bromine. This occurred
very rapldly at room famperaturs. but much.maie slowly at -45°C,
' On pumping two solutions (both with a larze excess of
carbonyl chleride) to dryness, ong at ~45°C, one at room

texperature, the residucs saowed a daczease in welght compared
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t0 the starting aluninium bromide, ruling out any simple,

1:1 ccmplex fcmaﬂan'. Results werat-

~45°C3 (3rown residue) e
Initial wie ﬁlﬁrz = 90’259
Final wte residue = 0.1183

Room %emperatures (¥hits residue)
Initial wt. AlBrs = 0.2505
Final wte 1residue - 0.1453

Analysis of the room temperature residue corresponded %o Alxjc

Al = 0,97 x 10’3 2. aton
€l = 2.72 x 10”2 g, aton
Br = 0,25 x 10 g, aton

W4, resldus (cale,) = 0.1428 g,
Fte resldue (fﬁund) = 0,1453 e

Infra-red a?eetr& of the vepour from a room temperaturs
gsolution azain showed fhe presence of carbeonyl chloride,
carbonyl chlorobromide, carbonyl bromide and carbon monoxids,
all in appreciadle guantities (diszrom 22 ’tabla 12)e The
gas ﬁhaae epectiran of pure carionyl ehlorids was run for
comparison purposes (dlagram 21), and gives good agreement

with published spectra**®?,
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TAALE 12

INPRA-ED FRICUEGCIES OF VAPCUR FPRO® CARAGHYN CRIORIDE/

ATURINIUN 3300108

PREUENCY ABS TGN
cm"’ (RZ¥, 61y Ch, 65)
2140 m Co
1825 @ | Vo COX,
1680 m | 2y, “ cocl,
159% m {2 v, ~ Cociar
1405 » v1+ Vi, 4:'«%12
1310 m ~ Ve+ vy oeclae
1160 o 2 ))‘, 2 v6 00612
1020 w 2 vﬁ COC18r
1010 m v.rv vs C‘OC’lg
970 w ' ?
3o a Vet Vs CGCl3r
850 vs Vi Qﬁclz
205 va ‘ Vi ceglar
7890 s(sh) vyt »“5 co3r,
T45 e Y4 C{}Erz
580 n v 6 Gﬁ)ﬂlg
%65 w(akh) ), 1 00812
545 w y 6 ol
520 m y 1 Tals1s3 §.3
445 vw Vg 60612
425 vw v,' Co3r,
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Alunainiun Iodlde + Carbonyvl Chlorids

Blxing aluminium iodide and carbonyl chloride a$ -1§6°C.
then allowlng the mlxture to warm, resulted in the white
alumimiﬁm 10dide elowly dlsappesring, presumadbly dua to
solution in ths liquild carbonyl ehloride tﬁougﬁ this was
nasked by the deposition of conai&e?able quantitlies of 1odine
erystals. Effervescence was also observed.

Infra-red spectra of the vapour from the mizture showed
only carbonyl chloride and earbon monoxide (dlagram 23 shows
the reglon 1200-4C0O cmf’: table 13 gives the full frequencies).l
By comparison with aluminluam ehloride/earbonyl bromide and
aluminium bromide/carbdoayl chloride, this would sesa to suzzest
tuat both carbonyl chlorclcdide and carbonyl iodlds are unstable
at reom texzperature, decouposing to carvon monoxide, fodine and

carbonyl chloride. (3ee also Dart 3).
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INPRA-RED FREQUIRCIES OF VAPOUR PaN CARAMYT, CHLORIDYY

ATDMINIUM IODINT

FREIUESCY
en~ !

3630 m
3540 o
2150 o
2070 m
1828 vs
1680 8
1422 m
1165 n
1015 8
| 845 va
- TW5 w
530 s
567 s

v 2*‘ vg  COCL,
v, 00c1,
2y, coel,
vys v,  00CL

| 2 v1. 2-V6 CGCIQ

Vet Vg COCL,
vy, cac1,
v5+«v5 | CGC}Q
Vg ceel,
vy cocl,
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BISCUSHION

JeQause of the hizh electronegativities of the halogens,
carbonyl halides alsht Le prodictsd 10 act a3 poor Lewis basses
coapared to other carbonyls, sueh a3 organic katomaa“”ﬁﬁe
cuelr conploxes a9 exist would be ezpected to be falrly unstadle,
a theory supportsd by the progerties of itis aluninium ehloride/
cazbenyl chloride coxplex.

The present resulis on boron tribromids/cardonyl sromide
giva no asvidenca for complex formation, even at low temper-

42 on the boroa %rie~

atures, in accord with Christe‘s findiugs
ehlorids/carvonyl ciloride systeu. liormslly, boron halides
are considercd better Lewis aclds than sluxinium haildes (e.z.
with phosphoryl chloriaas7 and ethylaaetataﬁs). Yet for
carbonyl halldes, whlls aluminium chlorids forms an isolable
complex with phosgene, and there must be interaction in the
ctlher esystens to account for halogen excliangs and catalytle
decomposition of carbonyl bromide, boron trichloride forms no
corplex, and boronm trilbremide dces not catalyse the saze
decompositicns (The boron tridremids/cardonyl chleride and
boren trichlorids/carbonyl bromlde systeuns reuzin to be
atuﬁied); ﬁﬁia.aiaérepaney is probably dus™® to the need for
beron to rehybridize from planar 8p, to %etrahe&ral sps on

coordination, involvinz the loas of considerazbhle 7Tebond eneryy
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which has to be compensated by tha formation of a new
donor-acceeptor dond. Thus 1 the boron-doaor bond energy

i less than ths TT=hond energy 1033, no addust would bve
expecteds In the aluzminiua halldes, howsver, ths aluminiux
13 glready tetraledrally coordinated, o0 the sase prodlem dose
not arise.

As alrzady sitated, althouzh no 1s0laile complexzes were
found, some interaction in the systems aluminluzr bromide/
carbonyl bromide, aluminium ehleride/carbonyl bromide and
aluminium broaide/csrsonyl chlorile must be asssuzed to account
for the halogen excuanze and the catalytic deeomposition of
carbonyl bromide. Tuas speed of halogen exchange, as
exexplified by |
{a) - the quick appearanca of stronz infra-red peaks for all
three cardbonyl baliles,

(5) the rapild produsticn of bromins,

is in contrast to the resulis of Eust0339'g°.

For solutlons
of similar concentrations to those used ia the present work,
he found half-lives for exchange batwsen radloagiive aluminium
chloride and phssgene of 30 minutes or lonzer at 25°C. 1In
the present work, quantitative comparisons are difficult and
very approxlaate, becauge ol the mead fpr}eaéling the sysiens
initially to cbialn the mixturss, which then slowly waram t0

room temparature. Cn aprlylng external heat, however, to
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epead the attainment of room teuwperature, the bromine colour
gezned to6 reach maximum lutensity ln the orler of 5 nminuies,
sugzzesting a faster excuanze rate. The rezson iz nuot known,
sut tha fast rate suzrests that exclhanze prodasly cceurs
tarouzh aa lounle rather $han covalsat wmechaniss. TFor the
congentration range involved, Iuaton postulated icuisation in
the system aluminium chlorids/carvonyl ciloxida. -

The preassnce of apprecladle quantities of all throe
¢ardonyl hallles, even after standing for several hours,
suzzests that the exchanze 1s an eguillbriua progess, involving

several separate eguilivria of the type

AlCly + C03r, @ [A1G1}/513r3] + COCL3r =AlBry + TOC1,

e Il

€O + 31y [31c15/513r33 + COCL, + CO3r, + COCLAr

)

€0+ Brz
In a ¢losed apparatus, sush es that uszed, egquillibrium would be
¢atablished, but in an cpen syaten the esecape of cardbon nmonoxide
world pull the equilibria over. Iven s0, von Sartal's claim.“5
that only the reactlicn

Aery » 30001, ——3 AlCly + 3C0CL3r

’takss place seema a vast cvarsimgliricatian. Likewise, his
¢laim, based on halids analysis. that with excess aluminiun



bromida, aluminlum chlorobromide is formed quantitatively

also sseas Judlous., The nature of tha alasinlua halides

in aslution, and on pumping off carhoayl halides, cannot bHa
Judgad Irom tha results availlable. From the variation in
analytical data, howsver, thers must da a nixture of alumiaium |
halides, whather the simnle aluninium chlorids/aluniniunm
bromida alxture or involving ciasmleally distinguishable mixed
halldas, In this connasctlon, the fallure to odtain any

useful Faman or lnfra-red spestra is unfortunate. Cordats

naﬁ that the resildus Lron aluniaiun

and Graezory's assertio
bromide/phoszena ié an annealed mizturs of aluminium chloride/
aluninluz broullds is mersly gualitative, with no apparent
experimsntal backing.

he roaaldility remains that complexes may bs formed at
taareraturas lower than -&5°3, at whick temperatares halogen
exshanze and carhonyl bronida decompesition mizht he suffloe
lently slowy $0 enahle complax isolation. This is most likely
with earbonyl chlorida, which is 11juid down to -164°C%,
wilerpas carbonyl broanide so0lidifies at a highsr tempsrature,
estimated at «70 to =-20°C, (although ths exact freezing point
i3 not known) and thers would be difficulty in pumping off any
excand, Even 1% complexen were lsolated at such temperatures,
thalr stuly would of course present great problens due to the

naed to waintain then at mrll tizes at the sane low temperatures

to avoild decomposition.
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LETRODUCTION
| Three pupers have bsen puﬁlisheasa'ﬁg'7° on the ejuili-
brium

co(g) + 3r,(z) = coiry(g)

reporting ejquilibrium constants for temperaturecs ranzging fron
232K to 456X, Since

, .0
a sln Kg! - 35

a (1/7) )

the enthalpy of reaction and hence the standard enthalpy of
formation for earvonyl bromide could be derived. Wazman ‘ et.al.
used Trautz's (191%) results®® to obtatn &ﬁg cagr,(g) = -23.0 |
keal mol™! [«35.2 ¥J mo1~1], while Cox and Filcher!? quote a
*pest” value of -20.1 koal mol™t (84,1 kJ mel"] dsrived fronm
'ﬁcbgﬁécher end Bergmann’s 'O work (1931). Reerizk's results®?
(1923) lead to an intermediate valug of =20,9 keal mol™!
(=57.4 X7 mod™1J. | I f
| Iﬁ the absence of any furthsr exyeri&gntal data, and in
view of the spread of values, 1t‘wés'déciae§ 1o redetersine
&Hg emgloying‘a different, calsfimetrie. ayﬁroéeh. | The.
reactisn studled was ) ,

© c0ary(1) + ni0(1) =3 00y(2) + L2H2r.(n=1)i1,0](1)
at 293,155 and one atmoaghers pressure, for which the enthalpy

change 13 denoted es 21 hyd. By using water already saturated



with corbon dioxlide for the hyirolysis, ell the carbon
dloxide produced in the reaction ean be cosnsidered as in its
standard (zasecus) state. Since the enthalples of formation
of 8ll the other reactants and products are well knoun,
measurement of Al hyd allows 42 03r,(1) to be calculated.
Freliminary studles showed the reaction to bs slow,
0.3339 g of carvonyl bromide in 200 ul of water takinz ea
forty minutes to dissolve completely. - Since carbomyl bromide
and water are immiseidle, and shaking speeded up the reactlon,
the rate of hydrolysis is probably conlrolled by the surface
area of the two liguids in éaatgct. Analysis of the hyaraly~4 
sate gave 99.54 of the caleulated bromide, 1nﬁieafing th%t the
reaction goss to coampletican. In view of the slowesa of‘
reaction, the uss of an allabatic solution calorimeter was

eonslidered eassentisl.
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PIPERINEATAL,

Chemleals
The carbonyl bromlde was from the same batch used
previously (p.«SS) ZAnalyais: Er/(reuna)'ﬁﬁ.ﬁﬁ by mazs,

Br (cale) 85.1“ by mass]. | B |
Eistilled water wag saturatna with carben diozide by
adding a few 1nmps of dry ice to a flask of water whieh was
then placed In a thermostated bath at 2285 to equllibrate,

Calerinster
The‘ealsrimeter was basiecally simllar to that described -
in Part & (p.!31), but modificd to operata sliabatically,

Caapreheﬁmive dataila are already availaale75

The priﬁeiyla
differences from the e2 nata&tﬁtemparatureaenvir@amea% calori-
meter described in the next c&apter wersi- |
{a) Toe calorizeter was immersed in a water jackat, the
temperatura of which was automatlcally contrelled such
tﬁét the temperature differsnce between the inside of the
ealérimetar and the‘jaekef was maintained at a ganatant.
pre—ee%. level {oa 0.0 06 £ 0.002 &agrees). The deai;n“
of the aata%a*ia aﬁiabatie eentrol was tha same, with
miner ma&ifications. as that employsd 1n the uailenkamp

Adiavatic Bomd calarimeterﬂh
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(b) As part of the adlevatioc conirol unit.Athe gless Dewar
shown in @iagram 26 (p./32) contalned two additional
thernistors. ' | |

(¢) A Sealanmp galvanometer (1400 Q) was used in place of the
chart reoorder as thoe cut-of-balance detector in the
‘thermistor bfiage for measuring the temperature inside
the ecalorimeter. Readings of the thermistor resistance
ware taken every minute, |

| The only modifications ia the pfasenﬁ work ef the apparatus

" and procedure given in referenca 73 were due to the fact taat

reg:oducible results were only obtained on eliminating all

contact between carbonyl bromide aﬁé Eraa8e., The reason is not
known certainly, but one possible exglanafian is adsorption of
carbonyl bromide vapour by the grease. . This was supported by -
discr@9aﬁeiea of up to 104 in the quantity of carbonyl bronide
used as determined by waig&iag.&nﬁ camgarisaé witﬁ the results.
of poastehydrolysis bromide enalysis. To overcome thist-

(1) The ampoule desizn was ohanged slightly (dlazram 24) to

enable sealing under vacuum. The narrowed, thickened portion

facilitated sealing at a welledefined point, which meant that
the ampoule volume could be determined beforehand by welghing

first smpty then f£illed to the constriction with water. A

blank calorimeter run showed that the effeset of heating the

anpoule duiing gealing, and the enthalpy of amgﬁale breaking,
were both nezligible.
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(11) No grease was used in ths calorimeter bead. Tests
showed that the two flanges ¢f the glase Dewar were waterproof
if held firuly togetier by a ciroular wire clip, and then
lizhtly greaced oa the outzide rim only. Hor was any grease
used sn the Joint conngoting the asmpsule to the ampoule holder.
Bzfore and after usling the calorimeter for ecarbonyl
bromlde, its perforsance was checked by measuring the enthalpy
of neutralization of tris{bydrozymethylliaminomethane (THAX),
(8.D.H. Aristar grade; 9%.9% minimum purity), in exeess agueous

Ca14 hyarﬂehlﬁriq acids  Hezults wsre

Befores= =T.11 kcal mol™' (~22,75 kJ mo1™1]

Afters= -=T.11 kcal mol™! {-29.75 kJ mol™]

Frevious ThHAYM résalta?3 for this ealorizeter gave a mean for
ten rans of «T«11 keal mol™' {~29.75 kJ wol™1} with a standard
deviation of the mean of 0.0C5 keal mol™' [0.02 kJ mol™'].

The H,01THA% mole ratlo varied frem}11§§ to 2227. These

reoults compare with literasture values of

DILUTISN 2i%keal moXl 25%J me1™t
(H,01 TEAN RATIO)
gann '’ 373 - 1120 T 10T20.C01  ~23.73650.004
cunner and ¥adsol® 1133 = 1462 T.11120.601  =29.752%0.004
Cjelund and ¥adeo!! 1320 - 1390 ~7e11220.002  =29.757%0.003

H111 et. alel® 1170 ~ 15T =7.109%0.001  -29.744%6,003
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Procedure
)Afterﬂits volume had besen &etar&iﬁad.‘a dried aspoule

was éﬁtacaéd. via an siaptor, 0 the greaseless vacuunm line
¢escrived ére?ioualy {pe 53), in place of the nmixinz vessel,
The ?reasura was slowly reduced to minimise the danzer of
fracturing the frazile glass bulbs, and the anpoule tested for
its abllity to hold a pressure <(1G'h torr. Carbonyl bromide
was then condensed in by coolinz the lower bulb in a solid
carbon dioxide/acetone bath («30%C). (The bulbs were found
to erack at liquid nitrégen teaperatures]. ¥ith the -80°C
bath stil) in paéitian. the amyoule'was secaled at the con-
striction, using as emall a torch flame as possible. A%t -30°0C,
the low vajpour pressure of acetone ca&biﬁea with the carbon
dicxide zas evolved was sufficient to avoid ignition of the
acatone. The carbonyl bronlde was allowed to warm to room
temperature, and the gozpletion of the aeal tested by the
abillity of the system above the constriction t0 held pressures

£ 10™% torr. ,

| The ampoeule was removed from the vacuum line, attached to
the hqlaar-ay slatinum wire, and placed in poaition, together
with the other imserts, in the glase Dewar. After pipetiing
in 200 =21 of carbon dioxide-saturated watsr, the Dewar was

lowered into the adlmbatic Jjacket and allewed to equillbrate,
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The quzntity of carbonyl bromlde used was deteruined by
asalysis after the reactlon and callibratisu. 10 ml sanples
from ths 200 wl total were titrated for bromide againat C.15

sllveyr nitrate solution, using eoszin indicator.



1o

REIULTS

¢n breaking ampoules of carbonyl bromide into water, the
heavier cardonyl dromids sank to the bottom, where 1% was bmoken
into small zZiobules by the stirring. Zffervescencs wags
cbeervsd at the cardonyl bromiaa -~ yater interfaces due to the
prcaaetian of cardon dloxide gzZu ™

The graph for a typleal reaetian (na. 3 in table. 14) is
gchowvn in dlazrss 25. The calibration graph is similar except
that the heating period corresponding to the reactlon perisd is
linear rather than curved because tie electiric heater supplies.
haat at a uniform rate, whereas in the reaction the rate ¢f
keating decreases as the amcunt of carbonyl chmiée éaereases-

Assuning the heat capaclity of the eolution remalns
uachanzed throuzhout (a valid aasumytian for very dilute

solutions such a5 those used)

éﬁ'r&aeticn ‘- 2H enllvration

AT reaction LT ealibration
24 callbration = (Power throuzh keader) x (heating time)

whence
40 reactlon=P x % . 1 . LT roactics
(keal mol-1) "%155 * w * ET callbratien
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where P = Power through heater (IxV joulea)
4t = ﬁaating.time
n = Jo. noles Coir, usad
LT = Temperature rise

%4184 » Conversion factor, joules €0 koal.

It can be readily shown {refersnce T3, p.221) that, to an

accuracy of 99,9¢, for a theraistor
B
AT peastion - alop T reaction = lo2 Bfﬁo
£? ealidration  Aloz 2 calibration loz "‘:},?
‘ G

whers ﬁ‘ = Reaistanoe corraspondinyg to temperaturs bafors reacticn

RE - “ o " s after reaction.
ﬁs = - o " " vafore
calidration,
3& = » " hd hd after
: galibration,.

Since under allabatie conditlons the rate of heat loss can.
e essunad eonstant {compare the similar slepes for fore- and
. aftsr-periods in dilagraam 25), the resistances 32 and Rﬁ COTPQ0=
pondinz to the temperatures afier rsaction and after calivration
can be deterzined simzly by extrapolating the relevant aftere
pericds back to the times of sspoule breaking snd swltchiaz on

the heater respectively.
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Tanle 14 gives the results for nine deternminatisns of

Al byd

¢

niy0(1) + cour, (1) SE2IL co,(x) + (233, (a=1)8,01(1)

PA3LE 14

EETHALFY OF HYDROLYAIS OF CABRSOnHYL BROVIDE

BUR AGWJICLES | ~2liods , dHeors .| n |rdfihyd
SUSBIR |C03r, USED |(kealmol Ji(keal mol™ 5| (¥OLE RATIY |(keal mol
ltx 103) | Hy0 1 €Or)
| 1 1.382 | 49.01 0.0% 5587 48.96
| 2 1.028 | 49.06 | 0.12 10777 43494
| 3 1.1% § 49,43 | Ca11 9277 49.33
|| tass [ w837 | 0409 9504 | 48.28
|5 | 1197 | w856 | 0um 9255 | 845
6 1359 | 43.16 | C.10 8141 49.06
|7 | 1119 | w363 | 0.0 6226 | 43.62
8 | 2.6 | 49.61 | 0.06 438 | 89.36
9 ows0 [ 49.61 | 0.30 24615 4931

The ecolumn headed 2&H corr gives the corrections applied

to the observed enthalpies of reaction to allow for some
The latent heat

earbonyl brozlde being present as vapour,

of vaporization, 2H vap, and the vapour pressure, P, of

carbonyl bromide sre both known at 2*982{53 [Tek keal wol™' and

190 torr respectivelyl, and by measuring the voluze, V, of the
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anpoule (neglecting tue omall voluze of Coar,(1)), the

correctlion becoxes

Al corrm 2R vap s P2 V. = 7.5 x 16'5.2 ¥eal m01'1
nx R x 293,15 a

where V = Volume in ml of aapoule
| m = Kos moles CO3r, used
R = Gas constant, 1.99 x 10~ kecal X~ 'me1~?
or 62.360 x 10° ml torr K~ Tue1™?

In caleulatinz A hyd, thermal sffects arisinz froa the
decreased solublility of carbon dioxide with ths snall tempe
erature rises durinz reaction, and also from the rixing of
C0,(a3) and Hir{ay) were;igﬁereﬁ.- Nor was acoount taken of
the increase in. pressure due 10 the carbon dioxlde producsd.

From tasle. 14, a mgan value cf

AT hyd = =49.06 % 0,16 keal mol”! [-205.36 % 0,67 kI nol™!
B o T i e TS T A TN et e T rersre s e B e mper

TR

is obtained. The uncertalnty interval is calculated as ¥

one standard deviation of the mean, )X d‘z 4

following tha recoomendations of Qossini79.
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sIRgussIon

Standard Uatnalpy of Formation of Carbongl 3romide

From the ejuatlion for the hydrolysls of earbonyl broamidey
it 13 apparent that the staandard eatualpy of formatlon, aﬂg,

of carbonyl browide is glven by

Al COr,(1) = eEy €0,(g) + 2387 LU3® 1n § (n~1)i1,0]
-éiig H,0 = 2H hyd,

Usinz accepted valuea7‘,

Mig co,(z) = =914.0520,01 eal mol 1(~393.5120,04 kIz01” 1]
alg Hy0(1) = =58,31520.001 keal moX 1 [-285.830%0.004 1
. _ kJmol ' J

223013 10 #{n-1)8,0]==23,01% 0,01 kealnol™' L~121,35%0.04i] mol

{mean value Yetween n = 5000 and u = 25000)

this gives

ﬁﬁg Co3r,y(1) = «34.70 2 0.21 keal wol~V [=145.18 % 0,58 kJ mol™ )

Uesing Schumachsr and Lenher's?” value of 7.4 keal mol™t.
{no errors sssignadle) for the latent neat of vaporization,

tais gives

21 comr,(g) = =273 keal mol™! L-114.2 xJ wo1™']

e g

differinz markedly from the values derived by ejqullibriun
n ¢
stadieasu'ﬁg'TQ. The reason for this 19 not known definitely,

but in view of tha diffareuces botween ejuilibrium eonstants
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for slallar temperatures quoted in ths three papers, one
»0ssibility is that true egullihmziuz was not achleved In soue
e all of $he ezperimeants., This would be ln acocord with the
fact that the decompusition of carbonyl brouilde {and hence
pregunadly the atiainzment of egullibrium) is knewn to be very

slow,

Theraodynanic Functlons for Carbonyl Halides

Gverend and EVaﬂs§$ caleulated the statistical thermo-

dynasle funocticons for carbouyl bromide frea infra-red freguency
measurezents, usinz the harmonie oscillator/rizid rotor ap;roxi-~
&0

3

mations This gave

8% coBry(gls 2984152 = 75.82 eal K 'mol™!

Usinz the following valuaag1

5° ¢ (grapblte) = 1.3609 cal &~ tuol™!

+ 59 Gztg)‘ = 24,502 ocal R”’&ol“’
5% ara(l) : a 36.4 cal K”‘%al“’
5° Bre(g) w 53,633 eal & tmor~t

the staniard entropy of formation of cardonyl brozmide is

derived

éwf Gﬂ?ré(g} = 11.6 cal K~ 'mo1™! Lata&ﬁard state ﬂrzil)l
~10.7 cal K010 Letandara state Bry(2)]

From a“f and &Lf.
532 C93ry(8) = ~30.Tscal zo1™!



These values are compared with'those7‘ for carbonyl fluoride

and carbonyl chloride in table 15.

TAZE 15
THERICDYNAYIC FUBCTIUNS FOR COX,(g)
cp, ¢oc1, coar,
-453 keal mol™! 151.7 5243 27.3
-833 xcal mo1™! 163.0 | 48.9 | 3C.7
-453 eal K tmod™V | 12,4 | 1. ~11.6 (10,7}

The reason for deriving the entropy of foramation of
cardonyl bromide from both liquia and gaseous bromine can be
seen from table 15. An apparently saozmalous value for the
etandard entropy of formation is éuarto the condensed éta&darﬁ
atate of bromine; as shown, a steady progrescicn is obtalned

using the value for bromine gas.

Cardonyl lsdide

It i3 interesting at this staze to cousider how table 15
zizht be extended to include carbonyl iodids, CﬁIz. Tﬁere are
no rzports in the ;&teratura of it%s preparaticn, and the
results in Part Two {p.94) suggestiit is very unstadle even at
-45%,  Xolecular models uzing "plenar'® carbon ars easily made,
and there is no rezson t0 assuns adverse structural features;

hence consideration of it2 thersodynamic stablility ia_ap@roprian&;
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The £irst need is for an estimate of %ﬁg for earbonyl

iodide, Althouszh many bondeenersy schemes have been devised
t0 asgens éﬁfig)72. none of thea ls appropriate 1n the present
example bBecause no "correctlon parazeters” ars avalladle 0
allow for two halozem atoms belng bondsd to the sane carbonyl
group, a sltuation unigue to the carbonyl halidea. A3 an
example, the values for &ﬁg(#) calculated (without corrsotion

72082 411,,72483 84

factors) from the schemss of laidler and Cox

are comparsd with the exgarimental’valuea in table 16,
TAYLE 16
~t53 0X,(3), ESTIHATED FROM EO&&-:?”RQY SORERE

(xeal mo1™ 1}

Experimental o 151.7 52,3 7.3

tataler™82  q93 382 16.0

m1en® 8 027 3103 -
&

Cox 115.5 37.5 1.5

| In view cf tha small differences in C=0 bond lencthsss
in g0 1n& rrsm Cﬂﬁz %o caarz. as ghown in taale 17. (cam pare
wzth C%Hz or 60(0ﬂ3)2 for examgle). o reasonaale a%arting

point wﬁula seen to he the asgumytien of a constan% bord energy

fer the earsvnyl graug.




TAILE 17

8
ti
ﬁ
ﬁ;i

ITES I c“xgtn) [fiema]

| £=0 £-x
CoF, 04117 = €.002 0.132 = 0,002
coCl, Cu1156 = 0.0002  0.1746 2 0.0004
coar, 0.113 X 0,002 0.205 = 0,004
CIE, . 0,121 =
ca(cgs)z Col24 =

rom the eycle

c(g) . G(g} . 21(3) pa Y DISEOCIATION DHERGITS ccxz(g)

4l atonization ' ' ﬁﬁg
G(g;aphiie) * %ﬁz(g) + xg{stanﬁgrﬁ state)

M’ig. CQXZ(g) w 4H a%omizatisn - 2§(3‘X} - 5{C=0)

where

g

.B{C-X) 18 tha mean bond dissociation enerzy for the C-X bond,

and D(C=0) 13 defined by the relation

3(c=o) = 'Bisaaeiation fnergzies = 2D(C-X)
Qsing values from reference T1,
&1l atomlzation
X F  268.60 keal mol™!
€1 283,01 keal mol™!
Br 284,32 koal mel™!
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The values of L{C-X) used were those for cx&(g)7‘.
8lnce, despite the change in hybridisation of the cardonm
atom (which would be expected to have only a sazall effeetagl,
of all the sizple organic halides tha bond 1engthsg§ in cxa
came closest to those 1 COX, (tavle 18)

CX, BOKD LERGTUI ARD HIAN 30HED DISSOQIATIONT EXRERGY

i
Aond lensth (nm) 20=7) kel mol™!
cF,(2) C.1323 = 0,005 117.0
cc, (2) 0.1766 T 0.0003 73.1
car, (8) 0.1%42 = 0.0003 GheT

Using the values for D(C-X) in table 18,

D(C=0) €OF, = 186 keal mol™!
CtCly= 185 keal mol™!
Co3r,= 182 keal mo1™ !
in accord with the initlal assuaption. |
Despits the approximate and emﬁirical naturs of the
methods the good agreement obtalned justifies extending 1t to
carbonyl dodide, whers
8l atomization = 231.9 keal mol™!
3(050) | = 125 keal mol”! from above.

Unfortunatsly, data rcr'c;& ere nod avallable, so ﬁ(ccx)
has to be extrapolated from values for Cﬁs: and 63212 by con=
parison with the other halides (tadle 19).
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TA3LE 19
HIAS C-X 2063 DISSCCIATION GRERGY FOR CILX,

£E2 TG7AL DISSOCIATION  D(O-X)
keal mol”'  ITUTEAY keal mol™) kesl mol” !
(3‘3133?3 A - 299.6 . 677
Clip3r, - - ' -
CH;BJ:' -4 35247 63.1
cay, ~24.6 | 312.2 73.1
Cliy0l, -22.1 35547 | 80.6
Gﬂjw}._ 13e3 375.0 E1.4
e1, - - -
ﬁiialé 270 . 293-5 . 5245
C‘T;Z}I Je1 350.0 55«4
LRelevant values for B(C-11) taken from Laldler!? and Cox°*) |

This gives H(C~I) ea 50 keal mol™!
from which
o1 CoI,(g) = =3 & ea 5 keal mo1”!

[~13 £ 26 xJ mo1~1]
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Uslng Kubaschewskl and Evans procedure for the

estination of entroples

5808 COL,(2) = 33.0 + 0,344 = 6.2 x 1074°

(eal K~ Ymo1™1)
wiers ¥ = Lolecular welght COI,, 281.81

leads to

5953 C01,(z) = 85 cal £ eo1™!

whence

éﬁ? 6012(5) = 32 cal K’?mcl“ | A
{~2 ca1 &”1 wo1™? 12 standard state of lodine is taken
as gas]

and

633 COI5(3) = =13 £ ca 10 keal mol™"

A TN AN

Clesrlys however, carbonyl icdide would de expected to
exlet as a condensed phase in 1ts standard stats. 3By con-
parison with the other earbonyl hali&gs, the latent heat of
vaporization is likely %o be oa § keal mol™? {COT, ea & xeal
o1 00Cl, 6 koal mol” Y, cuar, Tub keal 201181, The
entropy ot.vayorigaticn for molecular compounds is ﬁsually clcse
to the Trouton fiéareAaf 22 cal g1 mal"; giving

2x3 co1, (1) =11 keal mol™!

253 ce1, (2) 10 eal K" Tmo1™!

259 co1, (1) ~14 keal mol™t

2 k2 ke



Rigsociation Equilibria

In view of the great varlation in stanilities for the

12

carbonyl halides, 1t is interssting ¥so compare ths ejuilibrium

constants at 293,15% for the dissoclation

ﬁxztg orl) @ colg) + X, {a-a}

3

ERTHALYY, ENORBOGPY AXD FaE

TA30.3 20

B ENERGY OF DIssoflaTiog

n9 neczasary data sre glven ian tablse 2C.

Cﬁﬁré(g)

(1)
Col,(g)
(1)

- From these values, the eguilibrium constants, Ep, for

TCR CARBORYL H

AT YW

Lok & 27 o8

A1 dlss.

xenl mal™t

&35 disa.

cal X" tue1™?

A3 disza

keal mol™)

- 1253

259
0.3
8.3

-8

dissociation are derived as
-}

4eT7 x 4C 33

" f.6 X 10”’2

T
7.6

4 ox 191a

8 x 10

13

33,
3247
5.8
31.8
-1
11

115.2
16.1
-2
~1.2

«20

-19
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PART POUR

THIRIOOHEIICAL FROFIRTIES

ATTPIIRIY EALIDES
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LATRODUCTION

Thouzh the literature contains several deterainations of
the standard enthalpy of formation of aluminium chloride, ths
values for aluminium dbronide exd aluminlum 1odide have been
much less thoroughly investigated, and rely mostly on fairly

018 wWorks. Table 21 14is%s ths litsratura data.

TARTE 21

LITERATURY VALUES FOR THAS EYTHALEIES OF FOWAATION (P

ATIPSTRTITE HALIDES

~2iig(e) keal ro1™!

AUTAONS |BIFER~ | TEAR A1C1, | AlZr, | AlL, CPEEP.
ENCES ‘ = _ ® 3 # L4

Jertialot|87, T1 | 1878 |a [[170.6 | 126.8 | 77.6 | 282
| (o | = 1266 | 75.9| 282

t

“lemm and|E3, 90 | 1931)e 167 [120 | M | 293
Panke e ; | i ;

£lemn and |83 1932) , | ;

Jacodl | B I - a

Siemonsen|91 | 19511a 1675 | - | - | 298
Dear and Eley 96, | 1954 e || - | = | T5.2| 298
' 81y 95 | ‘ -

Corbett |92, 95 | 1956 it || = | = | 73.7| 298
and i : :

Gregory | § : é ' 'é E
Coughlin [93 1958 (g 16857 - | - | 298
Gross and |94 1967 |B 163.80| - | - | 298
tlayman | , | :-

¥ The nature ¢f ths crystal structures is irrelevant to the
present worke "AlX3" is used only as an abbreviatlon for

*aluziniua balide®, and is not intendsd o suzzest that the
erystals consist of ﬁlxs uniss.
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{a) ¢Calculated using Berthelot's values for the enthalples

of solution in watey at 232 K,

A1615 (o) «75,3 kcal mol” !
Al3r,(e) ~8543 keal mslf’
AlIE {c) ~33.0 keal zo1”t

and Aﬁg A1§*(3;J and ﬁﬁg X (ag) fros raferenee’71. gasuning
Alx3(c) fﬁéi*9 élB*(aq) + 3% {a3)

{after the JANAF tadles ’l.

{b) Berihelot also measursd the enthalpies of solutions

AlarB(c) + i}ic:.#azel(li -26.9 keal mol™V) (1)

81C15(c) + L343r.nii;01(2)  ~T6.0 keal mol"g(zz}

ALIg{e) + [3KC1.al,01(1)  =89.1 keal mol"§ (1)

Aléls(c) ¢ LKI.ni,00(1)  =76.6 keal mol™')(11)

nhere n = e 1000. From these resulis, using the value for

gh, and assuninz (afser

Aﬁg Alﬁlﬁ(c} from Gross and Hayr
Barthelot) that the resultant solutiona for eaeh palr (1) and

(11) are identical,
tlip AlBrgle) = st{31) = 26(1) + 3 (aHXBr(ag) =
O aam
| &l XCl{aq)] + ey ALC14(0)
azd sinilarly for aluminium folide,
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(e) Klemm end Tanke measured the enthalpies of solutiong
al sol™*
AlC1g(0) + L3%C1en 100HE1H(1) =71.7 keal mwol™!

Almsﬂc) + (Z83rl.n 1001301141} ~71.8 keal nol” !
A1C14(e) + [34I.n 100:C11(1)  =T72.3 keal mol™?
Alirg(e) + L34Cl.n 100:011(1) =85.5 keal moy”1

AMIs{e) + L33Cl.n me:r'm}(n -£3.5 keal mol™!

wherg n repressnts a large, unspecified, excess. Using

literaturs Valueagg for ths eutualny of rsaction

aAl(e) + (n 100 mm.) m—) {ALC015(n-3)100% ‘13(1}«»3}@ B (2) |
3 .

they obtalaned Alip AIXB ag
aivlelxz’(e) = AR aaln,v * 81~ 3 ai%fﬁcl(az;)

-32i, KX(QQ} « 3An, KCi(ag)
(ﬁ) Siemonsen used solution calorimetry similar %o (c).'
(e) Dear end Lley measursd the énthalﬁy.of solatian of
aluzialua fodide in water L=91.4 & 1.5 keal mol™'], taen
followed thae same procedure as in {(a).
{(£) Corbett and Grezory measured the enthalpy or reaction
MIsle) + 3uC1{g) —— MC1g(e) + 3ul(a)
Enewing the other enthalpiea of formation, &H?AIIB(c) wag

evaluated,
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(2) Couzzlin measured the enthalpy of solution of aluminiua

eiloride end sluminium in 4% hydrochlorie acid, similar to (c¢l.

(k) Gross aad Iaysan used coxbustion calorimetry to measure

directly the enthalpy of formaticn of aluziniun chloride
A1(0) + Y2 01,l8) — Ald4(e)

Zesplte the seening measure of agreement, thsre are

several reascns why many of the values are open ©0 doudbis

(1) on dissolvinz sluminiua halldes in water or seid,
Yhy&ralysia resulvs ia the forzation of considerable acid mist
ghove the scluiions, this deing more meried for the bromide
and 1odile thun the ehlorife (see referesnces &7 and £3),

This iz bounl to affect the accurasy of calorimetrie results,
eszecially early work whers oaly one or two experiments were

performed by each worker to determine senthalplies of solution.

{2} The hydrolysis, partiowlarly for the bromids sal 1o0dilds,
19 slow’? (sae aloo Part Two, p. 61 ), while all the caleul=
ationz sasguse that the final state i3 attalned almost instant-

8REOUBLY e

(3) The enthalpy of hydirolyais migzht be ezpected to depend ‘
cn the aluminium ballle %0 watsr ratio.’ .Indead.'far aluminiun g
cﬁlcriée. the enthalpy of diluition has b@@ﬁ‘ﬁh@ﬂﬂg? to he

appreaiable and.aagativao?ar a largs concentration range, &ue
to hydrolysis. This 4o in contrast to most common elecirol-

ytes, which bave only small eanthalples of dlilution, positive 0
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ea 1%, and nsgative in more dilute solution.

(4) The aaa«n;tion 1s made in some methods that aalatien
yields siiple, ajunted 415’ and 31 isns. In fact. the
situaticn 1s very complicated, for the nature of aluminium -
halides in solution is very sensltive fo po0th pll and concén-
traticn chanzes, and the 1literature chtaias nany papers
postulating species such as LA1(9H5(320)5]2* (28, 93, 100,
106), Aly(oi)gel (102), LAL(,0) (CR)IM* (101),
LA1(Cii)C1, ), (103) ete. in neutral or acid solutlon, Only
for very dlluts soluticas'at high or low pi does the aitaatlcn
sec¢m at all clear-cuty for diluts 801“%15&5.1ﬂ streng aeia
(pi 2} the cation Al(ﬁgﬁ)sﬁ* is predominanti©®, waile for
dilute solutions in alkall (pﬁ.g§’13) the enlon AL(CH) ™ 18

exclusively prﬁaentjog' 103,

The relevance of these points can be deumonstrated by
caaparing the literaturs values for the enthalplas of solution

of aluminium &ali&es 1a water (table 22}.

For aluminium chlorids, these valnea compare with an
enthalpy of solation in 43604 hyarochlorie acid af -T24 51
0.05 keal mol™ -1 (503&}95, whereas for simgla salutlen anﬂ
complete disscclation to a1°* + 3 €17, the effect of the
hyﬂraéhloria acid would be g;ﬁectedfje be only slizht.
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TAZ,L 22

ENTEALPIRS CF SOLITION OF aLUvINIud paLInEg I WATER

l‘~',r Y AT T 7 -1
AUTEORS RIZIR- | MEgE,0 732 SOLUTION (keal mol )| pprs
B |anrh pamys \ . 4
lerthelot 87  |ga 1000 T6.3 | 85.3 | 83.0 | 282
Thomsen 107 1250 T6e5 | = - 291
Toth and o . ’ |
aobnop | 198 [2500-4730 | 781 | - - | 2%
Roth and 109 [4300-2000 | 72.5 | = - | 293
’Borg@r ‘ ?
Plotalkeov | 111, 2993 Tie2 | 91.% | - | 283
aad 110 | | |
Yakuboon
Dear and | 96 |ca 10,000 | - - | 9t | 298
| Bley o 1

It hus alsy been ahawa”z that the eatuslpy of formation {(and
hence tae énth&lpy qf solatian) ol alunianlua chloprlde in
hydrocalorie acld 1s a linesr function of tﬁg acid molallty,
with a sgread of -7.5 keal 131" troan e 0 tom = 5e

 In view of the uncertalaty, it was decided to redeteraine
tihe enthalples of fermation of aluminliua dbrozide and lodlde by
measuring the enthalples of sclution in agueous alkali, quan~
titles not previoﬁsly deternineds The method use& waz to
- measure the enthalpy of solution of sluminizm bromide (ox

, 10313#) in C.1? sodium hydrexide solution centaining sodium
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chloride, and the entaalpy of solution of aluninium ehlorlde

in alzall containinz sodium bronide (or isdide)

a1
(1) ALX{c)+iniaCie3iacli(ag) —1 (tanl(cn), +35acl
+31aX + (n=4)Ta081{ay)

b

(2) are14( el+inliaClie3dax]{ay) > [Zaal{on) y*35acl
+37aX + (n-4 )¥a0E]{aq}

whence
m@mx}(c) = &, = 811, + 3aig Na¥(ay) = 34627aC1(a3)
259, :
*h,itﬁ.lcxs{e} .
3esides the fact that aluminium 4= present iz only one forn,
thls method has the advantagze over other solutlion methods

that the acid mist formed msove the solution 1s greatly

reduced,
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FXPERIMIENRAY,

Chemicals

The sane stocks of alﬁmiﬁium-halides ware used as
deserived in Fart Two (ps 65 )e
| Analar grade (3.3.H. Ltd.) sodiua chloride, scilua
bromide and godium iodide (atated purities 99.9:, 997 and
99.57 minimum respectively) wera dried in sn oven at 120%
before use.

0. 1003 sodium hydroxids (3.0.1M. volumstric solution) was

used directly.

Arparatus

Freliminary experinents showed the reactions to be
extresely rapild, sulted to conatant-temperature-environment
{CTE) calorimetry.

The cslorimeler was en &ll-glass Dewar type (diagram 26),
which has been used sucoessfully in the Departzent for several

years, aad is fully descrived elsewhere
t7zical experiment lavolves long pericds of waiting for ejuili-
Bration, exzperiments were performed in oveilapgiag’pairs uaing
two saparate ¢alorimeters. Hinor modifications to tue

eriginal desisn and the précedure for using ths calorimeters
115 ’

are well described by Coley
. Temperature changes were monitored by an P53 thermiztor

(Standard Telephone znd Cable Itd.) connectoed as one erm of a
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DIAGRAM 26 C.T.E. CALORIMETER

-
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Yheatetone bridze, and with a resistance chanze af‘gg‘180§)
per degree at 25°G. The only modification of Cnley's

yrncaﬁure*’s

wag that the cui-sf-balance bridgse potential

was registersd dy a chart recorxder (dryasns Ltd; model 27000)
in place ¢f a zalvanometer. It can fea&ily bs shown
{Appendix Cne, pol97) that the dlsplacement from zero shown

by the recordar ls linsar with respeet %0 chenges in thermistor
resistance, and by sultadle aljustment of ths recorder sensit-
ivity..resistanees could be read off dirsctly from a seale of
10 = 1 ez of chart paper.

The sample was contained in a thin-walled glass azpoule,
made with two small, very thia, glass bulbs, one abave the -
level of sanplas in the azpoule and one below, such that on
breaking the $wo bdulba ealorimeter 1ijzuid could flow throuzh
ths ém@oule to ensurs eomplete mixigg. The ampoule was f£illed
with alusinium halide in a dry-box, being welgzhed before and
after fillinz. ?hs ampoule of aluminium hallde was broken
into 200 ml of 00,1008 sodium hydraxiaa.cantaiaing sodium
ehloride or sodium bromide (sodium iodide). N

Calidration was achievaé by aa eleciric heater of
méaaur@ﬁ power (ggkéﬂe watf). consiating of a spiral of wire
sited In a thin-walie& giaas well £1lled with lizht oil of
geod thermal conductivity.

The system was returned to the bath temperature (25.00 2
0.01°¢) between reaction and cellbration by the addition of



1 34

small pleces of sclid carbon dioxide into the cooling tube,

Frocedure

From lart Thresy pe. 110,

firesction = fxPxt ¥ _1In 1/ 8,
) 3
bsk ¥ o ¥n,

- Re L
- /RWAG&M#W%W
1 w ["glecular welzht of sampls.

Ch

b d

w = Velght of sample usede
The resistance-time plots for pre~ azd post-reaction,

and pre~ and posi-callbration, psriods can be regarded as
linear for times less than ca ten minutes (Appendix Two,
Do 189) 6

~ As the reaction was gqulck (complete in under C.5 min.),
the values for the resistances defors and efter reacticn, R,
and R,y could be obtained by extrapolating the etraicht fore-
ana'aftervpgridds %0 the tize of ampoule bresiking, In drawing
the line for the after-pericd, the typical "aovershoot® which
oocurred for ¢a one minute lamedliately fol;owzng the reaction,
was zgnared.’ﬁfﬁuring this time, the aysteﬁ was not at equlili-
brium, the temperature of ths caleriaetric 115uid belng hizgher
then that of the glass, due to the former beinz stirred and
having a much better thermal capaclty.
liowevery eslectiriczl heating duriﬁg calibration tock en
' four wlnutes, and allowsnce had to be made £or the heat loot

during this pericd when extrapolating the fore- and alter-
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periods, Tiis was achleved by Dickinmen's “ejual arsas"
methoa!1%r 118 ’17. In the present circumstances, this 1la
einplificd by the linear form cof the resistance~time plot
during the hkeating perlod (ignorinz the times needed for
equilibrotion on switching the Lheater on and off, which are
both snall snd also tend to cancel each ctherle Ry and R,
are obtalned by extrapolating the fore- and after-periolds %o
the time correspondinz %o the halfway point between the lnter—
sections of the linear heating periéd wllth the extended fore-
and afteruperioda (sese Appendlx Three and &lagranm 27).

The per’cr:anee 0f the two ecalorineters was checxked
porlodleally using the enthalpy of neutralization of TUAY, as
described in Part Three, p. /97,

The results ware

13% Crlorinster | 2nd Calorimeter
Ko TAM(p)  =A(keal mel™V) | ws. Tuav(s)  —al(kesl mel”l)

1.1038 T:17 1.1870 T.17
1.0246 7403 0.9289 7410
1.0536 8,05 1.0770 7418
1.0757 7.03 1.0418 O T1.07
140567 T 048324 7410
1.0654 746 0.9954 7e11
0.5298 7413 | Traees Te13

Ioreoring run 3 for set 4, which 11@9 outslde three standard

daviatiens from the mean, this gives |
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13 éalorimeter Zadf}s}ﬁrimeter
Mean = ~7.1% keal mol™ Hean = 7,12 xeal mol™!
Standard deviation = C,02% . Btandard deviation = 0,015

of the mean keal mol™? of tha mean keal mel™}
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BETUTTS

In all the reactions, the solid aluminium halide
dissolved rapidly. In all cases, desplts the alkali, soma
acid mist was formed above the solution in the ealorimeter,
this belnsz most proancunced for alusinium bromids,. However,
tue mist quleckly dissolved, and had no apparent effect on the
reaction trace,. Aﬁalyses of the end products for hallds cone

firmed that very little, if any, halide wans loat.

Alsr, + Ba0i/Hacl
(1) Br (found) 1.46x10™° geatom (11) Br{found) 1.59510“3 g. aton

3r {cale) 1.47x107> geaton 3p{cale) 1.62x10™> Z. atom
69,37 9346+

Allj + Nali/5aCl .
{1) I(found) 1.42x107> geaton (11) I{found) 1.22210"> 2. atonm
I{cale) 1.&3x10‘3 Zeaton 1{eale) 1.23x10’3 Ze étam
99.3% 9324
AlCly + faCh/ual _
(1) C1(found) 2.65x10™7 geatom (44) C1{found) 2.54x10~> g, aton
Ci{cale) 3.70x10*3 ge.atom ¢i{cale) 2.56315’3 ge.aton
93.15 , G9e2;%

- The results sre glven in tables 25-26,
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& T
TARLE 2}

EFPHALEY F RUACTPICN YOB

L 0
L,
%
Al '311'3((:) ¢ Ln¥all « 35aCll{ag) e (Naal(CH) y + SRadr
+ 38all + (n~-4)5acil(aq)

13% CALORIMETE: 2ad CALORTIETE
¥, Al3rg | n | -Mig » #te AlDrs n —aﬁ‘g »
e | keal mnl) e keal mol
0.1113 | 47.7| 93.03 0.0758 Tl | 121445
0.1336 | 33.5 ] 10147 | |oc.1681 | 26.0 | 101.50
0.1756 | 30.4 | 100.85 0.1472 36,2 | 100,81
0.1728 | 30.9 | 102.78 0.1539 32.5 | 100,99
| 00207 | 53.8 | 101.48 0.1219 43,8 | 102,30 °
| 0.0886 | 60.2 | 102,33 Cotud5 | 3649 | 99495 -
0.1308 | 40,8 | 101,57 |

Run ons in the 1st Calorimeter i3 greater than three

standard deviations from the mean, and was hence iznored.
Kean = =101,46 koal mol™! {~424,50 kI mol™!]

Standard dsviation i '_k f’.}
L : = Baed = 0,22 keal mol '{0,.,92 kI mo
of the mean | 2x % i ’
\
m /_6.39 ‘w 077 keal mol~1[3.22 kI mol 1)

11

Standard deviation

from the me&n
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TABLE 24
ESTUALPY 0T RIACTION POR

5*4%

A1013(e) + inlaSH + 3sanri(ag) Lﬁaﬁl(%ﬁ}“ + 35adl

+ Zlaldr e (n“i})gaﬁﬁjiaq)

18t CALSUINLTER 2nd CALORINETES

Wte AlCly | n | -2n] Tte ALCl, | m | =an]

.z | koal mo1~1 2 keal mol™d
0.1175 | 22.7| 83.82 | | 0,478 | 55.8| 85.60
041090 | 26,5 | 8535 | | 0.,0605 | bh.1| 83.43
0.0916 | 23,1 | 83.79 | | 0.1202 | 22.2| 84,50
0.0602 | 4he3 | €487 0.0929 | 28,7  S4.70
€.0831 | 32.1| €3.5 0.0793 | 33.4| Cu.60
' 0.1108 | 24.1| 83,97

Yean @ =04.40 keal mol™! [=353.14 kJ mol~V]

Standard deviation

of the mean 28T 2 0.23 ksl mo1™! [0.95 k7 mol™ V]

11 x 10

Standard deviation —
o (=280 & 0,77 kcal mo1~1(3.22 ¥J mo1™]

the mean
from e me 10
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TALE 2

EaTHalpf OF RIACTION PoR

4
i,
41I,(e) + LndaCme3raCllag — LBaal(0l), +3kalse3all

+ (n-y)iaCHilag

18t CALORIZETIR 2nd CALORTHETER
Tty Ally n -2 . “te ALL, n T o
14 , lkecal mol ] 2 ~ zes) mol 7 |
| 0.0753  [108.3| 196.30 0.3047 | 26.8| 105.40
| 0.2527 | 32.3| 106.14 e.3124 [ 26.1] 105.27
| 0.2735 | 29.8] 106,49 0.1326 | &4.7) 195,13
0.2351 | 34.7| 105.67 0.2484 | 32.8] 105.57
0.2340 | 3u.8] 106,13 0.1950  |141.8] 105.75
0,120 | 42| 105.38 L

Hean ® =105,89 keal mol™! (443,04 kI mol”l]
P o Aoy A SR L Lo e i ittt : - T

Standard deviation

of the mgan

14
/

Stgndard deviation

from the mean

1.

10

s [12223 . . 0.12 keal mor™!
11 x 40

23 = 0,39 keal mol™ (1,63 kT mol™ Y

L0450 kJ mol Y]
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T43LE 26
EIPEATPY OF PrASPION 0B

BLIY
M1CYg(e) + Lnnati+3Fallag ———-—é [Ran1(en), +30ale35aCle(n-4)
f’vaebi]aq
18t cﬁfiﬂfﬁ 3::?: 22 3 GAL%* ixMa‘{sm
o micly | om) o=ty | AR | omo|oedp
e |keal mol - F koal mal
- 0,0863 | 30.7| 84453 0.0533 50.0 | 82,57
| 0.0910 | 29.3| 84463 0.0763 | 35.9 | 83.25
L 0,0765 | 34.3] 82,55 0.0933 | 2748 | 83.04
0,433 [ 13.6] 85.02 03166 | 22,9 | 84.23
0.1031 | 24,7| 83.79 0.1235 | 206 | 84.92
0.1202 | 22,2 E4.64 041132 [ 23.4 || 84.95
Fean = =24,19 koal mo1 ™! [=352,25 kJ mo1~]

Standard deviation

10.25 e -1 .. .=t
5 it e 1 0,28 ko2l mol 'i1.17 kS mol i
of the mean j,z x 1
Standard deviatlon o I’ _
’ =-12:26_ . 0,97 xealmod“ V4,04 kT moT )

fronm the mean 1
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pIZCUS3ION

Fathalny of Tormatlon of sluminium Halides
~ From the introduction,

sHZALXs(0) & and(2) - ang(1) + 34a3s FaX(aq)
"‘3&&»: r&u}.(a%} > é&f 5.1‘413(0)

Thls ipores any contrisutions frsm‘

(1) Enthalples of dilution arisinz from slizat differsrces
in concentration vetween the final pr@&ﬁﬁté of reactions (1)
and (2)s The random spread of exyertﬁeﬁtal reaults with
rezard to the welzht of sluminium hallde uzed siows these to
be nezligible. o

(11) Znthalpies of mixzinzg of FaX(ay) + Fali(ag) and Fafl(ag)
*VFQOH(aqi. Thesce too mizht be expected to be v@ry gmall,
and would tend to cancel each oiher. |

' The ancillary data used in the calculations were fronm

reference 8% unless otherwiss stated:

Aﬁg FaCl.7861H,0 = <=37.263 keal mo1™!
t4 Fadr.60720,0 = -85.140 keal mol™!
tES $al.52591,0 = ~=70.610 keal mol™!

419 81C14(c) = =1568.80 £ 0,20 keal mol™' (from

refercncs 94)«
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From which
aﬁg Alﬁr;(a) a -118.4 = 0.6 keal m91*1

[=455.2 % 2.4 kI mo1~1]

tu} AlIg(c) = ~67.1 2 0.6 keal mo01”1

L-280.87 & 2.4 kJ wo1™1]

Inthalny of Yormation of Aauecus Sodlum Aluminnte

From the egustion
ama(2

Alﬁls(e)+inﬁaﬂﬁ+}ﬁa§](aq) LKaAl(GH)&+5§a$1
' L +IkaX + {n-4)%a0ul{ag)
the standard eathalpy of forration of aguecus sodlum aluninate

can be obhtalned an

f raAl(CH), (ag) = e,(2) + 2% Al»lﬁ(c) - 3*$§sa01(aq)
+ kaﬁ,ﬁa@?(a;)
Using the valuss glven &bove in conjunciion with
aﬁg Falll.5551,0 =» ~112,12 keal mol™? (reference 81)
leads to a value of

252 FaAl(0il),«15000 10 = ~403.3 0.4 keal mol”?

e Srsm——

(=1715.0 £ 1.6 kJ mol™!]

Thls compares with the value ocbtained from references 71
and 81 (orizin not given) by adding ang ra*(ag) + éﬁ?él(cﬁ)““(aq)
both at unlt molality, of
aaf FaAl(0H), 55.61,0 = =413.5 keal mol™’

{~1730.0 kJ mo1™']
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TP RO GUCT L

Althouzh esaslly prepared and handled, the 1:1 complex
between phosphoryl czloride and boron trichloride has been
the source ¢f much controversy im recent years, on two main

frontss

(1} 7The nature and 1ntergretatien'ef its infra-red speciruz
(2) Ths walue for the enthalpy of dissoeciation,

?ﬁﬂls.ﬁals(e)Fﬁ PGClB(g) + 3a13(g3.

(1) InFRA-BID STECTRUNM AND INTEREDETATICH

Four possidle structures oould bHe conceived for the
adducts

(a) GCoordination tkrough oxyzen to borom, 1,10 —> 8C1y

(b; Coordination through chlorins fe boron, 612ﬁ31-9 3Cly
¢
(c) As the extreme case of (b}, an ionic siructure involving
the tetracnlorovorate lon, LFG%lQJ* iBﬁlai"s
(d) A coablnation of tonlc and dative covalent bonding,
Lroc1,.B01,1%C1"

y18=121 g ()1224123

Examples of both (a ars described

in the literature, whlle the 331““ ion is also weil &acumentm§2?

125 126 oyperiments have shown

Conduetinetric an&'37§1-exchange
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that there 13 negligivle fonizatisn for aolu%ions of the
complex in borom trichleride, while in phosphoryl caloride
goluticn there 1s apprecliable ionization, the nature of whiech
18 not yet certaln,  Althouzh ionizatlon to (¢) 4s more
lizely, (4) ecannot be completely ruled cus??,

13,1270131 00t the

Cartala predictions ¢an be made
shifts expected in the infra-red specirum of (a), (b), {¢) and
(d8) relative to tha freguencles la pure Yoroz trichlorids and
pure phosphorgl chloride. In {al), (b) and (¢), but net {4),

2 5 on conmplexing, which has the

the boron zoss from 8p° to sp
conseguenge of loweriag the B-CL stretchlng {regquencies
(595 ca™? ana 956 ca”! in 193 and '3 boron triculoride
‘respectively for the msymmetric stretcainz wode)s In case
{e), the charaeteristic 331#* fr&queaciea‘z“ should be
obaerved. ¥ith coordimation throuzh cxggéﬁ. éa in (a) and
poasisly (d), a consideradle lewerinz of the P=O stretohing
mode 15 expected (1230 ca™! in phosphoryl chloridel,

accompanied by a ralsing of the P-01 stretohing modes (595 cm“'
: AN

338) or 531 ca (14;uid) for the asymmetric mods, 490 en?

{zas) or 483 cn~t (11;uid) for the symmeirioc node, in phosphoryl
ehiariﬁe). For (b) and (e) the opposite should occur, with a
#éry 8light increase in tne.EzO stretching mbés. and a marzed
‘decresse in the I=Cl frequencies, sizllar to the eltuation

ocourring 1n the comzlexsza of nltrosyl and acaetyl &ali&ea’zs.

#1th (a) and (v), vivrations asscciated with the newly formed
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PO-3 or PCl-3 bonis are expected. lowever, thess shculd be
only weak 1f the pattern of other bBoron=oxyzsn conplexes e
followad,

Three waln groups of workers have publisied the infrse
red spectrus of ?0313.3813. vadidington et.al.121 used a
nujol mull vetween sodiun chloride or potassiun bronmide

plates. They found a strong baad at 1230 em !

s wiich they
assizned to an unchanged F=0 stretching freguency. Despite
this, they postulated structure (a) on the basis ¢f a weak
band at 119 cmfi, vhich they amssizned to & 3-0 stretching
mode, and & lzyrge decreass in 3-01 sirstehing freguenelss
(700 ca~! and 657 cx™? for 193 and V13).  1In a secona pager‘ag.
en adiitional weak band at 1150 on™! was sssignsd to an 13-0
stretehing mode, and the 1190 ca”' band to 'U3-0. The bands
assigned to P-Cl atretchlng modes showed only very elizht
‘rrequency snlfts. | |

Gerrard et.al,!?%+131 also concluded from a mujol mull
{potassiunr culoride plates) that the F=0 stretching frequency
was8 ynchanged on complexing, This, tozsther with the ?reaeae@ |
afrwbat was termed a "3&1&” eavelopa® in the T00 ca ! rezion
led them %0 the concluaica that the iomle structure (c) was
eorrects They also claimed that a slig&t increase in the
P-C1 atretehing frequencies (588 cu”™! and 490 ea ') was
compatible with a change in hybridization from tetrahedral
Eﬁals $9 planar Eﬁﬁlg*. o trace was found of the 1190 ca”t
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or 1150 cu”! bands sasigned by Waddington to 3-0 stretching
noies.

Gcubeau et.al.127

obtalned the low=temperature infraercd
gpeotrun and the room temperature Laman spectrum as part of a
systematic investigation of Ecxj.mx3 eazplexes (X z halozen,

= 3, Al, Ga or In). A% low temperaturcs, no 1250 cn”™ ! band

wos found, but & strong band st 1157 cmf’

was attributed to a
strstenlng mode of I=0 in the adjuct. Stronz bands al ?130&”1
end 332 cn~ ' were assizned to 8-0 stretching and 3-0-F bending
modes respectively. The asymeetric 0-Cl stretching modes were
lowered to the reglon 727 - 735 cm'i. while the asymnetrie and
gyanetric F-C) stretching modaes showed a marked incresase o

642 e~ and 505 cm”! respectively. The room temperature

Ranan spectrum gave substantlally analogous resulis, Goubeau
concluded on tne bazlas of those assigaments that structure (a)

was correct. lia also stated, 2iving no details, that the

ceonflieting results of vVaddington and Gerrard were due 1o
dissoclation, hydrolysis and reaction with ths eall'win&ows. ’
In aldition to the three maln works mentiomeﬁ, 5@n§uyta’32
obhtained the Infra~red spectrun of the sdluct ia garban
disulphide and eyclohexane solutions, when the sgaetra‘esmpared ;
in tholr palient featurss with those of ¥aliingzton, but not
withftnssa of Foudeau i.e. P=0 atretchlng mode at 1300 emf1;
3-0 band at 1200 ex™ ', |
The object of the present work was to try to resolve the
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aiscrepanqies between the varlous results, both by repeating
some of the published work and by ostalninz specira using
- different ezperimental techuniguen2, The conditions employed
WADS (=

(1} Gas phase infre-red.

(11) Low temperature; 2143 phase infra-red.
(11i) Room temperature 80lid phase infra-red, obvtained by

sudlining the adduct on to the windows of a g2as eell.

(4v) Room temperature nujol mall.

(v) Hoom temperature solid phase Ravan spectrum.

L ve T s YRR
EXPIRICTETAT,

Chericuls

Commereial boron trichloride (3.L.H. L3} mininun stated
purity 98¢) end phosphoryl chiloride (B.D.H. Lid; ainizum atated
purity 58£) were both further purified By fractlonal vaocuum 1
distilletion throush ~45°C (cilorsbenzene elush bath) to -94°C
{toluene slush bath). The purity of samples of each were
“tested by chloride analysis (Volhard's method) following
alkaline Lyirclysis. ' ‘
Results were
?9315 3315
¢l (found) 63.97 by mass © 'CL {found) 90.84 by mass
€1 (eale) 63.37 by mass €1 (cale) 9C.085 by nass
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- The 111 adduct was prepared by condensing an sxcess of
boroan trichloride on to phosphoryl eﬁleriﬁ@, allowing the two
té alx at room temperature, then puéging off excans aoron
triciloride at ~45°C. A walte s0lli vemained. A sanple of

the adduct wsa azalysed for chloridole

c1 (found) 73.7¢ 5y nass
1 (eale) 73.6% by maes,

Anraratus and Procadure

Gas phase spectra were obtained usinz the eell described
previcuzly {p. ), fittsd with potassium bromile windows,
111 mizxtures of gasecus phoagshoryl ehloride and boron tri-
chaloride wers obtalned by utillzinz the wvapsur above the solid
eomplex. Using the greass~frea vacuux line dascribed earlier
(p. 533 diagram 10), a eazple of the solid conplex was placed
in the mixing vessel, the lins evasuated, and then isslated %
from the pumps With the remainder of the line, apart from
the gas cell, saturated with vapour from the complex, the tap
on the mixing vessel was abut t9 isolate the eolid. Vapour
was then allowed to fill the gas cell. This procedure
ensured that the vapour in the czll wa9 below sBaturation
pressurea, to avoid any suddsn, slizat, loeal casligg leading
to condensation on the cell windows,

Room temperature spectra of the sublimed s011d complex

were obtalned by making intentional use of the condensation
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provies mentloned adove. The gss eell was opsned to vapour
from the 8011d couplex, which was maintained by hendeheat at
a 6lizhtly higher texpsraturs. #ith the gno osll saturated
with vasour, the tap was shalb, and the cell windows subdjected
to a [low of elightly-coolsd air, waen a thin f£ilm of solid
. eondensed on the platas. ¥ith pracelica, the thlckness of the
11ilm could ke controlled by the degres of healing or ocoollazs
azplieds  After the scectrun had been run, ths cell was
re-cinnacted to the vacuun line, all wvolatile products pumped
o2f,y and a farther spectrun obtained.

Hoom temperature nujol mull spectra were obtained by

griniing a sample of the adduct wiktia a little nujol {(dried

&

over sodium wirz) in a dry-box, and then apreading a thin.
film of thz mall between peﬁassiuﬁ bromide plates. The
gpectrun was ran &3 gulekly as possldle alter making the aall
(ca two minutes) and azain pzriscdically after leaving the
piates ¢+ mull open to the etmoschere.
 The low texgerature {ga «100°C) spectra of the solid

ware shtaired uslng the apparatus descridbed previously (p.5¢ ),
by epraying vapour Iron the couplex cn 3¢ a liguid nitrozene
cﬁélgd casaium 1odide plate.

A1l the infraered spectira were run on a Perkin Klmer 337
machiﬁe.

The Raman spectrun of a sangle of the solid, contalned in
a capillary tube, was obtained on a Carey 81 instrument
(63288 exelting line).
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RESTLYS AND DISCUSSITH

Tabla 2T compares the bands found in the various infra~

red spectra, includlng for reference some literaturs spectra,

In diarrama 23«35, the apsctra ars reprodiuced, in the rezion

1300400 cmf’, for the followingz systenmsi~

28
23
20
21

32

33
3
35

Phosphoryl cnloride gza,

Boron trichloride gas.

131 zaveocus mixture.

S011d adduct at low temperatures (ca ~-100%),

Sudblizmed e0lld adduet at room temperatura.

The eell wiﬁdews after the 80lid in 32 had been pusped off.
Aajol mull,

The rujol mull in 34 after standing for 45 minutes.

The spectra of zaceocus phosphoryl chloride and gaseocus

beron trichloride asreed very well with pudlisked data

A{referencss 139 ard 140 respectively)e The srsctrum of the

Zaseous mixture showed no deviatlons from a simcle supers

iapoeition of the individual epeciras, with no evidence for

geacciation.

In eontrast, tha spectrum of a2 111 0143 nixture at

~150°2 ehowed almost total mssoclation. The T=0 stretching

zoda of free phosphoryl culoride {1320 en~? in the 288,

1290 on”! in the 1iquid) was ahsent or very weak. [A weak

band was present at 1280 cmf‘, but siance thisvcoineides with

an overtone (2 x 635 cu"1), it i3 impossible to eay whether
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POCly 8Cly | POCly +| POCLy.BCL,| GOUBEAU,| SUB- SUB-
(g) | (g) BCl4 LOW TEMP~ [LOW TENP- LINED LINED |KUJOL
(g) |SRATURE  [ERATURE BOLID FOLID | MULL®
(s) (s) AFTER
PUNPING
765sh = | 765 sh |7 |
750 sh | 700 700
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S 713 sh g
728 w
T25vw |
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? 700 700 n T00sfor)
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635 &
620 w|
595 vs 5958 | 590 m 595 w |590 s 585 s
| 505 s 505 8 |505 sh
490 s 485 m 490 m 4,80m)
475 s | 485 m 475 m 180m
4558 | 455 m 455 m
8 = strong intensity v = very

m = medium intensity
w = weak intensity

br = broad
sh = shoulder
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tha frec F=0 gtretching mode was totally absent; 4its

intensity was cewtalnly greatly reducedls. In its place,

1

a new, stronz, dand eprearsd at 1130 em ', attributasle to

the stretching fragquency of a I=0 group actinz as lewls base.

In addition, the 3-C1 ssypmetric strstchinzg modes (595 cm”’

10

and 955 on” ! in free sﬁls and Wao 3) were shifted down to

|
the 800-730 cm.'1 rozions thoush the broad, ill-defined, nature |

!
0f tha bends nade precise assignmenia imposesidle, The P-(l

asymretrio streiching node increased froa 5995 et 1o 635 cm“’. ‘
while the symmetric asiretching waols alac increaased, from

430 ox ' (mm8) or 485 en”! (119u1l) to 505 c1”'.  Thesa

results azree wall with those of Yartenberz and ﬁeuﬁeau127,

the only dlacrapancies beinz that the complexed I'md mods

-f .

oecurrsd ca 50 ea ' lewer (1130 ea”?) than found by Coubeau
(1167 cn”'), and there was no sizn of the wssk 1067 cm~! band
found by Goubeau. In ths present work, the bands were not
'gharp aﬁougb.te azaimm a 0 stretching nmode (c.f. Goudbsau é
713 en~').  The shifts observed in the lowetcmperature spectrum%
are conpatisle only with sn oxyzen-coordinated specles, (
atructure (a). |

The roonm temjserature epectra of the adduct, »o%h as

eublired eolid and nujol mull, wers vasily wore complicated
than those cbtalned at low temperatures. The solid film |
gpectrum in psriicular contalned many more bandg, some of which

wers attributable to disscciated vapcur, present in ths cell as
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a result of the technljue used. The eomplexsd ¥=0 streteihing
mode (1140 ez~ ') Qas 8t111 present, thouzh with a much reduced
intensity compared t0 the low temjerature apectrum. in
addition, however, strong terds for free phosphoryl chloride
wers also oaserved (1320 em™' gas, and 1290 ea”) 1ijuid),
suszestinz a larze degrea of dissoclation, This was conflirmed
by the presence of both complexed and free 3-C1 stretohing
trequencies (ea 750 ca™! ard 995/955 cm™! respectively)s The
conplexed stretening modes slowly moved, with time, to lower
frejuenciea ca T00 en”l,  n attexptinz to pump all of the
adduct out of the eell, all bands disappeared except for
strong pesis at 700 cu” ! and 670 e&". and a weaker peak ab
1260 ca”™', attrivatavle to ths BC1,~ ton in K301, "',  1uts
clearly demonstratea that reactlon has occurred with the
potaasiun bromlde windows, & phonomonen which prodably explains
the “QClu" envelope® of Gerrard etaal 120131 1ne 1190 ex”!

321’129&156

asgsiznment of a "3-0 straton®™ by Vaddlazton et.al
could not be sudstantiateds Only a very weak band was found
in this area, this belng attributaile %o an overtone of free
phoaghoryl chlerids (2 V,v P=Cl asymetric stretching mode,

590 cmf‘). P-C1 aymmetric stretching frequencies for both

complexad and fres phosphoryl ckloride were present (505 cmf’
and 490 cﬂ"‘}, but for the asyumetric stretchins modes, only
the free band could be detected, (530 em"). the c¢omplexsd

, -l :
band (¢a 640 em ) belng hidden. The only prominent feature
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in the spectrun w&ieh could not be assigned was a B-type band
of moderate imtensity at 830 emf’. This had not been reportsd
previocusly, and could not be assigned to any concelvanle
reaction products, such as free phosphoryl chlerids, free

boron trichloride, phosphoryl brcmida. Soran trisromide,
tetracizloroaorate, %atréhrﬁmaharate. phivsphorus aclds eta.

The nujol mull spectrus eaﬁfirméd the findinzs of the
80l1id fila: spectrun, %ﬁa main difference lylnz in the much
»weékef relative intensities of the adduet bands and of the
Sﬁﬁtam" bana.‘ In addition, on standing, the very weak
1180 en”! band inereased markedly in intensity, and suifted
to 1120 ex”!, accompanled 2y the appearance of new bands at
3200 cm! and 800 em”', in the O-H stretesing end bending
regions. fhese<ohﬁervatia&s together suzzest hydrolysis, and
the spectruam of borie aaié.vﬁ3803, indeed conitalns streng banda |

at 3150 cn~ ', 1190 enm”! and 860 ca™', The other maln band,
| at 1528 eﬁf’, would be obscured by nujol peaks. This leads
to the possibility that some, at least, of the intensity of
the 1190‘&3{i band of ¥addington ei.al. may have deen dus to
a hydrolyais product most of the other hydrolysis product
bands belinz obseured by stronge: peaks.

g %9 fluorescsnce, the rocm-temperature Ranan spectrua
| of the 80113 alduct eodlﬂ uot be odtalned avove ca 500 e 1,
The bands that were observed agreed with the FHaman sgectrun

127

¢f Goubeau'"', as shown in Tadle 2%.
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178w -
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L43a | INRT- 472s 8-Cl sym. 8tr.
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It appears that there is far less dissociation under the
esnditions rejuired for the room~temperature laman spectrun
 than for the correspending infra-rsd specira.

In concluszion, it may be statsd that these results are
oanly corpativle with aa adduet 1lavelving coordination through

oxyzen, bul which 1s readily dissoclated at anilent tea@eratures;
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{2) »ISLOCIARILN OF 230013.3313

e

Values for the enthalpy of dissocclation
FOClae0015(8) =20u14(g) + 3Cly(z) (2 dissy) can be derived
froa three different sources:
(1) Burz and Ross'®® detarained the vapour preszure-iemieraturs
curve for the complex in the rezlon 10-35°C from which, essuaing

eonplete dlasoclation in tue ga2s, they obtained

19310 Kp = 15,803 - 5??!{»

Since
=0
A% - é 1n KE
g% a7

this gives

eH diss = 26.1 keal wol™! (109.2 kJ mol™!)
From vapour density measurements, 1% was caleulated that the
vauour was at least 90 dissoclatsd at a temperature (not
quoted) hiszhsr than for %the pressure measuremsnts,
(11) Sutmann et.al;’E& neasured the enthalples of solation
in phosphoryl chlorlde, of boron trichleorids and of the adjuct
Pﬁﬁls.SCIB, whenee

3013(1) + P{}CI}{I) ———p ?3613.?3@13(3)
- 81 = =7.9 keal mol™' [«33.1 k7 mo1™']

Uaing valuss from references 71 and 81 for the latent heats of
vaﬁorizatiun of boron trichloride and phosphoryl chloride

(5.6 and 9.2 kcal mol™1 respectively),
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sl dizaw 22.7 kcal mal" L9940 kJ mdl”aj

# k¥
(111) Firen, Gardser and Sen é}apmwz’ 135 measured the

entialpy of hydrolysis of the adduet in watsr

F0C1348215(8) + (ne6)i,0(1) = LB,P0, + Hy3Uy + 601 + nkiy0](1)
, ’ . 8 hyd.

£ hyd = =123.2 koal mol™' {=515.6 xJ me1™ 1]

This leads to

203 FOC1503C1,(s) = 27142 keal mol™" («1134.7 kI mo1™!]

and, using valﬁés71’81 of

eLg POCL4(g) = =134.3 keal mol™!

8g 8614(8) = =36.7 keal mol™"

thia gives

tHales = 42,2 koal mol™! (~163,2 kT wo1™']

Finch et.ai.’32’15§ gonfirmed this value by rapeating thelir :
measurements with a fresh sample of aiduet. Burz asnd Hoss!
values for the dlsscclation pressures were also confirmed,
sugzesting that the different values for thke enthalpy of

dissoclation ecould not be attributed to differences betwsen the
| sazples of adduct used, It wa2 postulated that one explan-
ation for the dlscrepancies night be assoclation in the gas
 phase at 233K, eaa%:a:y to 3urs's assumption i.e.
PCClg.BC15(8) #F0C1543014(8) “20C14(2) + 3C14(2)

It was the object of the present work to test this

postulate by measurinz the assoclation in mixtures of the two

82888,
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EXPERATALHTAL

Chenleals _
o The saze sazple of Pﬁ613.3813 was used as for the
spectroscopy (p./S!).

The water used for calibrating the pressure Zsuze was
distilled from acid permanzanate, and degassed by four trap~
to-trap vacuum distillations. '

The e¢yclohexane for testing the pressure gauge was a hizh
purity sample (Fhillips Fetroleum Co. Ltd} stated miniaunm
purity $%.994), used éireaﬁlg after drylag (zrade 4A molecular
sieves) and dezussing.

Fura, distilled prapionic enhgari&e (zinizum purity 984}

was already availadle in the lepartment.

Anmmratus snd Procedara

Pressures were measured usinz a strain gauge (3811 axd
Howell L%d; type 4-365)., Prescures experienced by a thin,
stainlens steel, diashrasm were converted to a controlled
strain in a Yheatstone bridge whose four arma consisted of
atrain gauze windings. A rod wslded to the centre of the
dlaphrazm transmitted its dlsplacement %o a spring elezent,
the movement of which tilted two of the windings so0 as to
increase their strain, and bence reslstance, and the other two
windings so as to decrease thsir strain and resistance, The
gystem was arranzed such tﬁat‘t&é output voltaze of tha out-of-

balance %Wheatstone bridze was a linzar function of the applied
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Prescures The nominal 40mV £all ranze output (O ca 5C0 torr)
was amplified to ga 10V, ziving C.015 volts per torr. The
voltage was rezistered cn a‘diglﬁa& voltueter (Morconi 1343

TP 2560) readins correct to & a¥.

The pressure tranasducer was incorporated in the epparatus
showm in diagram 36, The metal taks-off fronm tae transiucer
was sealed into glass tubing of slizhtly wider diameter using
Torrseal resin (Varian Itd.), The apraratus was fitted with
2 greassless tap and jsiﬁt for eonnection to the vacuum line.
The voluma of thé apparatus up to the seating of the tap was
detsrnined as 961.2 and £ C.1 nl by £i1linz with water from a
burette and pipettie,

~ In use, the epraratus was}immerﬁeaa to the level of the
top of the trans&ucer,_ln a 'water jacket walch could be
therzostatted to 2 0.1%¢.  Readings could be taken in the
range 0~-60%C.  %hen %aking a series of neacurements over a
wide range of temperatures, care had to be exerclsed that'the
tap maintained a good seal at 1ts lower seating. Since the
coefficient of thermal expan:lon is much greater for Teflem
than glass, on cooling there was a tendency for leaking, while
at 5igher tenperaturys ithere was & Janger that uﬁﬁué force
 might creck the taps |

| The thermal characteristics of the gpparatus were deler-

rined in the forn of & voltage~temperature grash, alter

evacuating the vesael to 10™* torr {1.e. affectively rero
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pressurel. Ulazram 37 shows tais to approximate to a
stralzht line in the range 25«5530, with a slope of C.0030V per
degrees A mishap %o the apparatus at a later atave necessi-
tated repsating this determination, when readings taten oer

a wider temperature range (0-60°0) showed the graph to be an
extrenely gentle curve, apsroximating %0 a straizht line for
sualler $empsrature ranges. These graphs ware used to come
renzate all measursmenis for thermal depsndance of the voltagze
by arsitrarily selecting %ue 25,0°C value 28 a etandard, end
correcting voltaze readings at oiher tempersatures to 25%.

The corrsetzd voltage outpul from the transducer was
calibrated in terms of pressure by using water s a atandar&“”%?
The corrected woltaze-pressure calibration graph is shown in
diazras 33 for the rezion 0-100 torr. Thls line can be fitted
to the ejguation

P o= LT0.373V + 21,781 ¥ 0.07

where P = Fressure in torr : 0.07 torr.

¥ = Corrscted voltaze in volis.

To test the mccuracy of the system, the vapour prezsure-
temperaturs curve for e¢yclohexsne was determined in the range
25-40%¢ (100-200 torr), Cyclohexans has often been suzzested
as & staadard for pressure meaaurements‘iq, and 1ts wvapour
pressure has bsen carefully atudied‘37. - The experinmental

pointas are plotted oa the same graph as the literaturs curve

in dlazranm 9.




| 7¢

(44d0Ll) 3¥NSS3yd

06 0L 08§

L 1

0t | o]

d3LVM  HLIM  SNLvYvYddY

ONIHNSVIW-3dNSS3dd J0 NOILvYgIilvo

gt wWvaovig ¢l

CORRECTED

(VOLTS)

'VOLTAGE



1749

DIAGRAM 39  VAPOUR PRESSURE OF
| CYCLOHEXANE
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liowever, many of the Eﬁcls/ﬁsls pressures to be studied
lay in & much lower ranze (0~20 torr) than the Vasour pressures
cf cyclaheiane. ”So, as a furthar cheék on tihe gensitivity of
the apparatus at low pressures (1-6 torr), the vapour ﬁfeséﬁré% '
temperaturs curve was deterained for a sample of pure propionic
anhydri&s? already availahlelan the laboratory. Tha resulis

are plotted azainst the literature curve’ﬁa

in dlagranm 40.
The lzt&raturg valuea are fros very old pepers, so¢ it is
possible that theig accuracy may de guestionad to account for
tlhe discrepancy from the present valﬁes.

Two experiments were performed for phosphoryl chlori&e¥
boron trichloride gaseous mixﬁureé. one in the range 25»55°¢,
the second from 10-40%C.  Below 10°C, maximum pernissivle
pressures {(ca 3 torr) were so amall that 3;«%3&3 in pressure
(ca 0.01 torr per degres or 1ower} eeuld not be rezistered
accurately. Tha vapour f{rom the aclid ‘adduct was azaln usea
és the zource of a ist gahesus mixtdra of boren trichloriée
and phosphoryl chloriie. The péeesure-measuriag abgératué
was atiacied %o the grtassofree vacuus lins (F.S?Zaiagraa 10},
?ue aixing vessal was filled with POVLBQBﬂiag evacdatei,
walw%ea, ana reoattacaed t0 the vacuun lin$. Witk the line
‘aVaeuatad and iselated from the puap, tha adunct was opsned to
the pressurs &yﬁ&f&t&» while being tﬁer eatattaa elizhtly
below the lowest ?éﬁg&?&turu at wuicn reaﬂinvs were to ba

taken (l.e. 2 20°C for the first experiment, ea 8°C for the
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second ) | This was recessary to achieve as hizh a gas
preasure as possinle while svelding the probiem of ﬁaésiﬁle
ﬁﬂmdensatien‘during the experinment. After allowing a few
minutes for equilivration, the tap on the prescure appiratus
was eiut, and the remalninz vapour condensed back into the
nixing vessel, which could then be removed from the vacuum
line and reweighed to determine the welzlit of vapour ia the
gréssura vessel,.

As the result of an aceldental pressure shock betwesn
experincents ona and two, the characteristics of the translducsr
were aliersd, nccessitating recallbration. The sensitivity
rezalned almost unchanged, but all voltaze resdingss were

decreased by a near-constant smsunt. Ilence ths calibration

graphs in diagrams 37 and 39 apply only to the first experiment.

The calibrations for the second experiment gave lines nearly'

parallel to the originals, but displaced by ca ~0.149V,

RESUNPS AND BISCURSION

The resu&ta of the two experimenis are glven in tarle 29.

i

{
1
|
|
i

|
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i

|
|
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PHESSURE V TEMPERATURE FOR 3ASEDUS %&@13~3s13

#IYTURES

T o Ay AT

EXP RIGENT CHE 1 0.0E50 g E’ﬁ’é‘l}. 2331:% used.

Voltace (V) Comnensated Voltase(V) Pressure (torr) Tempsraturs

)
0,005 - =0,005 2143 2446
04020 . 0,003 21,93 30.6
0,033 0.00% . 22.41 34.8
0.060 | 0.015 22,84 40.0
0.080 0.021 . 23.26 bioT7
0.102 A 0.027 23.58 5042
0.113 0.031 23,95 Shels
0.102 0.027 ‘ 23,68 - 50.0
0,035 0.022 23.33 45.0
0.060 C.015 22,84 - 39.8 |
0. 0bis’ 0,011 22,54 3640 |
~0.003 ~0,003 21.57 2541 ?
LEPIRINGAT 290 8 0.03553 20C14.301, used. |
-0 584 L =0.342 : $e13 10,1
~0.375 ~0.343 - 8,06 13,3
=04 364 ~04341 . Be.20 16.7
~0e353 ~3.339 R - 181 ¥ 20.2
~0e335 ~0.337 - Ba4B 25.6
~0e317 =-0.338 - 8465 30.7
~0e302 - | ~0.333 3.76 3544
-0.235 ‘ «~04331 : 8.50 404

Assuning an egquilibriun
Alz) = B{g) + ¢lg)

then o , _
P sbserved wPA + PB + PC
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and
p calculated = p & + 3§ { pl3sp &)
wihere p ovserved = messursd pressure
p calculated = pressure calculated from the simple
gas ejuatlon assuming total essoclation
P 443,C = partial pressure 4,3,C.
Tals leads to |

Degreq 0f, 4 = p ohy « p eale

Slssoclation P calo

. 2
Ejuiliariunm, Krm(p 008 = peale)
Conatant

2 f>ca£c - p ous

The valuew {or the dezree of dissceiation, ¢, thus calculated
ars given in table 30.

Thesa values for the'aagres of aias@ciation nezlect any
deviations from Baoult's law due to Yan der ¥aals' repulsive
fercen. lowevaer, 3rswn1“3’1““ bas shown that such interactiions
can helnegleeteﬂ at pressures less than gu Zﬁjtorr.

Calculated values for the eguilidz»ium eonstant, Kr s 8T8
ot given beoanse, oo (2,9@310 - P obs) is o small in every
case (often less than the linits of error attached to P oba),
the wide limlite of error whleh must bs asslgned to B, render
it slnost megginglesa. These llmitefrange frem = LO7 upwards,
corresyonding to linits of « 254 or wore on In X, 3 lence
a graph of 13Kf agaiﬁst the reciprocal of the tenperature to

deterzine AY {8 not sensible.
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TARTE 30

BIGREE OF DIBGOCIATION 70X FOC1l,.8314(3)

p oxs(torr) p cale a Tenperaturs
= 0.07 (torr) 2 0.007 ¥
EXPERYZENT OuUE
21.43 10.83 0.968 297.8
21457 1C.91 0.977 298.3
21.99 1. 11 0.979 303.8
22.41 11.26 C.39390 303.0
22.54% 1151 04993 309.2
22.84 11.45 0393 215.0
23.26 11.63  1.00 317.3
23.33 11.57 0.939 313.2
23.68 11.82 1,003 323.2
23.68 11.83 1.001 2234
23.56 11.93 1.0C0 327.6
EXPERIMEND %0
p cbe{torr) p cale @ Tezperature
 0.07 (tory) 0,02 K
8413 LeOT 0.99 283.3
3.06 hetl 0e3% 238.9
- 3.20 Letlb Ce9T 229.9
2,34 a1 0.98 233.4
3.48 4429 .98 298.8
8.65 be6 0.93 303.9
8.7 ivaltd 0.93 308.6

.50 .50 0.98 31346
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The results show that there 1s no assoclation between
phospaoryl chloride axnd boreon trichloride in the gas phase
- ajocve ca 45%0.  Below this tenmperature, acssocclation is
possiblie, but sulficiently slizht to have only a marzinal
effeet on the valus of 2 diss derived by Durz and Hosa,
- Purther, in view of the relstive agreement between the values
chbtalreld by teﬁéimetry exd solution calcrimétry in phosphicryl
eialeoride (Gutzann), 1% would seem that the golution hydrolysis
method {(Pincn, Serdnsr and Sen Gupta) ourht to be relnvesti-

zated.
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APPENGIY (ONE

JUSTIFICATION OF THS PRCFORTIONALITY CF THS DISPLACEENT

PRO® 7Ea0 (88 CHATD STCHRLDER AGATEST CHAN3E In

REIISTANCE OF THERUINTOR

¥ velts

- BATTERY
(VCLTAGE V)

O volta

CR » Chart recordier
X = Matehed pair of resistances (3 17) 4.3 k0
Ry = Variable reslstance (z R,)

T = Thermistor resistance

Displacenent from gerc & Applied veltage (Maker's specifications)

Applisd voltage = V, =~ Vy

-G - )
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Ao T changes, let T = R ¢ 2R (R = T at balance)

f-te + AR V¥ . RQ v
e A5pliad voltaze =
%‘20 + AR + X E?O + X
d {irn1lied voltaze) aV| ~ Ra + 1
a &8 (8, + 23 + X)? (2, + 21 + X)
. 2R

(RQ + LR + X)g

—

-.ﬁ{) + Ra + 8 + X = AR

= V
(8, + 22 + x)2
124
o
(ﬁg + LE 4 z)z
- VX

(», + 132 o 283(8, + X) + (amy?

Since M =ea 5Q
f, w=ga 4900 Q

b 4 = u.} KQ

a (Arplied wvoltaze) _ constant to a very sood

4R approeximation,
(< o-1°%)




APCERZIX W0

USTIRICATICON OF LINZAR TATRAPOLATION CF

BEGIADAROTTING PURTw AND A¥DHR-PURILDS

a ., ﬁ(?—%s) + & Jewton's law of eooling

at
where T = Temperature (Z)
t = Tima (misutes)
fj = Jaciket temperaturs (X)

Keywm constanis.
Jo 1ln LK(T-@s) +0] | =t 4+ ¢ by iategration
£

waere ¢ = intezration constani.

1. ﬁ(t+c)

o Tm Jfre -l . Ty
Bat T = 8 Thernistor relationship
ln,§¥a

where A, 3 = Thermistor conatants

R = Thermistor resistancs

..1-1:32 a“"*")*ﬁ @
< 4 3 3%
Bifterentiatiﬁg,
ﬁt 3

B O e 4 g M IR SIS e IR g S e e

(Because of the modulus in lnl | 4 the sizn of df/at

detarmineq sepuratelyl.
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Differentiating azaln,

2 | -
a“n R R & By 13 7 . 24(t+e)
5;2- ﬂ?[(l& ;5,)) + 2 (1n ‘/A) Je

_kr (In %&)2 gif’{(tﬂ:)

3

For a stralizht fore- and after-period,

ﬁﬁ- = conatand
dt

2
and d4°R O
—ﬁzﬂ
at"
Clearly, this 18 not rizorously true. fHowever, typlecal
T3, 113, 115

values are
3= 3 x 10°%% Rj= 5000 0
A= 0,050 © = 0,003 K min~?
K = -0.01 min.™} A = 4350 O

Now, consider the aftereperiod,

c =t /.3 ___ _ _3 w
K 10 8 1n Yy *
870/ n /A

where Bo = Realstance at start of after-period

Rj = Thermistor realstance corresponding to

Jackket temperature

c =2 + 580 uin for after period
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S a3 (at t =0) = =5 x 107 (11.5)% (-0.6C3)
at 3% 10

w D, TH ’?’in.i

3%k (at t = 0) = 5 x 10° (17500 + 3040] (5 x 1079)

5
E?f 9 x 10
- 1072 x5 x 19 (11,552 (3 x 1077)
3 x 107

a =0,008 O min™e

Bormally, ax%rapslatian i3 froz ¢ = O zin $t0 t~ «2 nin
for the aftar-period, duriag which time the slope of the
resiatance~§1me plot would chanze frcm,’say. 0.700 2 min~ to
9,712.n.minf‘ giving a maxirmum error in the extrapolated
resiatance of = 0.024 O , Since resistances can only be read |
accurately to b 0.10, the possible error will be 1nsignificant.§
Although the afternyeriadqcnlg has been eonsidersd, sinilar
resalts (with a smaller & fat in fact) can be ohtained for
the foreeperiod.

In cancluaiaa. it can be stated that the extrapolation of
fore~ and after-periods as straizht linss is Justified provided

(L) The lines are drawn using as short a section of the fore-

and after-periods as practicable (iznorinz the "evafsﬁaet" which
occurs at the start of ths after-period)
(11) The extrapolation pericds are less than five minutes
(111) The apparatus desizn should bYe such a8 to minimine the
values for ﬁ?gat (1.6, K and © both very small),
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92

JUSPIRICATION OF TUT EXPRAFOLATICH OF ?f} - AND

APTER=-PECIOES TQ THE MISPOINT OF Tif BEATING
?LL%I D

i

'Y

]
v/
o

O

1
B

- ——p . - - .-

E

Ta?, D;;ﬁ‘T.? E -E

N

ta tx tg TIME

For the heating pericd (iz& - ;)

-z;r. = K (Tw‘i’d} . W  FNewton's law
s _
t .
= K f 3 (v dat o+ W
J g J . ( L ore "U’ s . :%

A

6 -t B C/tmwje c/fwwe
3 A "Wtj (o8
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3
4 K hand iy ¢ i |
where f (P -0 33 as ®  Hean temperature difference,
| %, (P - Ti) over the heating
1y = t, period.

Kow, total Tcorrected® temperature change on heatinz, A7 s

Ziven by /
-y ‘4, gi,l. - LY
&1 o Tg E’A - (mflt ) (tfi %A;
N/
whers (ﬁf‘a ) = - Wean rate of temperaturs
Q%
change durinz this peried.
ag .

tﬁ.

=Ty - T&«t{\’éfx +«+ 34D+ L)e wlty - t,)

if tx is a $ize puch that A = C, then

6T = ﬁ”} - Tﬁ. +k{3 + O + E) +kD » w(ta - ta}
=Ty = T KTy~ 2006y = ty)

+ KTy = 705 = t,) = 0 (85~ 3)
«Ty=T, - f.ﬁ(?{a - ?j)(ta - tx) +* W (tg - ‘bx)}
- ie{r, - ’;:.'.,l)(tx - tﬁ) + wlty = %,)]

BT m Ty =Ty + (T, = Ty) ¢ (T, - Ty)

- ez
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assualing the slope of the after-pericd is constant and equal

to K (Ta - ?3) + , ard sinilarly for the fore-psriod

ar =K(?A-—7T3)+u
at
o érAf_Eﬁkﬁ ?3

The resistances R“ and'ﬁj corresponding to Tﬁ and T3
are oodtainad by extrapolating the fors- and after-periods of
the resistance~tins graph t0 tke time tx e8¢ T35 the mild-point
of the heatinz pericd.

A recent p&éer by Gunn1k5 draws similar conclusions to
Appendices Two end Three on ths use of thermistors, but from
& different apyroach. The present technijues correspond to
Gunn's "hybrid extrapoclation methed® (reference 145, p. 32,
line 10). A typical reacticn and callbration, where nearly
equal temperature rises cccur in each, would eorrespond to

Guna's set 5 end eet 7 respectively (rsfarsnce 145, pe. 26,

table 1 ) .

- %_ﬁ;ﬁ

JnpRl
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The enthalpy of hydrolysis and
thermodynamic properties of
carbonyl bromide
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By use of an adiabatic solution-reaction calorimeter, the standard enthalpy of formation
of carbony! bromide, AH{(COBrs3, 1, 298 K), was determined as — (34.7 & 0.2) kcal mol~2.

1. Introduction

Evidence for the existence and nature of weak interactions between carbonyl halides
and Lewis acids, e.g. aluminium halides, is difficult to interpret. Thus COCI, and
Al,Clg are known'™ to form a solid complex, with no halogen exchange, as shown
by radio-chlorine measurements.® Vibrational spectroscopic work in this labora-
tory,® however, indicates that halogen exchange between COCI, and Al,Brg occurs,
and further that there is (apparently catalytic) decomposition of COBr, by aluminium
tribromide, following very weak complex formation. Clearly there are considerable
differences between COBr, and COCIl,, and this has prompted the present deter-
mination of the standard enthalpy of formation of carbonyl bromide. Despite its
easy synthesis and thorough spectroscopic characterization® thermodynamic data
are limited to the results of an early'® investigation of the equilibrium constant of
the reaction:
COBr,(g) = CO(g)+Br,(g),

at 346.4 and 454.8 K, whence AHZ(COBr,, g) = —23 kecal mol™1.1 Vapour pressure
studies'® corrected to 298 K, give AH, = 7.4 kcal mol ™%, and hence(™ AHZ(COBr,, 1)
= —30.4 kcal mol™!, Limits of error are impossible to assign from the literature
data. In the present work, a solution calorimetric method at 25 °C was employed
for the measurement of the standard enthalpy of hydrolysis.

2. Experimental
MATERIALS

COBr, was prepared from carbon tetrabromide and concentrated sulphuric acid
according to established procedures,® distilled, allowed to stand over mercury,
re-distilled (normal boiling temperature 64.5°C; literature® 64 to 65°C), and

t Throughout this paper cal = 4.184 J, M = mol dm~3, and Torr = (101,325/760) kN m~2,
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stored in a grease-free vacuum line at liquid nitrogen temperature. For sampling,
fractionation through —30 to —96°C was employed, the product being slightly
discoloured. Samples were periodically checked by use of standard silver nitrate
titrimetry on aqueous hydrolysates. It was found necessary to shake the liquid
vigorously in stoppered flasks for not less than 40 min to ensure complete reaction.
A typical result, using a 0.3339 g sample, was: Br(found), 84.6 per cent by mass;
Br(calc.), 85.1 per cent by mass. Starch—iodide tests on the aqueous hydrolysate
showed the free bromine content of COBr, to be less than 0.5 per cent by mass.

CALORIMETER AND PROCEDURE

The calorimeter was an all-glass Dewar type, containing 200 cm?® of liquid, and similar
to that previously reported,® but modified to operate adiabatically. The design of the
automatic adiabatic control is the same (with minor modifications) as that employed in
the Gallenkamp Adiabatic Bomb Calorimeter; full details are available elsewhere,®
and will be forwarded on application. Before (i) and after (ii) runs using carbonyl
bromide, the system was checked using the enthalpy of neutralization of tris(hydroxy-
methyl)aminomethane (THAM) in excess aqueous 0.1 M hydrochloric acid. Results
were: (i), —7.11 and (ii), —7.11 kcal mol™!; literature:*® —(7.109 4 0.001) kcal
mol~!. For this calorimetric system the standard deviation of the mean for this
reaction has been shown® to be +0.02 kcal mol ™1,

The reaction studied was:

COBr, (1) +nH,0() = CO,(g)+{2HBr+(n—1)H,0}()

for which we denote the enthalpy change by AH, 4. Thus
AHZ(COBr,, 1) = AH(CO,, g)+2AH{HBr in 4(n—1)H,0} -~ AH{(H,0,1) — AH, ,.

The water in the calorimeter was pre-saturated with carbon dioxide to ensure that
the evolved gas would be in its standard state. Thermal effects arising from the
decreased solubility of carbon dioxide with the small temperature increase during
reaction and also from the mixing of CO,(aq) and HBr(aq) were ignored. The rate
of hydrolysis of samples of about 0.3 g in 200 cm® of water was relatively slow
(t; ~ 10 min) and initial results, using a constant-temperature-environment calori-
meter, were abandoned in favour of adiabatic measurements. Reproducible calori-
metric results were obtained only after all contact between carbonyl bromide and
grease was eliminated. Hence all-glass ampoules, sealed directly from a grease-free
high-vacuum line (about 10~° Torr) were employed to contain the carbonyl bromide,
and no grease was used in the calorimetric head. Blank runs showed that the effect
of heating the ampoule during sealing, and the enthalpy of ampoule breaking, were
negligible. The amount of carbonyl bromide used in each run was measured by
post-hydrolysis analysis. Corrections AH,,,, for the carbonyl bromide present in the
gas phase in the ampoule were applied.

3. Results

The results are given in table 1 from which we obtain AH, 4 = —(49.06 £ 0.16)
kcal mol™!, the uncertainty interval being calculated as £{3 67/n(n—1)}!/2. Using
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TABLE 1. Enthalpies of reaction, AH,.s, and enthalpies of hydrolysis, AHyya,
of COBr; at (25.0 4 0.1)°C

Run m(COBr,) —AH s AHcore n — Athd
g kcal mol—? kcal mol—* kcal mol-1
1 0.3723 49.01 0.05 5587 48.96
2 0.1930 49.06 0.12 10777 48.94
3 0.2242 49.49 0.11 9277 49.38
4 0.2168 48.37 0.09 9594 48.28
5 0.2248 48.56 0.11 9253 48.45
6 0.2553 49.16 0.10 8141 49.06
T 0.3342 49.68 0.06 6224 49.62
8 0.3862 49.61 0.06 4386 49.56
9 0.0845 49.61 0.30 24615 49.31

accepted values,!”? AHY(CO,, g) = —(94.05+0.01) kcal mol™!, AHZH,O0,))
= —(68.31540.001) kcal mol™*, and AH{HBr in }(n—1)H,0}=—(29.01 £ 0.01)
kcal mol ™! (mean value between n = 5000 and n = 25000), we obtain AHZ(COBr,, 1)
= —(34.70 + 0.21) kcal mol 1.

4. Discussion
Statistical thermodynamic functions, based on the usual harmonic oscillator rigid
rotor approximation, have been evaluated® for COBr,(g). Using these results in
conjunction with the enthalpies presented above, the standard Gibbs energy and
entropy of formation of COBr, (assumed ideal gas) have been calculated, and are
compared with the corresponding functions for the analogous halides in table 2.

TABLE 2. Thermodynamic functions for COX.(g), (X = F, ClI, Br), at 298.15 K

COF. COCl, COBr,
—AH?/kcal mol~? 151.7¢@ 52.3¢ 27.30
—AG¢[kcal mol~1 148.0¢ 48.9¢ 30.7s
—AS¢/fcal K~* mol~? 12.4 114 —11.5¢2(10.79)

@ From reference 7.
b Using data from references 4 and 7.
¢ Calculated taking the standard state of bromine as gas.

The apparently anomalous value of the standard entropy of formation of COBr,
is due to the condensed standard state of bromine; as shown, this disappears if
calculation using the appropriate value for bromine gas is adopted.
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