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Abstract

The heats of hydrolysis of n-butyl-

lithiui.i and triethylaluuinium have been

measured, using a !)ewar-vessel calorimeter,

and the data used to calculate the values

Wulf°(n-DuLi, liq.) = 31.14 ± 0.7 koal./mole,

and AL1° (Et 3 Al, liq.) = -36.5 t 5.5 kcal./

ziole. Using a rotating-bomb calorimeter,

the heat of reaction of trimethylaluminium

and acetic acid has been determined. The

heat of solution of aluminium triacetate

in hydrochloric acid has also been obtained.

These measurements are used to caloulate

the values &Hfo(I-e3 Al, liq.) = -36.1 6'~ 3 1.6

kcal./iole and 8Zf° L(C: 3 C0 O) 3 Al, cryst. ]
- -451.8 ± 0.8 kcal./mole.

The mean bond dissociation energies

15(Li-Bu) = 514 t 9, U(Al-Et) . 56.3 ± 4.0,

and 3(Al-Le) = 64.5 - 2.0 koal./mole

are derived.

I
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IntrodtLc tion

There is very little information about the strength

of rietal-carbon bonds in the organo-metallic compounds

IýRn where ,. is one of the lighter metals lithium, beryllium,

or alurxiniur and R is an alkyl radical. The mean bond

dissociation energy 5(Ai--C) is an expression of the strength

of these bonds emid is readily calculated from the relation
7(-'-C)= A,:fO(R, g.) + 1xo(h, g.) -zfoGi-n, g.).

The object of the work carried out has been to

detjrriine, heats of formation, A:If0, of some of these

organo-notallic compounds, in order to obtain more

inhformation about the strengths of metal-carbon bonds.

T:re-ý coipoun!.s have been s*-.':i-d in this investigation,

:n-butyl-lithiuz., trio -Thylaluminium and trimethylaluminium.

$cci:rata dotermination of the heats of :*ormation

of those co;.uounds is difficult because of their Iigh

reactivity. There are fsw reactions •_hich are stoi-

cioio~etrically -roll-dcfincd and which are also suitable

for therroco2±cal study. ::ydrolysis muder controlled

conditions !vs boon successful for n-butyl-lithium and
for trinothylaluninitug, though less so fcr triethylalum-

iniun.

The heats of hydrolysis, at constant pressure, of

n-butyl-lit':iivri -nd triethylaluninium with Gaseous water

have been o:oasured using a Dewar-vossel calorimeter,

vhich is shown diagrarmatically on page 27. For trimethyl-

altuLnitwi, wijch is considerably nore reactive, this

rothod proved unsatisfactory, but the heat of reaction

',ith acetic acid, at constant voluwo in a rotating-bomb

calori::eter, Z-s been neeacured. This apparatus is

sho-rn on pagro 28 and 29. One of the products of this

reaction is alur-iniun triacetate, and as the heat of

for'nation of this coupound was not available, it was

deteriinod frou neasuremont of its heat of solution

in hydrochloric acid.



.he V.:or-iocheruioal otudiao of the tbro. orgaaio-

metaxllic coupotmdci, n-buty1-lithiuatl trio tbylalum~iniun

end trima~thylaltt.ýiniui~i differ in a numiber of asepcts* The

detaf'."Ls of these investigations are presenited# tiierefore,

in three capar;:te sections whichx follow.

uabli cat ions

!parts of this -iork have been, or are being published

as follows:

1. :aýts of ?ornit4-ton and Bond Z~nergies. Part V.

3y P.A.. Faovol1 and C.T. I~ortimer.

J. C'ier. Goc., 1961, 3793.
21. ::atot of F'onzation and Bond Enorgieso Part Z

Trin.ethylalurtinhitrii &;.d 12.uziniurn triace tate.

3y P.1,. Sel11eru and C.T'. Eortiimer.

J. Clho.::. 33oc.9 in pross.

3.af Xaof Forrntllon -md Bond Znergiee.

By P.A. T'owell and C.T. 1,ortimer.

To be publiched.
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'z :~to' Lo,.ri of' triet~hy..-

~a'1ni: ao been .iý-enurod@ A !miown
o '3,toi water vapour was allowed

..o react wit... ami excoss of' liquid
tri t1vau~in"~in --n isothom.cra

calori-:eter et 250 C, Tle m~easured

>~t ~> = ,:LO..3 2.0 ::cal./mooh,

-z to--- - *.- ' to t:?.ýo rearctAion

! --, t,- -14 ; + 0 W ~ -

+% + ) 5

-35. -~::ca./ol ~ccalculated*

... ~.:iili:.c :~yrc~zct-ivc and naeny of. its

roactL'v: ae :ý.ot wildcf-:Žec', unleec, carried out under

car~lycotrol~coad'tionso i~, degradative

oC~ton co-.:bviotion) ouc' a =ixturo containing

a nx-:~zr o.' dif'f'rer-,t -productse :~n aCtdition, triot'.-yl-

alu-ini dfi~c-;Ki-t to 'pr-'If'y, D0 tV:..at t~le ::o~t of

co--.buetion, --~ *ill ".)c laroas , 7ould be subject to

a lar~e absoluto error, dua to sucli ±z~purities. A

roEx.tio~ n 1' .i t-A-, products rara .-ore well def'ined

a~- hi:LS ZL tC=o:.zanio d by a s-;:-all :-.oat c-'iange would,

th~ireforo, bo ý.orocuiab-

icaI rotaction izthat ".otwoaci trietaylaluminilL.-:

rand iocno n an inert zo-'vjnt at roori temperature*

Viere i., n qunantitativo yield of' aluminiun triiodide
a~ 'd oliy io~.C * .. oweoverg to 'seep a co:-iparntively

larrge volt-re of' auvent, in w~.~the iodine is discolved,

If'rero!e . wczter to avoid a co72potoing 1-iydrolysis reaction

p:',ocoflta considerable ex-ori: .e:tal diff'ioultiese

"Iydrolyais of ' riethyl altzminium in an exceso of



to lia 'Kl advia- ,- 'at t::e f6-inal state of thle

~i~zz~~con te.xt wioule. ':)o as a:i aque ous solutiofl which

>- a t'lrJ.c *-i:c aywell-defined state. ::.owever,

:~y~'o~y-Jz ossc -rter is violont and a numlber of

~y&r~~A1:o1:ct:ý-r thr~.:2 et-z~io arc produced under Cl~ose

coý:clitioZx: lj--;--ce fvcilities -tere not ava~ilable to carry
o.t a -a:7is of tho Susco' produced tai-s approach war, rejectede

Z~to&,anz atton~pt 'has been :iade to zieasure the heat

of yr~cr wx,:c~or i~ore contro-2lcd conditions, by passing

a lzow:. -o .t of-L wvator vapour, -i:- a stroaz.1 of nitror_-n

as cai-rior i;x -±::o 1±quiýd triethyaIaiit1 L t was

:~ot~o-,- o ana-yoe : gasoous 7.roductst but' it is

rc-.z7ox-abl(, t,ý aoo~u'e that triter L.hose u-dld conditions,

it co-&st.e ,i-; of otl'anco On tC.is assuzrption it

::.a x~- ozic to c-1cu'lato- the :Oto' -for-.ation- of

Z~::ox~.- ict~~a1z~a~riwas supp.icc- by i~r. ;3*.R.A*

~'o'5>:of llr~rr`ngtom Rescarchi Lc'boratory, Pet-rochoriicals

Ltc*.., Ua:.oct.:.Z. The saxaple contained triet*-xyl-

a-..u'i-.i~ dicthylaluuiniun- hydride and ethyl-

u.:Lý.ix -iyrdidop 2.9%l, al 1-ianiz- triethoxide, O.05-ýt
e- iC tribuyhti~m O.9ýS. :t was, found to be dif~ficult
J- -u~f , ie saiiple further.

-Cr.orIxzctcr,- M.0 calori:neter used to study the heat

of' lryerolysiso f trio -tiiylaluiunium vas a z~odified form~

of that Cerccrioocd previously by Pedley, Sizinnor and

C"::e mi o:.

Mhe reacti*ýon voqsel. waa chiarged witni about 10 r.*.Le

of .-Itlai.n~u n an at'Ll.o sphere o-- dry nitrogen.

'Thia calorimeter mas easoe:b3ed and allowed to reach
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thermal equilibriumi. A stream of dry, oxygen-free

nitrogen was passed through a glass spiral imm•ersed in

a bath ther-ostatted at 250C, and was allowed to bubble

through the liquid triethylaluniniu:1 for a pro-reaction

period. The nitrogen streaa was saturated with water

vaour, by bubbling through a 'water-saturator', a weighed
vessel containing liquid water, and allowed to pass into

the reaction vessel for a short time. Finally the

strea-i of dry nitrogen was resumed for a post-reaction

period. The a.iount of water which reacted was calculated

fro.i the loss of woight of the 'wator-eaturacor' vessel.

it was found necessary to correct this weight because

having weoighed the water-saturat-ir and set up the apparatus

a s-.all anount of water vaporised and condensed along
tVie walls o5 the nitrogen inlet-tube, at the point

-where it onters the calorieotar. This water was nornally
swent int-o theo cl,)ri ictor during the first few ninutes

of the pro-reaction period. The 'vaporisod water

correction' ,,a-s nor-ially 3 to 45• of the total weight

of wator cvaporatecd fro-x the wator-saturator.

A second correction was applied, in this case to

the.- observed teriporaturo rise of the calorireter. In

the process of co::r.octing the water-saturator to the

systot:A, aftur weighing, a sriall amount of air found

its way int.) this nart of the apparatus. The first

few :-l. of nitregon whaich passed through the water-

saturator displaced this air, the oxygen content of

which reacted itinodiately with the triethyl aluminium.
Follzwinj the to•poraturo-ti-ie curve it was quite easy

t-) distinmish this reaction fror'i the hydrolysis which

followed it-iodiatoly. MTis 'oxygen correction' normally

reduced the observed teoperature rise by about 31.

These two corrections act in an opposite sense and

tend to cancel each other.
Tlypical results of a series of about twenty runs
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are shown in Table 1.

HRere AHiis taken to refer to reaction (1) below.

The uncertainty quoted is twice the standard deviation.

The error introduced by the impurities in the triethyl-

alu:miiniu.i is much less than the uncertainty we have

quoted for the heat of hydrolysis.
(C 2 :25 ) Al (liq.) + 3 20 (g) - A1(O) 3 (amorph.)

+ 3C2'i6 (g) . . . (1)

TABLZ 1

Heat of hydrolysis of triethyl aluninium

"It. water (0-1.) -H I (kcal./.Pole of Et Al)

0.0106 155.9

0.o016 151.1

0.0212 162.2

0.0206 150.0
0.0240 157.-C

0.0192 152.0 Mean AF . -124.8 2,.0
kcal ./mole

DISCUSSION

The heat of forriation of triethylaludinium can be calc,-lated

frorn the therriocheýdical relation

&A (hydrolysis = AHfO[AI(OH) 3 , amorph + 3A-Hf°(C 2 H6 , g)

-?.f°[(c 2 15 ),Al, liq.]- 3A.= (F(20, g).

The followlig heats of formation are used: -'72 0 (g), -57.80

a-nd C2::• (g), -20.242 and AI(OH) 3 (amorph.), 304 ± 4 kcal./
;:Iole. These lead to the value

WOL.°[(C2 )Al0, llq.] = -36.5 - 5.5 . oal./aoloe.

A large part of the uncertainty attached to this value

is due to the li.u3ts of error associated with the heat
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of formation of amorphous alutiinium hydroxide, Also,

it may be that under the particular conditiorshydrargillito,

Al 2  .03 "2 0-o (cryst.) or bayerite. A12033H20-P (oryst.)
is produced in the reactions However, this is of little

consequence. Their heats of formation are -61i.4 t 5,
and -612.6 t 6 iccal./nole, or -307.7 - 2.4, and 306.3 - 3
kcal. for one half n:ole, respectively. These values

differ only slightly from the heat of formation of

aiorphous aluminium hydroxide, and are well within the

uncertainty attached to the figure of -304 ! 4 kcal./mole.

In addition, it may be tVat the aluminium hydroxide formed

in this reaction is slightly soluble in the liquid triethyl-
alu 2iniun.

These difficulties might have been overcome by measuring

the heat of solution of the precipitated aluminium hydroxide

in (a) triatetylaltuinium and (b) hydrochloric acid solution.

It would the:.i have been possible to express the heat of

forcation of triethylaluninium in terms of the heat of

foruation of the :aore well-defined state of an aluminium

chloride solution. However, with the particular design

of the calorimeter and the presence of unchanged triethyl-

aluminium in the reaction vessel, it -as not possible

to extract the aluninium hydroxide precipitate.

The mean bond dissociation energy for the aluminium-

carbon bond in triethyl aluminium, 1(Al-C 2 5 ), can be
calculated from the relationship

.5(Al-C ) .15A:fo(Als g) + A÷f0(c2H5, g) - 1AIWOLC 2 H5 ), g].

For this calculation to be made it is necessary to derive

a value for the heat of formation of gaseous, monomeric

triethylaludinium from our value for the liquid compound.
Laubengayer and Gilliam4 have measurod the vapour

pressure of liquid triethylaluuinium over the range 110 -
1400C and the molecular weight of the vapour over the

range 140 - 200°C. The heat of vapoz•isation at the meanttemperature of 1250C is 16.6 - 0.4 koal./mole. At 15000
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triothylalu:i:iiu appoars to be about 129 associated

to the direr. For the process (C2 -.Z5 ) 3Al (liq.)

(C2 - 5 ),A1 (nonover, g) we estimate the value A . 17.-5
± 0.5 kcal./:ole. Using our value for the heat of forma-

t±on of liquiC. triethylalwuiiniuti we derive ALýf°[(C 2 : 5 ),Al, g]

= -19.D- 6.0 kcal./ .ole. :incorporating the values

AIfo(Al, !), 75.0 kcal./g.atori;5 and Kif° (C2cI! 5 , g), 25.5
t 2 1-cal./-o13 ;0  we obtain tie value 7(Al-C2 H2) = 56.8

t 4.0 -.cr'i./:.ole.

Talzing the values &f OL(c 2 : 5 ) 3 Al, aono:aer, g] =-19.0

6.0, ai.d f°L AI1, :oo-.1oer, gJ = 13 ± 10 kcal./aole,

w3- nay esti •.te the heats of fornation of the co.ipounds

(C A )2AI:H and C-''2 5 Al** from, the hypothetical reactions?

2(c )Al + 1A1H (C and
i~~~ 3 -32'_

12 2~ ) l *Al: +* C H A 17C2._5)3Al + 3 2- 5 2
I'L wc assu-ia that for these gas-phase reactions the -'

values aro zero, (i.e. that bond energies are constant

fro?. o:.e -:ol.c-cz1e to another) then we calculate the heats

of' f'or:iatior £-fL(C2 -T5 )2ALE., monomer, gJ = -7 - 7 and

A.,fO[C2 T:sAI:E2, ýionomer, T] = +6 ± 3 kcal./Aole. It is

"difficult to osti-iate accurately the heats of association

in tho g•s Dhaso, vand the latent heat of vaporisation.

.-owevor, using a figure of 17.5 kcal./,nole, for the sum

of these two quantities (the sazao as for triethylalurinium)
the hon.ts of fornation of the liquid compounds will be

-24.5 + 7 •-.' -11.5 ± 8 kcal./mole, respoctively.

Using. these, and other heats of formation quoted

previously, the heats of the following hydrolysis reactions

-'lay be calculatod.
(C2 • 5 )2 Al.- + 3:!20 - A1(011) 3 + 2C2 +26 ÷ 2.52

Ali n -147.5 koal./mole

C2 A5 A1-: 2 +3.o 0 Al(O-) 3 + c 1 + 3.5

AN = -139.3 koal./mole.
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A 2.9% impurity of diethylaluminium hydride and ethyl-

aluriniuri e1ihydride in triethylaluminiuni (for which we

have a heat of hydrolysis of V/i = -154.8 ± 2.0 koal./mole)

would probably introduce an error of not more than 0.5
kcal./;mole in the heat of hydrolysis. Likewise the

error introduced by 0.8% aluninium ethoxide and 0.9%
tributylaluminimn will be siall. These errors are well

within our experimental uncertainty of - 2.0 koal°/mole

and are, therefore, neglected*
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Trine thylaluminiu',

3y C.T. Iortimor and P.!g. Sellers.

The heat of reaction between liquid

tri-jethylaluminium, and acetic acid in
toltiono solution to give aluminium tri-

acetate and -,ethane has been measured.

TLe heat of reaction between alurinium

triacetate and aqueous 4.36L'-hydrochloric

acid has boon m.easurod. Those data

have been used to calculate the heats of

forijation of liquid trimethylalurn-inium,

&.f° 0= -36.1 t 1.6 kcal./mole and

crystallino aluminiui triacetato,
ALfe = -451.8 t 0.8 kcal./.iole. The

-oan bond. dissociation energy 7(Al-i~o) =

64.5 - 2.0 kcal./nole is calculated.

Accurate dotart•ination of the heats of formation of

trialkylalu dniu2 compounds is difficult because of their

high reactivity. There are few reactions of these com-

"pounds which are stoichiouetrically well-defined and which

are also suitable for thermocheiaical study. Long and
NorrishI measured the heat of coribustion of trimethylaluminiutz

using a static-bomb calorieoter. _rowever, degradative

oxidation tuidor those conditions is not well defined.

The difficulties which are encountered in determining

the heats of coibustion of organo-notallic compounds have
2been reviewed by Good and Scott. It seemed likely that

neasurement of the hoat of a reaction which was loss

violent and more woll-definod than degradativo oxidation
,-ight provide a 'ioro precise value for the heat of forma-

tion of tri'iethylalu.Anium.

According to 14hincup,9 a 30% solution of glacial
acetic acid in toluene, at -50, provides a reagent for
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the liberation of the Nethyl groups of trimethylaluminium

as methane, with little tendency to form unsaturated

hydrocarbons. The low toeAperature of -50 was unsuitable

for our thernochemical study, and the reaction was carried

out at 250. The heat of this reaction, AH1 , has been

'ca.sured, using a rotating-bomb calorimeters

(CH 3 ) 3 Al(liq.) + 3C 3 COO(toluene soln.)
(CH COO) Al(cryst.) ÷ . . (l)

ThI heat of for-.iation of aluminium triacetate was not

available, and to provide data from which it might be

calculated, tho heat of solution of this compound in

4.361-hydrochloric acid was measured:

(C: 3 COO) 3 Al(cryst.) + 3!C1(-.36i1-:ClI soln. )

AlCl (4.36i:-1Ccl soln.) + 3C:` 3COO:.-(4.36A'4-HCl soln.) . (2

A Dewar-vessol calorimeter was used to measure the heat of

this roaction.

EXPERI 127TAL

Co-ppounds.- TrLimothylaluminium was supplied in steel
containers by the Carrington Research laboratory of Petro-

cher.aicals Ltd. It had boon analysed by gasioietric methods,1 4

based on the liberation of the alkyl groups as raethane,

developed in that Laboratory. The trimethylaluminium was

99.5e pure. It was found difficult to purify further

by fractional distillation. Aluminium triacetate was

prepared5 froni aluminium chloride and acetic acid. It

,.as analysed for alw-iniur colori~etrically as oxinate.

Found: Al, 13.69%; calc. 13.21%.

Units.- Zeat quantities are given in units of the thermo-

chenical calorie, 1 cal. = 4 .18 4 0 abso J.
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RotatiriZ-bo-nb Calorinetry.- The reaction between triuethyl-

nl :initr and rcetic acid was carried out in a rotating-

bo-:b calori "oter, which was designed and constructed by

hr. G. Sunrer at the University of Lund, Sweden. The

bo~ :~ras of stainless steel and was platinuti lined. It

hzd a capacity of 251 nll. The boub was hold on two point

bcarin-"xs at its to,) and bottou in a jaw, which was rotated

by :*.leas of a synchronous i:otor. A :Aitred cog at the centre

of• this ja'; engagod a set of uitred teeth round the middle

on' the bo.b. As the jaw and bomb rotated end over end,

this nritred gear provided a rotation about the point bear-

ings supporting tho bomb in the Jaw.

-e rpernture :roasrc:-_ents were made by iaeasuring the

czia•ge in resistance,, AR, of a platin=u resistance thormoraeter.

7T.e fundr.ental interval of this thermo-.oter was 9.3047 ohms

between 00 and 1000.

,ac energy uquivalent of tie caloriuetor, 0 , was6s
dotermined according to tho method of Prooon, by combustion

of a sawiule of benzoic acid (3.>i.-. Therraochemical 3tandard,

batch no. 760161), having -AU = 6319.1 - 0.7 cal./g,

ztandard 3evation, s3 = -0.011. The bon-b was charged

ý,ith 1 11. of water and with oxygen at an initial pressure
.1 0ot 30 at:. Zach sample was fired at 25 ° The co-abustions

were initiated by a platinwa wire and cotton fuse. The

enoergy equivalont of the uncharged bo:b, at 250, was cal-

cillated tsini specific -Oat data given by Hubbard, Scott
and t!Iaddin-ton.7 = 69744.6 cal./oh;. = -t0.03%.

The heats evolved in ancillary processes were taken to

have the values quoted proviously.

Tri;:ethylaluninitt.i was distillod into thin, weighed

glass phials which were placed in a platinur crucible in

tCe bonb The borub was charged with glacial acetic acid

(5 myl.) in dry toluene (13.5 l•I.). A small quantity of

acetic aihydride (I.5 ml) was also added to ensure the

absence of free water in the solution. The bomb was
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flushed out with dry, oxygen-free nitrogen at atmospheric

-nrossure. -Ihon the bo.ib was rotated the glass phial of

tri-iathylalu1viniuL fell out of the crucible, was broken,

ane reaction occurred. The heat change which accompanied

this reaction was rioasured.

The Vasoous reaction products wore analysed by gas-

phase chroriatography. A silica-gel column was used for

tho spuaration of methane and hydrogen, and a combination

of two colu ins, of dimethyl sulpholano and of dinonyl

phthalate for the higher hydrocarbons. The only gaseous

products detected wore methane, hydrogen, and a hydrocarbon,

CW:. 8 , which was identified as isobutene using a glycol/silver

nitrate ciluun. These analyses wore carried out by the

Carrington Rosoarch Laboratory. The arnounts of methane,

hydrogen and isobutono are shown in Table 1, as % v/v of

the total gaseous vr')ducts of reaction.

Tho heat c:)rrection, q(C I'4), for the hydrogenation

of isobutene to eothane, i.e., C4 iN8 + 4, may be

calculated fro 1 the heats of formation of the gaseous

co-ipounds; is,)butene, -4.04; and methane, -17.889 kcal./
9 -_ole.9 in three experirionts thore was slightly uore

hydrigen, and in two exporirients less hydrogen than the

quantity required for this hydrogenation. The cause of

this is uncertain and no heat correction has boon made to

allow for the excess, or deficioncy of hydrogen.

The bomb was opened in a dry-box and the gelatinous

solid separated fro:i the toluene solution. An X-ray

powder photograph of this compound was identical with that

of alurainiu•i triacetate. The compound was quickly hydrolysed

tc. a white, finely divided powder on exposure to the atmos-

phere. An X-ray powder photograph of this compound was

the same as that of aluminium diacetate hydrate, Al(OH)(CH3COo)*H.C

The infra-red absorption spectrum of the white solid showed peaks

at 1600 and 3500 cm" 1 , indicating the presence of acetate
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groups ard of water of crystallization*.1 0  A micro-analysis

wa.s carried out. Found; C, 26.18; -Zi, 5.03V'i. Cale. for

A1(O:!Z)(C::3coo)2.::20: C, 26.67; H, 5.00'1j. On this evidence

it was concluded that aliwdiniur.m triacotato was produced

in the bom..b roaction.

INo trace of carbon was found in the experiments for

-'ich results are reported here. Attr:upts were made to

i-icreaso the accuracy of the thortiochornical measurements

by increasing the qutuntitios of trinothylaluminium, acetic

ncid a:-d tolueonoe Z t'-eso oxpori.ments large anounts of

carbon ! -d unsaturated hydrocarbons wore produced.

The heat of solution of methane in toluene solution
w,-ýs :.oasure(. by brea.kir- phials of 25 ;i. of toluene

solution into a-, at:.osphurL of eiothano in the bomb. The

hoat cha;-io war ::ogligiblo. "': ca heat of solution of

.luý-iniu.: triacut.-.to was found to be negligible.

The results of t::u e::porizients arc shown in Table 1.

Th- decrease in i-iternal energy of tho system, -AU, due

t-, the rea.ction of one 0olo of trirethylaluminium in its

standard sta~te, at 250, is given by

-AU =101 +_A + q(C 4 )

whore lao - tho o::.org equivalent of the contents of theC

bo...b af'ter the reaction, calculated by using the following

specific heat values: toluone, 0.404; acetic acid, 0.480;

acetic anhydride, 0.434; rvothane, 1  nitrogen,'2

0.243 cal./deg./g, at 250. The standard heat of reaction,

4-ElI is dorived using the relation -A1; = -AU - AnRT,

whore An is the nvibcr of :.olos of gas produced in the
reactio.,. The overall uncertainty Lnterval associated

with tha value of A% is twice the standard deviation, 2se

Do'.rar-vocool Calor:Lotry.- The heats of solution were

i:oasurod in calorikuoters which have been described aloe-
13,14where. The heats of solution of alwi-jiniuu triacetate
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Table 1

Fieat of reaction of tri:aethylaluminium i,, 72.07

Experiment 1 2 3 4 5

't. Ie 3 Al (g) 0.4819 0.5801 0.6609 0.6435 o.662C

41 (ohoi) 0.01193 0.01411 0.01590 0.01526 0.0158

CY(05(,v/v) 98.7 91.9 97.8 97.4 83.5

C4 ,-8 (% v/v) 0.0 1.4 1.9 2.2 2.9
"0 (; v/v) 1.3 6.7 0.3 0.4 13.6

q(C 4 H8 ) (cal.) 0.0 23.0 33.4 37.8 55.6

I (cal./ohn) 115.6 115.4 112:3 112.5 112.3
-AU (kcal ./-ole) 124.5 125.2 124.6 123.5 126.2

i:ean -AU = 124.3 kcal./!ole (standard deviation of mean

±o.44 kcal./nole). sAU - 43.350; ; =

AnRT = 1.79 h:cal./-olo.

-4-1 = 123.0 t 0.9 kcal./,iole.

and acetic acid in hydrochloric acid were measured in a

spherical, silvered Dewar vessel (capacity 1 litre) with a

long neck. For the solution of acetic acid in toluene,

a smaller cylindrical, silvered Dewar vessel (capacity 300 ml.)

was used. Both vessels wore i=.aiorsed in a thermostat

bath at 2509 Temperature measurements were made from the

resistance change of a therr•istor element. The calorimeter

was calibrated electrically by the substitution method, to

an accuracy of ± 0.20%.

Results of the measurement of the heat of solution of

aluninitu'i triacetato in 4.36i-hydrochloric aoid, ", to

yield the products in solution are shown in Table 2. The

heat of solution of acetic acid in 4.361t-hydrochloric acid,

to give solutions of the same concentration of aoetic -ýoid

as those produced when aluminium triacotate was dissolved,
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has boon oasuroI as AXsoln. = -0.12 t 0.01 koal./mole.

The heat of solution of acotic acid in r solution of acetic

anhydrid&i In toluefno, to give solutions of the same concen-

tration a- those in w.hich the roaction of trimethylaluminiurl

occurred, has boo n uuaourod as A6 soln" ÷0.21 - 0.04 kcalo/

;:Ji. The uncertainties associatod with those values of

A_. are twici the overall standard deviations.

Table 2

:..oat of solution of aluziiniuzi triacotato i_, 20o4.10

Z:peri -ont 1 2 3 4 5

,.(CCOO) 3 Al1(G) 0.7214 0.4730 0.4301 0.8441 0.9670

-A- 2 (kcal./t.clo ) 22.06 23.13 22.97 22.34 22.66

lea : --- 2 = 22.63 t 0.42 kcale/mole.

DISCUSSION

Thc hoot of fornatio_-n of crystalline aluriniura triace-

tate cazL be calculated from the thormochouical relation

A-- A:-:-fc(AClc , 4.36!:-zcl soln.) - 3A'f 0 (•Cl, 4-36h' soln.)
-.Ml soln.) - Alp cryst.].

Cou1hlin l:a-- :4oasured the difference in heats of formation
A£X°(AlCm3 , 4.361-:M: soln.) - 3A•fo(.Cl, 4.3611 soln.) -

-127.05 +0.12 kcal./nole. The value AF..0 (C.H3CO00F, 4.36yi-M-Cl soln.)

= -115.± 0.1 -'cal./zolo zaay be calculated froz3 Aio°(CH COOH, liq.)

=-115. + 0.1 kcn.l./Iolo, 1 d our measurod heat of solution

4: soln. =-0.12 - 0.01 kcai./zolo. Using these heats of
formation the value is derived Awaf 0 [(ClOo)s30A1, cryst.J

-451.8 t 0.3 kcal./i:olo. This oan be used to determine the

heat of formation of liquid trimethylaluminium from the
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rela~tion AH A:r 0[ E(c?.."coo) 3All cry'st.] + 3AY-f0 (CiiH, g-)
-3A"x-fo(C: COO:*-, toluene soln.) - 4:X[Cclc:) Al, liq.].

The following heats o0C foruiation are then used: e('9

-17.809; C-3 0:(toluene solz.), -115.5 t 0.1, calculated
£1,ozLi the haeat of' forvation of liquid acetic acid given

previously a~nd our r-easured heat of solution, 41-1 oln.-

+02 c.ok'- -.cal./.-ýola* The heat of fornation is then

caiculatoc. ~LC. 3 ) 3Alp liq*] = -36.1 t 1.6 kcal./raole.
T2,-ir 7iay b3 co..-.'arec. -with a value of' -23.9 t 3.0 derived froLl

t"-- data .j vo by Long and llorric:h..

At 210 , gaseous triziothylaluu.iniui.i concists of' diraeric

-!Ulecties. 17 ic latcnt hoat of' vaporisation of' liquid

tr~ith~hLiiu2over thi~z range 23 0 - 700 was ricasured by
Lae,:bon-ayor andc G-111--'.)7 as 9.6 kcca1./tio~r of' di--ie-ro Recently,

719
T~cu~oux --a obtairxod a --acre reliab'.e valuie of 10.01 t 0.05

iccaJ./::olo of i.rat 25~ T-io heat of dissociation of'

thle Cas-ozi d-L - .31' to t-w-o i-olucules of' ronornor has been given 13

ar- 20.2 :cca!./.:ole of' zI:or.ezziccy for the process

111:q 14(~c. C, (c:: ),,Al(;-., ~nonomzor) we have the value

A?=15.2 hc1/-oe ncorporating this with our value for

the herloat of' Torttationi o1" liquid trine~thylaltirdUniu= leads to the

vv-luo N~IC:5 3 1 g, nono-ior] =-21.0 ! 2.0 kcal./riole.
T:.A. .:eapn bo:.d. di-osociation unorg-y (A-:)for the

alh---:ir--Ur:-car!5on bonds zxy be dorived frorn the relation

5(A-i~) =~ 0 (Yg.) + Aw(Al, g.) - A:--f 0 L(cIz ) Alp gel
:~oo::r]. 2aIn ~our valvue for tlie heat of' for-nation of'

gaseouv anet the. heats of' form~ation:

C g),22.5 t 1 !.rcal./:-iole 20 and Al(g.)t 75.0 kcal./g.-aton, 21

we bta~athe v,-.uo ~le 64.5 ± 2.0 kcal.b--olo.
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Illustrations

2:u tuo calori:.otors, which have boon used in these

invostiont•, are illustra:ted on the following pages.

T2:o caloriotor used for Lionsuring the heats of hydrolysis
of -r- ttyl-!it._u. ard triothylalim-iniun is showrn in the

,=irSt ".±r-r. Dry nitrogen enters the reaction vessel, F,

e. ithor r.'irectly, or vii, t:-eu water saturator, G. The

reaction vcsse.l is iuiersud in water contained in a Dewar

vessel, C, %09 .c fits tigh.tly into a copper can, 3. T"his
can _`t, provideh with a flangoed lid, A. The water is stirred

by tho propeller, Z, ann. teorperature measurements are made

!y tlhc t1eriisotor eloe:2fnt, (nct shown) which lies behind the

_loetrical calibration heater, D.

Tli scco:vJ. illustration shows the rotating-bomb calori-

-ýJtor, used for the worh: on tritiothylaluminium, "exploded"

i-to its ::a:in co;:ponu-itc. ts .e bomb and rotating mechani&-°-,A,

are supporter ro:i th3 lie of a calorimeter can, B, wihich is

filled with water. This water is stirred by the propeller,

C. Z-e as c.lo c•: hangs insiCe a metal cavity which is

of the sa-: .io'. . , but slightly larger than the can, so

tC:t aU air ga'. seoparatcs the can a:c7. cavity walls. The

cavity is su5i1ergo-_ in a tank, D, of water which is thermo-

stirtetd =a.c circulate,: by a pump, 1, round the outside of

tCe cavity and through the lid, F. M"Te calorimeter can is,

therefore, zurrou:ided by an isothwermal jacket. Temperature

c.anGes i3: thc ca:z_ are- measuredT by the platinum resistance

thorno.e::eter, not show;n in the figure.

heo t•hir- illustration shows in greater detail the

rotating eochaAisia, supported on a steand for demonstration

purposes. V.h.e bomb is held on two point bearings at its

top and botton in a ja,;7, which is rotated by a synchronous

7iotor, G. A -itrod cog, #, at the centre of this jaw
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engp-uc cot of l.~.trod teetil round the z:_iddle of' the bo~ib.

Ls; t'--e Ulv~rvr bor.,-- rotatc. or.d ovor e-.49 t~his -miitred gear

tr,-ovi`dos, a rot-ztion about tho point bearings Oupportirg the

'n-~ ""' -'aih~zr. O'har I'eaturoc shovrm include the maotor, J,

wicri 'rves tV:o r-colr C, used to stir tize water in

th.cý cuKlori-Žtor car.; aid also Jt:'-- .4ring, L, which carries

eloctric curront to initiate t".he comibustion@



CALORIMETER FOR MEASURING HEATS OF HYDROLYSIS

(WITH WATER VAPOUR, AT 250C)

A flne lid: B copper can; C Dewar vessel; D heater;
E stirrer; F Pyrem reaction eein: G water container.



ROTATING-BOMB CALORIMETER FOR MEASURING

HEATS OF COMBUSTION.

N • A

A bomb held in rotation mechanism; B calorimeter can:
C propeller stirrer; D tank; E pump: F lid.



ROTATION MECHANISM OF ROTATING-BOMB CALORIMETER

(SUPPORTED ON A STAND FOR DEMONSTRATION PURPOSES)

C propeller stirrer; G motor driving rotation mechanism;
H mitred cog; L wiring carrying electrical firing current.
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C onc lusi±ons

7-_, -ajor co:,,clusion wlhich may be drawnr~ fromi this

wol- i t.*at rea-vcto:Len cEalorinoctry, eupecially in- a closed

c;~~oiu v. su-t*-Mble :aethod for doter-,tining the -he--ts

o~' crr~aton o.Zhi_*hly reactive orgazio-motallic corm-ound-s.

E'ore :)-.rticu~arlyO the uco of the rotatir.;-bo.-.-b

cr~.iorin1otar Z~:tbe Lo::tondod to studies of the heats of

hydrolysis of -uc,, co.-;poirnes as othyl.-11±thiuLI, diothyl-

altviiniv:-- Iiydricle, cor evon to the alkyl alu±iniun- halides,

ecach, as r;iet:-:ylal=Aniu..i chloride or othylaluminiumi dichior-ide.

7 .: r~7'zen.~s~~rinc1tto theC t'w00 ir~vestig~ations

are listu-- a--Tllw

r-buyl-ithU:I . . . .. .. .pago 6 (ovcrloar'

trict~rj~ii. 'a' * ** ** "1

SyrIbola

Those are c'ofince- in the relovant parts of theo to,:,t,
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