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Summary

In order to resolve conflicts in published heats of formation of aluminum
alkyls and related compounds, a one-constant equation (the “Displacement
Rule’”) has been derived relating AHY (M, g) (M = monomer) of primary alkyls
(R = Me) of any element to AHZ(g) of RH. The rule, which permits the calcu-
lation of AHY (M, g) of all the primary alkyls (R #+ Me) of an element, including
mixed alkyls and ““iso”-alkyls, yields values that are practically identical with
those developed from the Allen bond-energy scheme. It has been shown that for
many metals the rule can be extended to include the methyl compounds.
Values of AH2(M, g) and AHZ(1) have been tabulated for a number of primary
alkyls of Zn, Hg, B, Al and Sn. For straight-chain R groups of two or more C -
atoms, the results are well represented by equations of the form —AH2(25°) =
A + B(N — 2) kcal/gfw (N = no. of C atoms). For the gaseous monomers, the
constants A and B are as follows: R,Zn: —8.3, 9.8,; R.Hg: —17.8, 9.8,; R.AIH:
11.1, 9.8,; R3B: 36.4, 14.7,; R3Al1: 27.9, 14.7,; R4Sn: 13.9, 19.7,. Experimen-
tal values of AH}(1) have been determined for eight ethylaluminum halides by the
measurement of heats of redistribution. These results have been used to pre- :
pare tables of AH? (1) values for the primary alkylaluminum halides. For these
liquid dimers, the constanis A and B are as follows: R, AlCl: 92.1, 12.0;
R,AIBr: 78.6, 12.0; R,All: 61.1, 12.0; RAICI,: 128.9, 6.0; RAlBrg. 101.8, 6.0;
RAIL;: 67.6, 6.0; R3AL,Cl,: 221.6, 18.0; R3AlLBrs: 181.0, 18.0; R3AlL I3 129.2,
18.0. After comparison of the AH"(I) values for the chlondes with- conreSpondmg
literature values, it has been demonstrated that most of the literature values (all -

the values from heat of combustion measurements) are thermodynamlcally in-
consistent, unreliable and in complete dmagreement with expenence

Introduction -

‘During the past twenty-odd years, the commercial unportance of organo-
aluminum compounds has been growing rapldly Among the classes of com-
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pounds involved in this growth are the aluminum trialkyls, the alkylaluminum
halides (including the dialkylaluminum halides, the monoalkylaluminum di-
halides and the sesquihalides) and the dialkylaluminum hydrides. Within each
class there is interest, both theoretical and practical, in the longer chain mem-
bers as well as in the methyl and ethyl compounds. It is important that valid

“standard heats of formation be established for these compounds.

A A valid set of AH? values must satisfy three requirements. First, the AH}
values for the compounds belonging to each class must be thermodynamically
consistent: within the class, —-AH?(I)* should increase uniformly with in-
creasing chain length. (The increments in —AH} (M, g)™ should be practically con-
stant beginning with R = Et. The value of the constant increment for a given
class should depend only upon the number of alkyl groups in the class formula.)
Second, the AH} values must show thermodynamic consistency from class to
class: the different classes are interrelated (via redistribution reactions, for
example), hence their AHY values are also interrelated. Third, heats of known
reactions calculated from the AHY values must agree at least reasonably well
with experience.

Serious discrepancies exist among the experimental AHY (1) values present-
ly available. Values reported for Et;Al differ by as much as 19 kcal (Table 9).
Other differences in observed values are: 23 for i-Bu;Al (Table 9); 42 for
Et,AICI (Table 14); 25 for Et,AlH and 27 kcal for i-Bu,AIH (Table 11). Ob-
served AHj (1) values for the R,AICl series from a single source {1] vary erra-
tically with increasing chain length (Table 14) and hence are not self-consis-
tent thermodynamically. The same is true for the RAICI, series (Table 17)
and the R;Al,Cl; series (Table 20).

The purpose of this paper is to resolve these discrepancies and to develop
sets of AH? values that satisfy all three requirements. A simple relationship
(the “Displacement Rule’’) will first be derived which facilitates not only the
comparison of experimental AH} (M, g) values for different primary alkyls
(R # Me) of any given element, but also the calculation of “best values” of
AHY(M, g) for all the primary alkyls (R #* Me) of the element. The rule will
be used in developing tables of AH? values for the primary alkyls of boron,
zinc, mercury and tin. It will be shown that for these four metals (and presum-
ably for various other metals, as well), the rule can be extended to include the
methyl compounds. The extended rule will be used to develop tables of AH?
values for aluminum alkyls and dialkylaluminum hydrides.

New experimental values of AH} (1) will be presented for the following
“ethylaluminum halides: Et,AlCl, Et,AlBr and Et,All; EtAICl,, EtAlBr, and
EtAll,; Et;ALCl; and Et;AL Brs. These results will be used to develop tables
of AHY values for the corresponding primary alkylaluminum halides.

The **Displacement Rule”

Let X represent any element which forms primary alkyl compounds. We
will limit ourselves, for the moment, to compounds each containing only one

* AHga.nd AHg, always in kcal/gfw, refer to the values at 250? Subsecripts d and v denote dissociation
{to monomer) and vaporization; g and 1: gas and liquid; M, D and T: monomer, dimer and trimer.
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kind of alkyl group. Each such compound can be represented by the formula -
(R'CH,),, X where R’ is an appropriate alkyl group (R) or hydrogen and m is
1—4. Consider the (hypothetical) reaction (egns. 1 and 2) at 25° between X

(in its standard state) and a gaseous alkane to form the corresponding primary
alkyl (gaseous monomer) and molecular hydrogen. The “Displacement Rule”*

X(std. state) + m R'CH;(g) > (R'CH,),, X(M, g) + 'EnHz(g) 1)

AH = AHyp ) = AHY [(R'CHz)mX(M_, g)] — mAH; [R'CHs(g)) (2)

states that the heat of this ‘“displacement reaction,” AHy, ), has the same value
AHy g, (to a good degree of approximation) for R’ = any alkyl group R**.
[AHyy,, the value of AHy y., for R’ = H, may or may not be equal to AHyx,.]
Assuming, for the moment, that the Displacement Rule is valid, values of
AH, 5, can be calculated from individual experimental values of AHg [(RCH,),,,~
X(M, g)]. A “best value” of AHy 5, AHy g, can be determined by a suitable
averaging process. “Best values” of AH? [(RCH,),,X(M, g)1 can now be calcu-
lated for all R groups (except as noted previously) using eqn. 3. In applying
egns. 2 and 3, observed values of AH?[RCHa(g)] are used for the alkanes

AH[(RCH.),,X(M, g)] = AHy y, + mAH?[RCH;(g)] (3)

(Table 2) except that “smoothed” values*** are substituted in three cases. For
propane, —25.17 kcal is used in place of the observed value of —24.82. The value
used for butane is —30.10 kcal (observed value —30.15) and for pentane —35.03
(observed value —35.00). (Analysis of available thermochemical data indicates
that the seemingly anomalous observed value for propane is not ‘“carried into”
propyl compounds and that improved results are obtained when the smoothed
value is substituted for it.)

For the special case in which R is a normal straight-chain alkyl group, the
validity of the Displacement Rule follows at once from the “inter-series in-
crement” method of estimating AH?(g). (See, for example, Cox and Piicher
[21, p. 521). The validity of the rule for the general case is also easily demon-
strated. For example, the bond-energy scheme described by Allen [3] and
Skinner [4] has been shown [4, 5] to correlate very well with available heat of
formation data on several series of alkyl compounds. When this sbheme is used
to evaluate AHy g, all the terms which depend on the size and configuration
of the alkyl group R cancel out, leaving AHy , equal to a constant. To illus-
trate, let X = boron or aluminum (in which case m = 3) and let N = number of

* It is recognized that the “Displacemeni Rule® does not embody any new principles. However, it is
a useful tool and has been given this name for convenience. In addition, it leads to the proposed
“Extended Displacement Rule for Metals® (to be described in this paper) which, if valid, perhaps
does advance a new principle.

** It is assumed that R and X are such that no new steric effects (i.e. steric effects not already present
in RCH3) are encountered in the formation of (RCH3),,, X, For example, R should probably not be
allowed to be i-Pr when X is boron.

Obtained from a plot a AHg(g) vs. carbon number. After substitution of the 3 smoothed values,
the increment in AHg(g) between successive alkanes is either 4.92 or 4.93 keal, beginning with
ethane {(Table 2).

CEE
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B catbon atoms per alkyl group (N =>1): AH° [(CNH,N w1):X(M, )] =— 3Bxc
3(N l)BCC —3(2N+ l)BCH 3b3P b3P 3PCXC 30 ACCC Agcc +
, 3[S] + AH"[X(g)] + 3NAH¥[C(g)] +3(2N + DARC[HE] S

o AHO [CNH2N ¥2 (g)] = _(N l)Bcc (2N+ Z)BCH b3Fccc - c4Accc +[S]
+NAH° [C(e)] + (2N + 2)AH° [H(g)] '

A'me') = AH?[(CNH2N+1)2X(M, g)] — 8AH[CyHon42(g8)] =—8Bxc+ 3Bcy —
b3l cex — 3lcxc — Afce + AH? [X(g)] — BAH][H(g)]

Since the bond energies (Bx¢ and By), the interaction parameters {I" ooy,
Tecxe and AZ ) and the heats of formation are all constants, the expression

may be abbreviated to:

AHy gy = ky — bk, .
where &, and %, are constants and b5 is the number of C—C—X interactions.
For all values of N > 2, the value of b} is 3. Since AHX(R) — 8k, = a con-
stant, it follows that the Displacement Rule is valid for m = 3 For N =1, the
value of b3 is zero so that AHy , = ky = AHy ) + 3 ccx- It follows that
AHy pyy = AHy g, if, and only if, I' o = 0. The same results are obtained when
m assumes other values except that, in general:

AHX(H) = AHX(R) +mUqex . , (4)
The important parameter I' .., may therefore be evaluated using egn. 5.

1 ) :
Iﬂc:cx = ; [AHX(H) - AHX(R)] (5)

If, due to an insufficiency of reliable data, either AHy ;, or AH, o, is
known (but not both), the other can be calculated from eqn. 4 provided a re-

liable estimate can be obtained for I’y - The electronegative elements have
positive values of I' o . For nitrogen, sulfur and the halogens, the I’ values
fall in the range +3.0 to 4.3 kcal [2], while ' is higher at +5.7. As will be
shown subsequently, the T"goy values for a number of the electropositive ele-

ments are approximately zero.
" Since many elements are capable of forming discrete mixed primary al-

kyls, it is useful to state the Displacement Rule in a more generalized form.
For a tetravalent element, for example, each compound, whether a “pure’ or
a mixed alkyl, can be represented by the formula (R,CH,)(R, CH,}(R.CH,)-
(R,CH,)X, where each R; is an appropriate alkyl group or hydrogen and dupli-
cation is permissible. The displacement reaction is written as eqns. 6 and 7.

X(std. state) + R,CHx(g) + R, CHa(g) + R CHa(g) + R;CHa(g)
> (R,CH)(R;CH,)(R,CH.)(R,CH,)X(M, g) + 2H, (g) G

* Assuming that the Allen Scheme is applicable to the system in question.



175

AH = AHm, - AHS[(R;, CH,)(R,CH,)(R CH,)(R;;CH,)X(M, g)]
— AHS [R;CHy(g)] — AH[R; CHi()] — AHf [R,CHy(g)] — AHP[R,CHy(e)]
(7)

The “Dlsplacement Rule for Mlxed Alkyls” states that AH. xcr has the same
value (o a good degree of approximation} for any set of four alkyl groups R},
R, R, and R;,. Although no formal proof will be given, the validity of the rule
for mixed alkyls is easily demqnstrated in the same fashion as was the rule for
“pure” alkyls. _

It is noted that when R, =R, =R, =R (=R’), eqn. 6 reduces to eqn 1,
and eqn. 7 to egn. 2, with m = 4, so that the rule for “pure” alkyls is contained
in the rule for mixed alkyls. Since AHX ) AHX(R), individual experimental
values of AH. (R if any, can be combmed with the experimental values of
AHy g, in the averaging process to determine AHy y,. Best values of AHZ(g) of
mixed alkyls can be calculated from equation 7, ora SU.xtable modlflcatlon
using AHy g, AHX(R)'

Apphcatlon of the Displacement Rule to experimental data is illustrated
in Table 1. Calculated values of AHj (g) for primary alkyl bromides (column 6)
show near-perfect agreement with correspondmg values (column 7) calculated
by Skinner [4] using the bond-energy scheme, This illustrates the fact that, des-
pite its speed and simplicity, the Displacement Rule method gives AH?(g)
values that are practically identical with values developed from the bond-energy
scheme. (The bond-energy scheme is, of course, broader, applying also to se-
condary and tertiary alkyls, compounds with which this paper is not concerned.)

TABLE 1

COMPARISON OF CALCULATED VALUES OF -—AH?(E) (kecal/gfw): DISPLACEMENT RULE VS.
ALLEN SCHEME

Compound R’ —AHX®)® —aHUR'CH3@1® AHy ooc —AHXE) (caled.)
£ £ Br(R) f
(obs.) Displacement Bond energy
Ruled scheme®
MeBr H 9.6 17.89 8.29 (9.84)¢ 9.85
EtBr Me 15.3 20.24 4.94 16.19 16.20
PrBr Et 21.1 25.17 4.07 21.12 21.13
BuBr Pr 26.01 30.10 4.09 26.05 26.06
PeBr Bu  31.13 35.03 3.90 30.98 30.99
HxBr Pe 35.88 39.96 4.08 35.91 35.92
HpBr Hx  40.69 44.89 . 4.20 40.84 40.85
OcBr Hp  46.26 49.82 3.56 45,77 45.78
i-BuBr i-Pr 28.4 32.15 3.75 28.10 28.09
As given by Skinner [4]. ® From Table 2. ¢ R) = AH[R'CH; Br(g)] — AHJ[R'CH3(g)].

% AHX(g) (caled.) = BHpp)+ AH°[R0H3(g)] B, a was evaluated as 4.0 by averaging the
last 8 va.lues of AH, Br(R’ ) in gettmg this average, the nu.mbers 4.94 and 3.56 were given only half weight).
€ Calculated from A!-} = AHB!(R + PCCBr = 4.05 + 4,00 = 8.05; Ad?mr'uzax(g)] = AHB:(H)
AH“[HCH3(g)] =8 05——1 .89 = —9.84 using I'cop, = 4-00 2s recommended by Skinner (if, instead, the
observed value of —9.6 is accepted, one calculates PCCBr = 4, 24)
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'i'rABLn.z . . N S s , _
- HEATS OF Fonm-rxon“ OF GASEOUS ALKANES (RH) USED w APPLYING TBE DISPLACEMENT
RULE : )

'Alle group . ’ —AH?[RH(;)]' Alkyl group . | . ~AH?[B.H(g)] )
(straight-chain) ’ , T se? A
Me . L. . 1789
Et-- - -0 7 2024
P L2617 . o T P
Bu ~ .. .. ... ..3010 . , Bu . . .3215
Pe. - 35.03° Pe -k 36.92
T Hx i 39.96 I > - 5.3 . 41.66
Hp L 44,89 ) "#HP . - 46,59
Oc - . - ' 4982 . i-Oc ; . 51.52

"% Observed values [6] except for propane, n-butane and n-pentane for which smoothed values are used.
i-RH refers to the 2-Me compound. When zn i-R group other than i-Bu is linked {0 an atom other than
H, the linkage is understood to occur at the non-branched end of the group. Thus i-HxBr is
C«—C-—-G——C—C—Br and not c—c»c—-g——c—nr.
C

Apbli'caﬁdh to metal alkyls: The “Extended Displacement Rule for Metals”

“Reliable heat of formation data on homologous series of metal alkyls are
relatively scarce. Fortunately data are available on the boron alkyls from methyl
through n-octyl while data from methyl through n-butyl (or n-propyl) are-avail-

TABLE 3

OALCULATION or AHy X(R") VALUES FOR METAL PRIMARY ALKYLS FROM EXPERIMENTAL
HEATS OF FORMATION

Compound® R'0 (Ref. AH{M® AHY  AHYE) —AHJIR'CH3@1Y  AHyghe
Me3B H 7 —339 48 — 291 17.89 24.6
Me3B . 8 — 342 48 — 294 17.89 24.3
Et3B . Me 8 — 46.5 85 — 38.0 2024 22.7
Et3B Me 9 — 442 85 -~ 357  20.24 ' 25.0
BuzgB = Pr 8 — 825 148 — 67.7 3010 . 22.6
Hx3B . Pe 9 —116.0 21.2 — 948  39.96 25.1
Hp3B - ' .Hx 9 —133.8 24.4 —109.4 44.89 25.8
Oc3B Hp 9 —15213 27.6 —124.5 49.82 25.0
Me,Zn H' 2 6.0 7.1 131 17.89 48.9
Eta2n Me 2 4.0 9.6 13.6  20.24 54.1
PryZn Et 7 — 138 109 — 29 2517 47.4
BuzZn Pr 7 — 249 130 - 119  30.10 48.3
Me;Hg = H 2 140 - 83 22.3  17.89 58.1
EtzHg =~ Me 2 74 10.7 17.8  20.24 58.3
ProHg Et 2 — 50 13.2 B2 2517 ‘ . 585
Me;Sn H. 10 — 125 7.9 — 4.6  17.89 67.0
Me3EtSn - H,Me 160 — 161 9.0 ~— 7.1  17.89,20.24 66.8
‘Et4Sn ‘Me 10 — 229 12.2 - 107  20.24 70.3
PrgSm - - Et = 10 — 505 160 ~— 3456 25617 66.2 .
BuagSn ' . Pr 10 — 728 19.8 — 53.0 3010 . 67.4
#BusSn’  iPr 1T — 791 187 — 604 3215 ‘ - 682

SIn ttns table and in succeediixg iables, “Pr’* means n-Pz, “BujB*» meai:s (n-Bu) jB ete. b Recalculaiéd
: fxom original heats of reaction using mosgt recent AH? for components. € Essentially. as given by Cox and
Bilcher [2]. 4 From Table 2. € AHX(R » = AHJI(R'CH2),, X(M, £)] — mAHZ[R'CHa(2)].



able for zinc, mercury and tin. The expenmental values of AH°(1) for these al- '
kyls are listed in column 4 of Table 3. Values of AHy g, calculated therefrom.
are shown in column 7. For each of these elements, accordmg to the Displace-
ment Rule, the values of AHy g, for the alkyls above methyl should all be the
same so that differences among them reflect experimental error. In each case, -
AHy gy for the methyl compound agrees closely (well within expenmental
error) with the weighted average of the values for the higher alkyls. It is there-
fore reasonable to regard the Displacement Rule as being extended to include -
the methyl compound (R’ = H or R) for each of these elements. Weighted av-
erages AHy -, based on all the AHy -, values, were determined as follows:
24.3 for boron, 48.8 for zinc, 58.3 for mercury, and 67.1 for tin.

Best values of AHj(g) for boron primary alkyls, calculated from eqn.
3 (with R’ allowed to be either H or any alkyl group) or from egn. 7 (modi-
fied to accommodate a trivalent element) are listed in column 3 of Table 4.
Calculated values of AHj(1) (column 4) show good agreement with experimen-
tal values (column 5).

Calculated values of AHY(g) and AH7 (1) for primary alkyls of zinc, mer-
cury and tin are presented similarly in Tables 5, 6 and 7. In each instance, the

TABLE 4

CALCULATED VALUES OF —AHJ(g) AND —AHJ() FOR BORON PRIMARY ALKYLS BASED ON
BHg 'y = 24.3

Compound AH?," Calculated values Experimental values
of —AHI()

—aH})? ~AHYM® -

MesB 48 29.4 34.2 33.9%, 34.2°

Et3B 8.5 36.4 44.9 46.5¢, a4 of

Pr3B 11.6 51.2 62.8

Bu3B 14.8 66.0 80.8 82.5°

Pe3B 18.0 80.8 98.8

Hx3B 21.2 95.6 116.8 116.0f

Hp3B 24.4 110.4 134.8 133.87

0c3B 27.6 125.1 152.7 1s52.1f

{Increment}¥® £3.21 [14.81 {18.01

Me, EtB 6.2 31.7 37.9

MeEt, B 7.3 34.1 41.4

MeBuy B 120 53.8 65.8

MeEtPrB 8.5 39.0 47.5

BuBMe, 7.9 43.6 51.5

i-BuBEtz 10.2 48.3 58.5

-Pe3BM 17.1 86.5 103.6

-Hx3B" 20.4 100.7 1211

i-Hp3B" 23.7 115.5 139.2

+-0c3B? 27.0 130.3 157.3

[Increment]¥ £3.33 114.83 118.13

@ Values not taken from Table 3 were estimated (estimated uncertainties range from +0.2 for Me3B to
+1.4 for Oc3B. ¥ Estimated uncertainty: +1.8. ¢ Estimated uncertainties: from +1.8 for Me3B to 2.3
for Oc3B. Uncertainties were combined by summing their squares and extracting the square root.

Ref. 7. € Ref. 8. T Ref. 9. £ Increment per unit increase in carbon no. of R-group for obtaining values
for higher homologs. ** It is assumed that there are no steric effects present in the molecule since
branching is remote from the boron atom.



VTABLES S : 4 : . oo
. CALCULATED VALUES OF AHo(g) AND AHo(l) FOR ZINC PRIMARY ALKYLS BASED ON -
AH =488

12n(R)> . .

Compound ° ¢ ;AH?," ST Calculated values -~ ~-. - - Experimental values "
: : . aHj@® aH{®®

MesZn - . S 71 ‘13.0 B ¥ - S 6 od

EtsZn . - 9.6 ‘8.3 ) . — 1.3 o

PraZn - 10.9 — 1.5 o ~124 —13 83 ‘
BuzZn ' 13.0 o114 —24.4 —24.9°
[Increment] [2.41 . [—9.86] [—12. 25] "
MeEtZn 8.3 - 10.7 2.4

MePrZn - - - 9.6- . 5.7 — 3.9

EtBuZn - : 10,9 — 1.5 —12.4

#BusZn - 12.3 —15.5 —27.8

i-PeyZn . 147 —25.0 —89.7

i-HxZn - 17.1 —34.5 —51.6

[Increment] [2.41 [—9.841 {—12.241

a Valués not taken from Table 3 were estimated (estimated uncertainties: from +0.2 for Me2 Zn to 0.9
for i-Hx2 Zn). b Estimated uncertainty: +2.7. ¢ Estimated uncertainties: from *+2.7 for Mez Zn to 2.8 for
-Hx,Zn. 2 Ref. 2. € Ref. T.

agreement between calculated and experimental values of AHj (1) is satisfac-
tory. : ‘
Since AHy 4y, = x(r) fOr boron, zinc, mercury and tin, it follows that
T'ccx = 0 for each of these metals. The average bond dissociation energies of

TABLE &

CALCULATED VALUES OF AHO(g) AND AHO(;) FOR MERCURY PRIMARY ALKYLS BASED ON
AHHg(R') = 58.3.

Compound AH?,“ Calculated values Experimental values
of A.Hg(l)

AHXe)? aHM®

Me, Hg 8.3 225 14.2 14.0¢

EtoHg 10.7 17.8 7.1 7.19

ProHg 13.2 8.0 — 5.2 — 5.0¢

Buy Hg 15.6 — 1.9 —17.5

[Increment] [2.41 f—9.84] [—12.24)

MeEtHg 9.5 20.2 10.7

MePrHg 10.7 15.2 4.5

EtBuHg 13.2 8.0 — 5.2

Buo Hg 14.9 — 6.0 —20.9

i-Pey Hg 17.3 —15.5 X

i-Hxo, Hg 19.7 —25.0 —44.7

* [Increment] [2.4] [—9.8¢1 [—12.243

@ Values not taken from Table 3 were estimated (estimated uncertainties: from 0.2 for Méi Hgto +1.0
for i'-szHg).‘b Estimated unceztamty- +0 5.¢ Estunated uncertmnues- from 0.5 for MeQHg to £1.1 for
i-szng.d Ref. 2. ,
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TABLE 7 .
CALCULATED VALUES OF —AH(8) AND —AH(() FOR TIN PRIMARY ALKYLS BASED ON
AHgn(r"y = 671 . _

Compound aHQS Calculated values = . : Experimental values
. —— of —AHY(M)
—anmd@® - —aHlo) -

MesSn 7.9 4.5 124 . 12.59
EtsSn 12.2 13.9 261 22 g4
PraSn 16.0 33.6 49.6 50.59
BuaSn 19.8 53.3 731 72.84
[Increment] [3.83 [19.71 : [23.5]

Me3EtSn 2.0 6.8 15.8 ) 16.19

Mez Et,Sn 10.0 - 9.2 . 19.2

MeEt3Sn 111 11.5 22.6

MeEtPrBuSn 14.0 26.3 40.3

FBusSn 18.7 61.5 80.2 79.1°
i-PesSn 22.6 80.6 103.2

i-Hx4qSn 26.5 99.5 126.0

{Increment] {3.9] {18.71 {23.6]1

@ yalues not taken from Table 3 were estimated (estimated uncertainties: from +0.2 for Me4Sn to +1.3
for i-Hx4Sn). b Estimated uncertainty: +1.7. ¢ Estimated uncertainties: from +1.7 for MegSn to +2.1 for
FHx4Sn. Z Ref. 10. © Ref. 11.

the methyl compounds of these metals, D(X—Me)*, cover a broad range: 88
for boron, 53 for tin, 43 for zinc and 30 kcal for mercury. The following related
metals have D(X—Me) values which fall within this range: AD = 67), Ga(61),
In(=52), Tl(= 36), Ge(62), Pb(37), Cd(34), Sb(49), and Bi(35). Pending the
availability of reliable thermochemical data on the alkyls of these metals, it is
reasonable to assume that I'ccx = 0™" and therefore AHyy, = AHy g+, for
each metal. In other words, it is assumed that each of these nine metals, along
with B, Zn, Hg and Sn, obey the “Extended Displacement Rule for Metals.”

Heats of formation of aluminum alkyls

The experimental values of AH? (1) for aluminum trialkyls are listed in
column 3 of Table 8. Corresponding values of AH] for the gaseous monomers
are given in column 7. Values of AH ,; -, calculated therefrom (last column)
range from 18.9 to 42.4 kcal. Of the three values for Me;Al, the high one
(40.1) is rejected since it deviates so far from the average of all the values
(29.8). The other two values for Me;Al (32.8 and 32.5) agree closely. The
value 32.8, corresponding to the measurements of Mortimer and Sellers [17],

* Values of D(X—Me) were calculated as AHrjm where m = no. of Me groups per (monomeric) mole-
cule and AHr = AH of the reaction MemX(g) — mMe(g) + X(g). Current AH? values were used for
Me,, X(g). Values of Aﬂgfor X(g) and Me(g) (34.0 = 1.0 kcal) are from ref. 2. The values of
D(X-—Me) listed for In and T1 were estimated from a ‘““periodic array’’ of the values for the other
elements (the value of 40 for In calculated from experimental data [2], while not necessarily in-
correct, was not used since it appears to be too small in comparison with the values for the neigh-
boring elements).. - '

** Estimated uncertainty *0.5.
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_appears to be the most reliable single value in the table (the measured heat of
reaction was much smaller than the heats of combustion determined by most

"of the other investigators and therefore less subject to error). Since it is also .
reasonably close to the average of all the values, 32.8. was selected somewhat
arbitrarily as the best value for AH ,;g/). .

Values of AHZ(M, g) for alummum alkyls were calculated via the Exten-
ded Displacement Rule for Metals using AH ,; g, = AH}; 44, = 32.8. These are
listed in column 4 of Table 9. Calculated values of AHY (1) (column 6) are com-
pared with observed values (column 7). The calculated value for Me;Al (—36.0),
of course, matches the middle experimental value upon which the calculation
was based. The calculated value for Et;Al (—45.9) occupies a median position
between the four observed values and, in fact, is quite close to the average of
the four values (—46.8). Although the calculated values for Pr;Al and Bu;Al
are lower in magnitude than the observed values, the calculated value for -
i-BusAl (—79.5) falls between the two observed values. On the whole, this
comparison between calculated and observed values tends to support the choice
of AH ,, ', = 32.8 and the use of the approximation AH ,, gy = AH ) g,- It is
perhaps worth mentioning that the value selected for AHY [Me;Al(M, g)1,
—20.9, occupies a reasonable position between con‘espondmg values for Me;B
(—29.4) and Me;Ga (—11.2).

TABLE 9

CALCULATED VALUES OF -—-AH?(M. ) -—AH?(M. 1) AND —-AH?(!) FOR ALUMINUM PRIMARY
ALKYLS BASED ON AHAI(H) = AHAI(R) = 32.8

Compound® AHYM)®  AHQ() Calculated values Experimental values

of —AHIM®
—AHIM,2)° —AHYM? —AHJO)®

Me3 Al 5.4 9.77 20.9 26.3 36.0 28.78 36.0", 36.3¢

Et3Al 9.5 8.5 27.9 37.4 45.9 37.5%_ 4a1.4!, 51.9™,
56.6"

Pr3 Al 12.7 7.7° 42.7 55.4 63.1 68.5P, 77.0"

Bu3zAl 15.9 7.4° 57.5 73.4 80.8 89.0"

Pe3 Al 19.1 7.3° 72.3 91.4 98.7

Hx3Al 22.3 7.3° 87.1 109.4 116.7

Hp3Al 25.5 7.3° 101.9 127.4 134.7

Oc3Al 28.7 7.2° 116.7 145.4 152.6

[Increment] {[3.21 {0.0]1 [14.8] [18.0] {18.01

iBugAl 14.9 1.1% 63.6 78.5 79.6 69.9",92.8"

i-Pe3Al 18.2 (7.0)° 78.0 96.2 (103.2)

i-Hx3Al 21.5 7.3° 92.2 113.7 i21.0

i-Hp3Al 24.8 7.3° 107.0 131.8 139.1

i-Oc3Al 28.1 7.2° 121.8 149.9 157.1

{Increment] {3.3)} [0.01 [14.8] [18.11 [18.1}

@ For the iso-compounds other than i-BuzAl, the point of attachment of the i-R group to the Al atom is
remote from the (single methyl) branching. b Value for Me3 Al is from ref. 14. Other values were estimat-
ed. Estimated uncertainties: from £0.2 for Me3z Al to +1.4 for Oc3AlL. € AHO(M g) =328 + 3AH°[RH(2)].
Estimated uncertainties: 1.7 for Me3Al, 2.2 for all other compounds. da H?(M D= H%(M g) —_—
AHO(M). Estimated uncertainties: from +1.6 for Me3 Al to £2.6 for Oc3A.l. - H‘o\l) = AHO(M, 1) — AHg(l),
E‘sf.xmated uncertainties: from 1.6 for Me3 Al to 2.6 for Oc3 Al This is AHO for the “reathmd”
(equilibrium mixture of monomer and dimer). It is indistinguishable from AHO(D 1) for Me3Al, Et3 Al

and Pr3zAlt but is slightly lower in magnitude than AHO(D 1) for the higher a.lkyls. f Ref. 14. £ Ref. 7.

B Ref. 17, Ref. 19.7 Ref. 12.  Ref. 16./ Ref. 18. miget. 20. Ref. 23.° Ref. 15. Ref. 21. 7 Ref. 13.

T Ref, 22.



. 18%

- - -In applying the Extended Displacement Rule for Metals to (monomeric)

* “aluminum alkyls, we have, in effect, given I" ccay the value zero. In a- 1964 sur-

- vey, Skinner [24] recommended the value —83.0. This was derived from “selec-
ted values” of —36.0 for AH] [Me;Al(1)] (also selected in the present study)
and —36.5 for AHy [EtaAl(l)] (since updated to —37.5). Since the three larger
values for Et;Al (—41.4, —51.9 and —56.6) have all appeared subsequent to
Skinner’s survey, it is no longer reasonable to accept —37.5 as the “best value”
for Et;Al. Hence, the value of —3.0 for I',, must be rejected. '

~ 'In their 1970 book, Cox and Pilcher [2] have also selected —36.0 for

AH? [Me;Al(1)] but have selected —56. 6 for AH? [Et;Al(1)]. From these values,
one can calculate I'¢,; from eqn 5 as } (32. 8—-—22 1) = +3.6. [Cox and Pilcher
(p. 594) also recommend I';;,, =—3.0; appa:ently they overlooked the need
to update the value recommended by Skinner.] This value of +3.6 for I'g,, is
very unlikely to be correct since such large positive values are characteristic of
the strongly electronegative elements but not of the metals. This is further con-
firmation of the fact that the value of —56.6 for AH? [Et;Al(1)] is, in all like-
lhood, thermodynamically inconsistent with the value of —36.0 for
AH?[Me;Al(1)].

Heats of formation of the dialkylaluminum hydrides

The equation for the heats of formation of the dialkylaluminum hydrides
was derived by application of the Extended Displacement Rule for Metals:

Al(c) + 2R'CH;(g) > (R'CH, ), AlH(M, g) + Ha(g) _

AH = constant = AH 1 n = AH? [R'CH,),AIH(M, g)] — 2AH? [R'CH3(M, g)]
where R’ is any alkyl group or hydrogen. Substituting R for R'CH,, we obtain:
AHZ [R,AIH(M, g)] = AH 5, + 2AH? [RH(g)]

AH[RRAIH(M, 1)] = AH? [R,AIH(M, g)] — AHY(M)

AHZ[R,AMH ()] = AH?[R,AIH(T, 1)] = AH?[R,AIH(M, 1)] — AHY(D)

The value of AHJ (1) was estimated as 16.5 + 2.0 kcal/gfw from heat-of-
complexation measurements on Me, AlH [25], Et,AlH [25] and i-Bu,AlH [26].
This value, assumed to apply to all the dialkylaluminum hydrides, agrees well
with the figure given by Coates [27] (17.5 + 2.5 kcal/gfw).

In order to evaluate the constant AH ATH(R') it is helpful to consider the
hydrogenolysis reaction (eqns. 8 and 9). Values of AH, , (M, g) were calculated
from Pawlenko’s [23] experimental data on R, AlH and R;Al using eqn. 8.
These are listed in Table 10. The lone positive value of AH, , (M, g) was dis-
regarded. (From consideration of the bond energies involved in the hydrogeno-
lysis reaction, it seems likely that the reaction is not endothermic.) The average

RaAl(M g) + Ha(g) > R,AIH(M, g) + RH(g)
= AH,, (M, g) = AH[R,AIH(M, g)1+ AHY[RH(g)] — AHJ[R;AIM, )]  (8)
= AH yen t 2AHZ[RH(g)] + AHY[RH(g)] —32.8
- —3AH?[RH(g)}
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TABLE 10
CALCULATION OF AH,, (M, g) FROM EXPERIMENTAL DATA

R —aHJIR AT, D1? AHOMP®  —ARJR,AIHM, )] —AHJIRANM.©)1F  AH,, (M.0)°
Et 48.7 7.4 24.8 38.6 —6.4
Pr 58.1 9.8 31.8. 566.6 —0.4
Bu 67.6 121 39.0 65.7 —3.4
Bu 69.1 114 41.2 76.8 +3.4

@ Experimental values {23]. ® Estimated.® AHJ[R, AIH(M, £)1 = AHJ[R2 AIH(T, D1 + 16.5 + AHJ(M).
d From Table 8 (Pawlenko). € Calculated from eqn. 8.

AH, (M, ) = AH , y ', — 32.8 = a constant (@)

of the three negative values, AH, (M, g) = —3.4*, leads to AH oy =—3.4 +
32.8=29.4.

The derived value, AH ;i 57y = 29.4, can be tested by means of the redis-
tribution reaction (egn. 10). AHS , (M, g) was estimated as —1.5 = 0.5 from

SAIH,(M, g) + $R:AI(M, g) ~ R,AIH(M, g)
AH = AHD,, (M, g) = AH 1y 5y + 2 AHG[RH(g)] — S AH[AIHA(M, g)]
—2(32.8) — 2 AH[RH(g)]
= AH ,;qy — SAH{[AIH(M, g)] — 21:9
AHY AIH;(M, )] = 3[AH gy — 21.9 — AH 4 (M, 8)] (10)

data** on related redistribution reactions. Substituting in eqn. 10, the value of
AHJ AIH;3(M, g)] corresponding to AH 4y gr, = 29.4 is calculated as 27.0  6.0.
This value appears reasonable when compared to the accepted value of 24 [28]
for BH3(M, g) and thus supports the value of 29.4 for AH ,;;; ’,- The mean
bond dissociation energy was calculated from AH[AIH;(M, g)] = 27.0 as
D(AI—H) = 69.1 kcal. This is 2.1 kcal greater than D(Al—Me) which was cal-
culated from AH}[Me;Al(M, g)] as 67.0 kcal. This is reasonable since D(X—H)
is at least 7 keal larger than D(X—Me) for each element belonging to Group
IVA or VA of the periodic system, while D(X—H) =~ D(X—Me) for boron. The
value AH ;.5 = 29.4 is therefore also consistent with bond energy relation-
ships.

The equations for the dialkylaluminum hydrides thus become:

AHYR,AIH(M, g)] = 29.4 + 2 AHY[RH(g)] (11)
AHY[R,AIH(M, 1)} = AH{[R,AIH(M, g)] — AH (M) 12)
AH?[RzAlH(T, D} = AH?[RZAIH(M, D] —16.5 (13)

* Estimated uncertainty +2.0. :

** por LSnH4(e) + 2R4Sn(e) —» RaSnH(). AHO 4 ~ —2.5 (data of Stack et al, {281 for R = Pr, Bu
after converting to gas phase). For 15nCla(g) + 2RaSn(g) — R3SnClE) AHDq ~ —8.0 (liquid
phase equation given by Stack et al. [29] for R = Et was converted to gas phasé). For %A]Cl3(M. B)
+ 2R3 AUM, g) = Ry AICKM, 2). Angd =~ —4.7 (estimated from data given in this paper). Assuming
AHS, ; (H)/AHD 3 (O) to have the same value for Alas for Sa (0.31), AHP 4 (H) for Alis calcu-
lated as —1.5 keal.
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TABLE 11

HEATS OF FORMATION OF DIALKYLALUMINUM HYDRIDES.
Compouna® AHOM)?  Calculated values o . —AHY(T.D), Exptl.
~AH)M,e)° —ARdM, DY —AR}T.1®  Pawlenko! Shaulodf
Mej AIH 14 6.4 10.8 . 27.3
Et;AlH . 7.4 11.1 © 185 35.0 - 487 73.5
. PrAlH 9.8 21.0 30.7 47.2 58.1
BuAIH . 121 30.8 42.9 59.4 67.6
Pep AIH 145 407 . 55.2 7
 HxaAIH  16.9 50.5 - 67.4 83.9
HpzAIH  19.2 60.4 79.6 96.1
Oc2AIH  21.6 70.3 o1.8 108.4
{increment] [2.36] 19.861 [12.2) [12.2]
FBuzAlH 114 34.9 46.3 62.8 69.1 96.1
#PesAlH  13.8 44.5 58.3 74.8
FHx,AIH  16.2 53.9 70.1 86.6
FHp,AIH  18.6 63.8 82.4 98.9
FOc2AIH 210 73.7 94.7 111.2
{Increment] [2.42] {9.8¢41 [12.3] [12.31

@ ¥or the iso-compounds other than i-Bup AlH, the point of ‘attachment of the i-R group to the Al atom
is remote from the (single methyl) branching. b Estirmated. (Estimated uncertainties: from * 0.2 for
Me, AlH to +1.1 for Ocz AIH). ¢ AHJ(M, g) = 29.4 + 2 AHQ[RH(g)1. (Estimated uncertainties + 3.0).

L AHG(M, 1) = AHI(M, 8) — AHS(M). (Estimated uncertainties: from + 3.0 for Me; AlH to + 3.2 for
OczAlH) € H'o(T D= AH?{M 1) —16.5. (Estimated uncertainties: from * 3.6 for Me; AlH to + 3.8

for Ocy AlH). T Ret. 23.2 Ret. 20.

Heats of formation calculated from these equations are listed in Table 11.
Calculated values of AH(1) in column 5 are compared with experimental values
in column 6. The observed values reported by Shaulov [20] are far too large in
magnitude to merit serious consideration. As was the case with R;Al, observed
values of Pawlenko [23] for R,AlH are ~10 kcal larger in magnitude than the
corresponding calculated values. As was shown previously, these high values are
thermodynamically inconsistent with the selected value of —36.0 for
AH{[Me;Al(1)]. It is therefore recommended that the calculated values of AHY1)
for the dialkylaluminum hydrides be used in preference to the observed values.

Heat of hydrogenolysis of R, Al

It was shown earlier that the heat of the hydrogenolysisreaction is a constant
for the monomeric gaseous state and AH,, by, (M, g) was estimated as —3.4 keal.
Calculated values of AH, , (D or T, 1) for several different R-groups are listed
in Table 12. The liquid state reactmns are distinctly exothermic, particulariy
for R = i-Bu. This is consistent with experience since the reactions are known
to proceed readily using pressurized hydrogen at 150—200° [27]

Heat of addition of olefin to R,AIH
The addition of olefin to a dialkylaluminum hydride to form the corre-
sponding aluminum trialkyl is represented by the equation:

R,AIH + [Olef.; ] (g) - R,Al
AH = AH,
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TABLE 12 . :
HEAT OF HYDROGENOLYSIS? OF R3Al

R —Ath.
M, g) - (DorT,D

Me 3.4 9.2
Et 3.4 9.3
Pr 3.4 9.3
Bu 3.4 8.7
Pe 34 8.0
Hx 3.4 7.2
i-Bu 3.4 15.3
i-Pe 3.4 8.5
i-Hx 3.4 7.3

% R3Al + Hy(g) >R AlH + RH(g).

Calculated values of AH, , (M, g) are compared in Table 13 with correspon-
ding values, AH, o (H,), for the addition of olefin to hydrogen. The mono--
meric gas-phase addition of olefin to R,AIH is 3.4 kcal less exothermic than
the addition of olefin to hydrogen [this follows from Ath_ (M, g) =—38.4].
Calculated values of AH, , (1) are compared with the observed values given by
Pawlenko [23]. The agreement is fairly good for Et, Pr and Bu. The observed
value for i-Bu, however, is inconsistent with the other observed values, being
about 7 kcal too large in magnitude.

Larikov et al. [30] studied the thermal decomposition of liquid i-Bu;Al
into liquid i-Bu,AlH and isobutylene over the range 55—129°. They calculated
the AH for the reaction as 15.75 kcal/gfw from the temperature variation of
the equilibrium constant. However, i-Bu, AlH does not exist entirely as the
trimer in mixtures with i-Bu;Al (when it is first formed in dilute i-Bu3Al solu-
tion, i-Bu, AIH exists almost entirely as the co-dimer, i-Bu, AIH-i-BusAl [311).

TABLE 13
HEAT OF ADDITION OF OLEFIN TO R, AlHY

R —AHp .M. ®) —AHp o (H2)° —AHA 0.0
Calcd. Obs.©

Et 29.3 32.7 23.4 20.3
Pr 26.6 30.0 20.8 23.7
Bu 26.6 30.0 21.4 214
Pe . 266 30.0 22.0

Hx 26.6 30.0 22.8 . .

i-Bu 24.7 28.1 12.8 19.6
i-Pe 26.6 30.0 21.5

#Hx 26.6 30.0 22.7

a R AIH + [GIef.R] (8) > R3Al (The olefins considered are all primary olefins except for R = i-Bu).
b —AH of reaction: Hy(g) + [Olef.1(8) — RH(2). © Ref. 23.



' : Hence, T,he value of AH Ao () for 1-Bu. cannot be determmed ina clearcut fash-
ion ﬁ:om these measurements.» _ o S

N Alkylalummum dzhydrtdes o ' '
‘The heat of formation of RAIH, (M, g) may be calculated from the follow-

mg redistribution reaction (AHY,, was estimated™ as —1.5 * 0.5):
2AIH,(M, g) + 4R:AI(M, g) > RAIL(M, g) |
[= AH?,, (M, g) =—1.5 = AHJRAIH,(M, g)] —%(27.0) —4(32.8)
| — AHYRH(g)] ~

, AHO[RAH-iz(M g)] =27.4 + AHJ[RH(g)]

(For R = Et, AHJ[EtAIH,(M, g)] = 27.4 — 20.2 = 17.2)

Using AH° 5.0 (estimated) and AH(1) = 16.5, AHJYEtAIHL(T, D] is
calculated as —14 3. The equation for the disproporticnation of EtAIH (T, 1)
is: - - ’

EtAIH,(T, 1) > L AlH;(c) + { Et,AIH(T, 1)
Using —11.0 [28] for AH?[AlI—IE;(c)}, AH for the reaction is calculated as
- —8.7 kcal. Since AS for the reaction is relatively small in magnitude (although
‘negative in sign), AF is large and negative. This indicates that EtAIH, (T, 1) is
thermodynamically unstable, in agreement with experience. (The dihydrides
apparently do not exist in the pure state although some trimethylamine coms-
plexes have been prepared [27].)
The equation for the dlsproportlonatlon of EtzAIH(T 1) is:
Et,AIH(T, 1) -~ L AlH;(c) + 2Et;AlD, 1)

AH =+0.7

Since AS for the reaction is negative, AF is positive. This indicates that
Et,AIH(T, 1) is thermodynamically stable with respect to disproportionation,
in agreement with experience.

Heats of formation of the alkylaluminum halides

Diethylaluminum chloride
The heat of the following reaction was measured

2ELAL(]) + £ AICls(c) - Et,AICI(]) (14)
[AH(=25%) =—5 .32 = 0.10 keal/gfw Et,AIC1]

Using —45.9 + 2.2 for AH? of Et;Al(1) (Table 9) and —168. 65 = 0.20%* for
AH7 of AlCl;(c), AH? of Et,AICI(]) is calculated as —92.14 + 1.5 kcal/gfw.

For 5AICI3(M,g) + 3R3A1(M g) — RAICIZ (M, g). AHoed was estimated as —4.7 from data in this
paper. Assuming Angd (H)IAH°ed (Cl1) = 0.31 as in previous footnote, Angd (H) is ca.lculated as
© —~1.5keal.. . _
= See first footnote p. 187.
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Dzethylalummum bromide :
The heat of the followmg reactlon was measured

_EtaAl(l) + lA].Bl_'3((:) - EtzAlBr(l) : - . | : | (15) )
[AH(~25°) = —17.28 * 0.14 kcal/gfw EtzAlBr]

Using —45. 9 + 2. 2 for AHcof Et3A1(l) (Table 9) and —122.16 £ 0.30* for
AHY of AlBrs(c), AH] of EtzA].Br(l) is calculated as —78.6, = 1.5 kcal/gfw

Dzethylalummum iodide
The heat of the following reaction was measured:

2Et; A1) + L Alls(c) ~ Et,All(l) (16)
[AH(~25°) = —5.84 * 0.11 kcal/gfw Et,All]

Using —45.9 = 2.2 for AH? of Et;Al(]1) (Table 9) and —73.9 + 1.5* for AH°
of All;(c), AH° of Et,AlI(]) is calculated as —61.0,; = 1.6 kcal/gfw.

Dialkylaluminum halides

The heats of formation of the liquid dialkylaluminum halides, R,AIX(l),
were estimated from the corresponding values for the ethyl compounds as fol-
lows. Consider the redistribution reaction:

2R;AUM, 1) + § AlX,(c) ~ R,AIX(D, 1) | a7
[AH = Angd_(X)]

For a particular X (Cl, Br or 1), it is assumed that, to a good degree of ap-
proximation, Angd.(X) has the same value for other R groups as for R = Et.
This is equivalent to two other assumptions, the first of which is that AH for
the reaction 2R;Al(M, 1) + { A1X;3(M, 1) > R,AIX(M, 1) does not vary signifi-
cantly with the R-group**. This assumption is supported by direct measurements
of heats of redistribution of metal alkyl—metal halide systems. Thus the results
of the liquid-phase studies of Nash, Skinner and Stack [33] on the systems
R;Sn—SnCl,; indicate that AH;’ed_ does not vary appreciably when R is changed
from Me to Et or Bu. (For the reaction R,Sn(1) + SnCl4(1) >~ R1SnCI(1) +
RSnCl;(1), they reported AH =—22.1* 2.2 for R =Me, —22.6 + 1.1 for R = Et
and —22.1 + 0.3 kcal for R = Bu.) In addition, the results of redistribution
studies on the systems R,Hg—HgX,, summarized by Pritchard [34], indicate
that for X = Cl, Br or I, AH,,; (8)*** does not vary significantly when R is
changed from Me to Et or Pr. (The heats of redistribution in solution were mea-
sured directly [35] and converted into Aerd for the gasecus reactions.) The
second assumption is that AH of dissociation of RZAIX(D 1) to RZAIX(M 1

* Values were taken from the latest JANAF Tables [32]: 6—30—70 for AlCl3, 6—30—72 for AlBr3
and 6—30—64 for Allj.
* R is restricted to primary alkyl groups not associated with large steric effects.

*** This same statement appliesto A red. (1) since the value of the gas-to-liquid correction term does
not vary significantly with the R-group. For a typical system [33], the difference in correction
terms for Me and Et is <0.6 kcal/gfw of product. For Et and a larger group the dxfference would
be even smaller,
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does riot vary significantly with the R-group. This is surely reasonable since
© " these dimers are well known to be halogen-bridged so that the nature of the
- R-group should have little effect on the heat of dissociation (again, bulky R-
-groups with large steric effects are excluded). The overall uncertainty of the

- combined assumptions is estlmated as +1.5 kcal/gfw R,AIX. :
. The equations for the ‘heats of formation of the dlalkylalummum halides

are denvgd as follows, with reference to eqn. 17.

AHS, (C1) = AHP[Et,AICH1)] — 3 AHYEL,AIM, 1)] — $ AHZLAICK(0)]
=—92.1, —2(—37.4) — 1 (—168.65) : '
=—10.9,

AFS[R,AICI(1)] = 2AHYR;ALM, D] + L AHY[AICL(c)] + AHZ,, (CD)
=ZAHJ[R;AIM, )] + L (—168.65)— 10.9,

AH{[R,AICK])] = AH[R;AIM, 1)] — 67.2,

AHL, (Br) = AHP[Et;AIBr(1)]— 5 AHZ[Et:Al(M, )] — § AH{[ AlBr5()]
= —78.6, — 2(—37.4) — 1 (—122.16)
=—12. 95
AH"[RzA]Br(l)] =2 AHYRAIM, 1)] + LAHYAlBry(c)] + AH,, (Br)
=2 AHY[R;AIM, )] + 1 (—122.16) — 12.9;

AHY[R,AIBr())] = 2 AHJ[R,AI(M, )] —53.6, (19)

AHS, (I) = AHY[Et,AlI(1)] — 2 AHYEt;Al(M, 1)] — L AH[AlI(c)]
=—61.0, —%(—37.4) —3(—73.9) '
= _11.50

AH‘}{RZAH(I)] =2 AHO[R,AIM, 1)] + 1 AHY[Ally(c}] + AHS, (D
=2AHYR,AM, 1)] +5(—73.9)— 11.5,

AHY[R;AI()] = 3 AHY[R;A(M, )] — 86.1; (20)

‘Values of AHY(1) for the dialkylaluminum chlorides calculated from egn.
18 are listed in column 3 of Table 14 where they are compared with observed
values. Agreement is satisfactory only in the case of i-Bu,AICL The seven values
reported by Pawlenko [1], based on heat of combustion measurements, are not
self-consistent thermodynamically. The increments from Et,AlCl to Pr,AlCl
(=43 kcal) and from Pr,AlCl to Bu,AlCl (=28 kcal) are far too large. The appar-
ent decrease in —AHY(1) from Bu,AlCl to Hx,AICl to Oc,AICI* cannct possibly
be correct.

- Calculated values for the heat of reaction of R;Al(l) with AICl;(c) to form
R;AICKD, 1) are given in Table 15. The AH values based on the calculated AH?

'Hx = hexyl; Oc = octyl
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TABLE 14
HEATS OF FORMATION OF DIALKYLALUMINUM CHLORIDES

Compound® —AHY(calculated) —AHUD, D) (exptl.)
.0’ @ Pawlenko? Shaulov® ’
Mez AIC] 79.9 84.7
Et; AICI 85.0 92.1 : 56.9 ‘ 99.2
Pr3 AIC1 95.1 104.1 99.8
Buy AICI 105.1 116.1 127.4
Pe3 AICI 115.2 128.1
Hx, AICH 125.2 140.1 73.1
Hp, AICI 135.3 152.1
Oc3 AlCI1 145.3 164.1 18.8
[Increment] [10.05] [12.0]
i-Buy AIC] 109.0° 119.5 118.7 117.4
i-Pe3 AICI 118.7 131.2
i-Hx AIC1 128.3 142.8 92.2
i-Hp; AIC] 138.3 154.8
FOcz AICE 148.3 166.8
fIncrement] [10.01 {12.01

G For the iso-compounds with R # i-Bu, as in previous and succeeding tables, the point of attachment of
the R group to the Al atom is remote from the branched end of the group. b Calculated from correspon-
ding value for (D, 1) by subtracting the heat of vaporization (the AHS(D) value for Et3 AlCl is from ref.
37; other values were estimated). Estimated uncertainties: 1.5 for Et7 AICl; from +2.1 for Me2 AICl to
+2.3 for Ocy AICL € Value listed for Etj AlCl is experimental. Other values were calculated from eqn. 18.
Estimated uncertainties: +1.5 for Etp AlCl; £2.1 for all other compounds. ¢ Ref. 1. € Ref. 36.

values range from —4.5 to —10.3. This indicates that the reaction is moderately
exothermic, in agreement with experience (the value of —5.3 for R = Et is ex-
perimentsl). The two values based on Shaulov’s [ 36] measurements agree fairly

TABLE 15
AH OF REACTION: 2R3 A1) + §AI1CI3(c) — R2AICIKD, 1)

R AH of reaction based on AH? values from:
This paper Pawlenko? Shaulov?
Me — 4.5
Et — 5.3¢ 37.1 — 84
Pr — 5.8 7.8
Bu — 6.0 — 11.8
Pe — 6.1
Hx — 6.1 60.9%
Hp — 6.1 .
Oc — 6.1 139.2¢
+Bu —10.3 — 0.6 —14.6
i-Pe — 6.3
+Hx — 6.1 44,54
i-Hp — 6.1

+Oc — 6.1

@ Ret. 1. D Ret. 36. € Direct experimental value. ¢ Value of AH? {R3Al(1)] was taken from this paper since
it was not given by Pawlenko. )
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’ well w1th correspondmg values based on the calculated AH° values. Of the seven

- values based on Pawlenko s measurements, only one (R = Bu) is in reasonable’
':agreement with expenence. The four large positive values are completely incon-

~sistent with experience since they indicate that no reaction should occur (the -

- correspondmg AF values are also large and positive). It is therefore recommen-
ded that the calculated values of AHZQ) for the dlalky.alummum chlondes be
‘used in preference to the experimental values.

Values of AH}(1) for the dialkylaluminum bromides and iodides, calculated
from egns. 19 and 20, are tabulated in Table 16 along with corresponding val-
ues of AHO(D, g). There are no experimental values available for comparison.

Ethylalummum dzchlorzde
The heat of the followmg reactlon was measured

Et; Al(1) + EtAICL, (1) > 2 Et,AICK1)
[AH(=~25°) = —9.44 + 0.18 kcal/gfw EtAICL,]
On multiplying equation 14 by two and substracting the above equation from
it; the following equation is obtained:

1 Et,Al(1) + 2 AICIy(c) ~ EtAICL(1)

[AH(=25°C) = —1.20 * 0.27 kcal/gfw EtAICI,]

Using —45.9 + 2.2 for AHY of Et;Al(1) (Table 9) and —168.65 * 0.20 [32]
for AHY? of A1C13(c), AH? of EtAlCl;(l) is calculated as —128.9; + 0.8 kcal/gfw.

-

TABLE 16
HEATS OF FORMATION OF DIALKYLALUMINUM BROMIDES AND IODIDES
Compound ) —AHY for X=Br —AHQ for X =1

(D. e @.n? (D, g)° ®. H°
Mes AIX 65.8 71.2 47.2 53.7
Et2AlX- 70.9 78.6 52.3 61.1
Pr AIX 81.0 20.6 . . 62.4 73.1
Bup AIX 91.0 102.6 72.4 85.1
Pep A1X 101.1 114.6 82.5 97.1
Hitg AlX 111.1 : 126.6 92.5 109.1
Hpa AIX 121.2 138.6 102.6 121.1
Oc2AIX 131.2 150.6 112.6 133.1
[{Increment] {10.05] [12.0] [10.05] [12.0]
FBus AIX 94.8 105.9 76.2 88.4
FPez AlX 104.6 117.7 85.9 © 100.1
i-Hxp AIX 114.2 129.3 95.5 111.7
-Hpp AlX 124.2 141.3 105.5 123.7
0c2 AlX 134.2 153.3 115.5 135.7
{Increment] [10.0] [12.01 [10.01 - [12.01

@ Calculated from corresponding value for (D, 1) by subtracting the heat of vaporization (the AHO(D)
value for Et» Al is from ref. 37; other values were estimated). Estd. uncertainties: £1.5 for EtzAlBr.
from 2.1 for MejAlBr to £2. 3 for OcaAlBr; £1.7 for Et2Al: from £2.2 for MezAll to £2.4 for OczAlL,
¥ value for EtzAl.Br is experimental, Other values were calculated from eqn. 19. Esiimated uncertainties:

'+ 1.5 for Etz Albr; + 2.1 for all other btomldes. Value for Et; Al is experimental. Other values were
calculated from eqn. 20. Estimated uncerta.mhes +1.6 for Ets All; +2.2 for all other iodides.
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.Ethylalummum dibromide '
The heat of the following reactlon was measured:
Et3A1(1) + EtA]Brz(l) -2 EtzA]Br(l)
[AH(=25°) = —9.49 + 0.18 kcal/gfw EtAlBr;]

On doubhng equation 15 and subtracting the above equatlon from it, the foI-
lowing equation is obtalned.

{ Et;Al(1) + 3 AlBrs(c) ~ EtAIBr,(1)
[AH(=25°C) = —5.07 = 0.33 kcal/gfw EtAIBr;]
Using —45.9 * 2.2 for AH? of Et;Al(1) (Table 9) and —122.16 + 0.30 [32] for
AH? of AlBr;(c), AH] of EtAlBr; (1) is calculated as —101.8, = 0.8 kcal/gfw.
Ethylaluminum diiodide
The heat of the following reaction was measured:
- Et;A1(0) + EtAlL 1) - 2 Et, AL(T)
[AH(=25°) = —8.65 = 0.17 kcal/gfw EtAll,]

On doubling eqn. 16 and substracting the above equation from it, the fol-
lowing equation is obtained:

LEs,Al(1) + 2 All;(c) ~ EtAIL (1)

[AH(=25°) = —3.03 = 0.28 kcal/gfw EtAll,]

Using —45.9 + 2.2 for AH° of Et;AI(1) (Table 9) and —73.9 = 1.5 [32] for
AHY of Allx(c), AH? of EtAlIz (1) is calculated as —67.6, = 1.3 kcal/gfw.

Alkylaluminum dihalides

The heats of formation of the liquid alkylaluminum dihalides, RA1X,(1),
were estimated from the corresponding values for the ethyl compounds as fol-
lows. Consider the redistribution reaction: ‘

1R,AIM, 1) + 2A1X;(c) » RAIX,(D, 1)
[AH = Angd. (X)] (21)
For a particular X (Cl, Br or 1), it is assumed that AHY, ; (X) has the same

red.

value (within the estimated uncertainty of +1.5 kecal) for other R groups as for
R = Et. The basis for this assumption is the same as that given for the dialkyl-
aluminum halides. With reference to eqn. 21, the heats of formation of the
alkylaluminum dihalides are derived as follows:

AHC,, (Cl) = AHYEtAICL, ()] — L AHYEt; AM, )1 — 2 AHZ[AICL(c)]
=—128.9; —§(—87.4) —}(—168.65)
=—4,0,
AH°[RA1012(I)] =L AHY[R;AI(M, )] +2 AHO[AIClg,(c) 1+AH, (Cl)
AH°[R3A1(M D] +3(—168.65) — 4.0, -
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",-AH“{RAJCI:@)] AmRAIM D]~ 1164, @)
‘:AH" (Br) = AH°[EtAlBr2(1)] L AHI[EL;AYM, 1)] 2AH°{AlBr3(c)]‘*
| . =—1018, — (—~374)—~—(-~12216) | -
 7 =-—790 ' o - ,
: AH°[RAlBrz(1)] < L AFRIR,AIQM, 1)] +2AH°[AlBra(c)] + AR, (Br)
' . = LAHY[R.AIM, 1)] +2(—122.16) — 7.9,
”AH°[RAlBr2(1)]V L AHY[R:AI(M, )] — 89. 34 R c (23)

AH‘,’ed,(I)-*:AH‘é[EtAIIz(l)] 3 AH"[EtsAl(M Nl — 2«’-'&1‘1"[A113(0)]
- =—67.60—1(—37.4) — 3(—173.9)
. =—5.8,
AHRAIL(1)] =3 AHR.AI(M, l)] + 3 AH[Ally()] + AH‘,’ed @
= LAHYR,AM, )] +3(—73.9) — 5.8,
AH[RAIL(1)] =5AH[R;AKM, )] —55.1, ‘ (24)

Values of AHY(l) for the alkylaluminum dichlorides calculated from eqn.22
are tabulated in column 3 of Table 17 where they are compared with Pawlenko’s
[1] experimental values. Again, Pawlenko’s results are not self-consistent ther-

TABLE 17 ,
HEATS OF FORMATION OF ALKYLALUMINUM DICHLORIDES

Compound —AH(calculated) —AHYD; 1) (exptl.)
c
®. " ®, 1P amwlenko)
MeAlCl; 119.7 125.2
EtAICl; 122.2 128.9 75.4
PrAlCl; 127.1 134.9 . 1189
BuAlCl, R 132.0 140.9 73.2
PeAlCl, 136.9 146.9
 HxAICI; 141.8 152.9 68.9
HpAICl> 146.7 : 158.9
OcAICI, . . 151.6 164.9 9.6
{Increment] - : [4. 9] ; [6.01 .
#BuAlCl; - © - 1340 . 142.6 71.5.
iPeAlCl; = ~ . . 1388 . 148.5 :
FHxAICL; ' 143.4 154.3 89.8
FHpAICl 148.3 160.3 '
"~ #0cAlICly .. 153.1 " 166.3
" [Increment] : [4.853 [6.G1

@ Calculated from corresponding value for (D, 1) by subtracting the heat of vaporization (AHO(D) values
for EtAICI; and i-BuAlCI; are from ref. 37: other values were estimated). Estimated unce.rta.lnties

+0.9 for EtAICI,; from +1.7 for MeAlClz to 1.8 for OcAICl,. ¥ Value listed for EtAICI; is experimental.
Other values were calculated &om eqn 22. Estimated uncertainties: 0, 8 for EtAlClz. +1.7 for al.l other -

. oompounds “ Ref, 1
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modyna.lmcally The appa:ent decrease in ——AH°(1) ﬁom PrAlClz to BuAlClz

HxAICI], and especially to OcAICl, cannot be correct.: = - :

Calculated values of AH for the reaction of R;Al(l) w1th A1C13(c) tu form
RAICI,(D, 1) are given in Table 18. The AH values based on the calculated- AH°
values indicate that the reaction is mildly exothermic, in agreement with experi-
ence (the value of —1.2 for R = Et, for example, was calculated from experimen-
tal data on two related reactions). The AH values based on Pawlenko’s experi-
mental AH? values are all large and positive, ranging from 19 to 154 kcalina
most erratic fashion. They are totally incensistent with experience since they
indicate that no reaction should occur (the corresponding AF values are also
large and positive). It is therefore recommended that the calculated values of
AHY() for the alkylaluminum dichlorides be used in preference to Pawlenko’s
experimental values.

Values of AHY(1) for the alkylaluminum dibromides and diiodides calcu-
lated from eqns. 23 and 24 are listed in Table 19 along with corresponding
values of AHYD, g). There are no experimental values available for comparison.

Ethylaluminum sesquichloride

When a gfw of liguid R,AlIX is mixed with a gfw of liquid RAIX,, the re-
sulting equilibrium mixture is termed an alkylaluminum sesquihalide and its
formula is customarily written as R3Al1,X;. The reaction is mildly exothermic
corresponding to partial conversion (statistically, 50%) to the mixed dimer
R\ AJ’X‘ 1_R
\X’

Et,AICI(1) + EtAICL (1) -~ Et;Al,Cls(l)
[AH(~25°) = AH(Cl) = —0.54™ + 0.05 kcal/gfw Et;A1,Cl;]

The heat of the following reaction was measured:

TABLE 18

AH OF REACTION: %R;;Al(l) + %AlClg;(c) — RAICI> (D, 1)

R AHr based of AH(f’ values from:
This paper Pawlenko®

Me —0.8

Et —1.2 55.9

Pr —1.4 19.2

Bu —1.5 68.9

Pe —1.6

Hx —1.6 82.4?

Hp —1.6

Oc —1.6 153.7°

+Bu —3.7 71.9

i-Pe —1.7

#Hx —1.6 62.9%

i-Hp —1.6

i-Oc —1.7

2 Ref. 1..b Value of AHo[R3Al(1)] was taken from this paper since it was not given by Pawlenko.

™ This is appreciably lower in magnitude than the values (-——AH° > 1.0 keal) reported by Brandt and
Hoffmann [38] for Me3Al,Cl3 and Et3Al1>Cl3.
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" TABLE19 . . - - :
- HEATS OF FORMATION OF ALKYLALUMINUM DIBROMIDES AND DUODIDES =

Compound oo h —AHgfoxj X=Br. - o —,—AHgfor X=f
¢ - T Y ¢ 36 ) ®. 8 C @
MeAlXy | - '~ 90.9 98.1 . 53.7 .- 63.9
EtAlX, . 93.4 ) 101.8 56.2 67.6
PralX, ¢ o 98.3 ’ 107.8 61.1 ' 73.6
BuAlX, o 103.2 113.8 . 66.0 79.6
- PeAlX3 - 108.1 119.8 70.9 85.6
HxAIX; : 113.0 125.8 75.8 - 916
HpAlX, 117.9 131.8 80.7 97.6
OcAlX2 122.8 137.8 © - 85.6 103.6
[Increment] [4.9] [6.03 {4.93 [6.01
FBuAlXy . 105.2 115.5 68.0 81.3
+PeAlX, 109.9 . 121.3 72.7 87.1
FHxAIXS : i14.5 127.1 "77.3 92.9
FHpAlIX, o 119.4 133.1 82.2 98.9
+0cAlX; 124.2 139.1 87.0 104.9
{Increment} 14.85) 6.0} [4.85] {6.01

@ Calculated from corresponding value for (D, 1) by sub[.racting the heat of vaporization (AH?,(D) values
for EtAIBr, and EtAll; are from ref. 37; other values were estimated). Estimated uncertainties: 0.9 for
Etz AlBr;; from * 1.7 for MeAlBr; to + 1.9 for OcAlBry i+ 1.4 for EtAll2: from £ 2.1 for MeAll, to

+ 2.2 for OcAl;.
Value for EtAlBr; is experimental, Other values were calculated from eqn. 23. Estirnated uncertainties:

20,8 for EtAIBr,3;+1.7 for all other bromides. € Value for EtAll, is experimental. Other values were cal-
culated from eqn. 24. Estimated uncertainties: £1.3 for EtAll;; £2.0 for all other iodides.

Using AH} values derived herein for Et,AlCI(1) and EtAICL(1), AH? of
Et3A12013(1) is calculated as —92.1,—128.9;—0.54 = —221.6, 1.7 kca.l/gfw

Ethylaluminum sesquibromide
The heat of the following reaction was measured:

Et,AlBr(l) + EtAlIBr,(l) - Et;ALBry(l)
[AH(=~25°) = AHYBr) = —0.59 + 0.05 kcal/gfw Et;Al,Br;]

Using AH] values derived herein, AH? of Et;AlBr;(l) is calculated as
—178.6¢ —101.8, —0.59 = —181.0, * 1.7 kecal/gfw.

Alkylaluminum sesquinhalides

Equations for the heats of formation of the liquid alkylaluminum ses-
quihalides, R3Al; X3, were obtained by summing the corresponding eguations
for R,AIX(1) and RAIX(1) and adding corresponding values of AHYX). For
the chlorides and bromides, the values determined experimentally for R = Et
were assumed to apply to other R groups. For the iodides, the estimated value
AHYI) = —0.5 kcal/gfw R3;ALI; was used. The following equations were derived
in this manner:
AHG[R;ALCly ()] = AHP[R;AIM, 1)] —184.2, _ (25)
AH“[RaAlzBrg,(l)] AHYRAYM, )] — 148.6, (26)
AH"[R3AIZI3 (1)] AH“[R3A1(M Dl —91.7, o , (27)
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TABLE 20
I‘IEATS OF FORMATION OF ALKYLALUMINUM SESQUIHALIDES

Compound —AH{Q) for X=Ct : —AHY) (caled.) for:
Calcd ® Pawlenko?  X=mC =19
Me3jAl; X3 210.5 169.9 118.1
Et3Al; X3 221.6 139.6 181.0 129.2
Pr3Al, X3 239.6 226.1 199.0 147.2
BusAl; X3 257.6 186.7 217.0 165.2
Pe3Al; X3 275.6 235.0 183.2
Hx3Al, X3 292.6 126.9 253.0 201.2
Hp3Al; X3 311.6 271.0 219.2
Oc3Al, X3 329.6 24.3 289.0 237.2
[Increment] [18.01 [18.01 [18.01
i-Bu3zAl, X3 262.6 195.3 222.0 170.2
Pe3Al, X3 280.2 239.6 187.8
i-Hx3Al;X3 297.6 183.0 257.0 205.2
i-Hp3Al; X3 315.6 275.0 223.2
+Oc3Al X3 333.6 293.0 241.2
[Increment] [18.01 [18.0] {18.01

Syalue for Et3Al;Cl3 is experimental. Other values were calculated from eqn. 25. Estd. uncert.: +1.7 for
Et3Al,Cl3;: +2.7 for all other chlorides. b Ret. 1. € Value for Et3Al; Brj is experimental. Other values
were calculated from eqn. 26. Estd. uncert.: +1.7 for Et3Al; Br3;+2.7 for all other bromides. 4 Calcu-
lated from eqn. 27. Estd. uncert.: *2,1 for Et3Al;13; £3.0 for all other iodides.

Calculated AHY1) values for the sesquihalides (eqns. 25—27) are listed in
Table 20. The values for the sesquichlorides are compared with Pawlenko’s [1]
experimental values. Except for Pr;Al,Cl;, the experimental —AH? values are
much smaller than the corresponding calculated values. Again, Pawlenko’s re-
sults are not self-consistent thermodynamically. The apparent stepwise decrease
in —AHY1) from R = Pr to R = Oc cannot possibly be correct.

TABLE 21
AH OF REACTION: R3Al(l) + AlCl3(c) > R3Al12Cl3(1)

R : AH_ based on AHgvalues from:
This paper Pawlenko®

Me — 5.9

Et — 7.1 85.7

Pr — 7.9 19.6

Bu — 8.2 : 71.0

Pe — 8.2

Hx — 8.3 158.5%

Hp — 8.3

Oc — 8.4 297.07

iBu —14.5 66.2

i-Pe ~— 8.6

FHx _ — 8.3 , .106.4%

iHp — 8.3

+Oc — 8.4

Q Ref, 1. b Value of AH?[R3A](1)] was taken from this paper since it was not given by Pawlenko.
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. TABLE 22 - - v
 AH OF REACTION: 3 RX(l or g) + 2 Al(e) > R3AL X3() .

R3Al; X3 v 7 —AH] for:

RX1) RX(g)
Me3Al>Cl3 148.6
Et3Al,Cl5 124.1 141.5°
Pr3Al,Cl3 125.6 146.3
Me3AlaBrj 142.9
Et3AlaBrj3 115.3 135.1
Pr3Al, Bry 112.6 136.0
Me3zAloIs 108.2 128.1
Et3zAlZI3 100.1 123.2
Pr3AlIs 99.5 125.3

@ Using calculated AHJ(1) values for R3Al;X3: AHJIRX] values from ref. 40. ® Pawlenko [11 reported
17.5 which is cited by Mole and Jeffery [391, page 12,

Calculated values of AH for the reaction of R;Ai(l) with AICl;(c) to form
R;A1,Cl;(1) are listed in Table 21. The AH values based on the calculated AH?
values indicate that the reaction is moderately exothermic, in agreement with
experience. The AH values based on Pawlenko’s measured AH? values are all
large and positive. They are inconsistent with experience since they indicate
that the reaction is highly endothermic and should not occur (the correspon-
ding AF values are also large and positive). It is therefore recommended that
the calculated values of AH{(1) for the alkylaluminum sesquichlorides be used
in preference to Pawlenko’s experimental values.

An important method for the laboratory preparation of alkylaluminum
compounds consists of the reaction of an alkyl halide with aluminum to form
the corresponding alkylaluminum sesquihalide: 3RX(1l or g) + 2Al{c) >
R3ALX;3(1). The reaction has been deseribed [27] as “strongly exothermic.”
Calculated values of AH,_ (Table 22) indicate that the reaction is indeed strongly
exothermic. For EtCl(g), for example, —AH_= 141.5 kcal/gfw of Et;AlL,Cls.
This is much larger than the value (17.5) given by Pawlenko [1] and cited by
Mole and deffery | 39] in their recent book (page 12). When one considers that
the reaction involves the formation of three primary Al—Cl bonds and three
primary Al—C bonds (at the mere expense of breaking three relatively weak
C—Cl bonds), it becomes obvious that —AH_ must be far greater than 17.5 kcal.
The calculated values are therefore more realistic and their use is recommended.

Conclusions

In conclusion, the heats of formation of aluminum alkyls and related com-
pounds tabulated in this paper are believed to represent fairly the experimental
AH? values thus far determined. When better experimental values beccme avai-
lable, the methods here employed can be used in revising the tables. Definitive
AH? values for Me;Al(l) and Et;Al(l) would provide a test of the “Extended
Displacement Rule for Metals,”” which is of both theoretical and practical in-
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terest. These values could be used to calculate réasonably accurate AH] values.
for all the aluminum primary alkyls. The latter, in turn, could be combined
with the experimental heat of redistribution data to produce revised tables for
the alkylaluminum halides, Definitive AH} values for one or two hydrides (for
example, Et,AIH and i-Bu,AlIH) would lead to better AHY values for all the
hydrides.

Experimental heats of formation of aluminum alkyls and related aluminum
compounds thus far determined by combustion calorimetry have been shown
to be thermodynamically inconsistent and unreliable. A far better approach
for these compounds, and for organometallic compounds in general, is by reac-
tion calorimetry in a rotating bomb. Such reactions are much less exothermic
than combustion and if the reactions are well chosen, their heats can be mea-
sured with much smaller absolute error. Measurement of the heat of acid hy-
drolysis appears to be particularly appropriate for aluminum compounds (the
heat of formation of AICIl; in aqueous HCI of various strengths has been repor-
ted [28, 41]. Measurements made thus far by this method [21, 36] indicate
that the method shows promise, although the results obtained are not definitive.

Heats of vaporization.

Where Antoine constants were available, AH,,, was first calculated via the
Clapeyron equation. AH?(25°) was then estimated using the “Watson Correla-
tion’’ as described earlier [14]. Where boiling points were known, but not An-
toine constants (usually the case for R = Me, Et), values of AS , were read
from plots (AS,, vs. t,)) developed for hydrocarbon analogs. After calculation
of AH,, from AS  , AH%(25°) was estimated as above. Where boiling points
were not known (usually the case for R = Pr and higher), increments in AH?
(25°) corresponding to unit increases in the length of the R group were esti-
mated as being equal to corresponding increments for the hydrocarbon analogs
[6, 40, 42]. Since AH?(25°) values for branched hydrocarbons are not availa-
ble for carbon numbers above 10, these values were usually estimated via the
Greenshields—Rossini equation [43]*:

AF?(25°, isomer) — AH®(25°, normal) = —0.118 C; — 0.307 C,

* Due to a typographical error, the minus sign preceding the first term was omitted in the original
paper (ref. 43, eqn. 6). The first term, like the second, should carry a minus sign since it contri-
butes toward increased molecular compactness of the branched compound (with respect to the
normal compound) and therefore contributes toward reduced AHO. (Note, e.g. that the sign of
the first term is the same as that of the second term in each of related eqns. 1 to 5 of ref. 43. Note
also that the minus sign must be used with the first term of eqn. 6 in order to obtain AHO (isomer)
—_ AHO (normal) = —1.34 as given by the authors in the example on page 274 of the paper ) Unfor-
tunately this sign omission has been duplicated elsewhere and has led to incorrect results in the
application of the equation. For example, the equation is given incorrectly in the recent book by
Cox and Pilcher (ref. 2, p. 121). Thus the value calculated for AHS(isopentane) — AHO (n-pentane)
on p. 122 of the book should be —0.43 keal (rather than —0.19) which agrees much more closely
with the experimental value (—0.42). A second example is found in a recent paper by E. Morawetz
[44] in which erroneous AHO values for 28 compounds were calculated via eqn. 28. (Exrors in the
signs of the contributions were also made here in connection with the fourth or P3 term. These

exxors affected the AH° values for 20 of the compounds.)
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- Inthis equation,-C; and C, are the numbers of tertiary and quaternary

_carbon atoms in the branched compound; P; is the total number of pairs of C
atoms three bonds apart (i = isomer, n = normal); W, the Wiener number, is the
total number of bonds between all pairs of C atoms and N is the number of C
atoms. Increments were calculated in this fashion for both the n-R compounds
and the i-R compounds, as well as differences between the n-butyl and the cor-
responding i-butyl compounds. It was found that within each series of n-R
compounds, a constant increment in AH?(25°) was obtained. Within each se-
ries of i-R compounds, on the other hand, the increment showed a slight in-
crease with increasing N, hence an average value was used.

For Me,AIH(M), AH®(25°) was estimated from that of Me;Al(M) by sub-
tracting from it the difference in the corresponding hydrocarbon analogs. For
Et,AlH(M), AH?(25°) was estimated in the same fashion from that of Et;A}(M),
the value for the latter having been estimated from its boiling point [14]. The
AH?(25%) values for the higher homologs were estimated by the incremental
method described above.

+0.164(P5;— Psg)kcal L (28)

Experimental

Materials
Anhydrous aluminum halides were as follows: AICl;(c) (Alfa Inorganics,

99.999%); AIBr;(c) and All;(cj {Research Organic/Inorganic Chemical Corp.,
99.5%). The specified purities were checked by chemical analysis and the ma-
terials used without further purification. Hexadecane (Humphrey Chemical
Co., 99+%) was deoxygenated by bubbling dry N, through it for several hours
and was stored over molecular sieves. The following were supplied by Ethyl
Corporation, the indicated purities being established by chemical analysis:
Et;Al(1), 98.0%; EtAlIClL(c), 98.5%; EtAlBr,(l), 99.0%; EtAll,(c), 98.5%;
Et,AICK]), 98.0%; and Et,All(1), 99.0%. Et, AlBr(l) was prepared by mixing
stoichiometric amounts of Et;Al and pre-chilled EtAlBr,. All materials were
stored in a dry N, box and the containers opened inside the box. Aluminum
halides were transferred to glass vials which were weighed accurately before
and after the vials were emptied into the calorimeter (the latter was brought
into the dry box for this transfer). Liquids were transferred with hypodermic
syringes which were weighed accurately before and after they were emptied
into the N, -flushed calorimeter. EtAICL(c) and EtAll,(c) were melted and then
transferred in the same fashion.

Calorimeter

The calorimeter consisted of a 180 ml, 3.4 cm (inside diameter) clear boro-
silicate glass Dewar fitted with a rubber stopper. A precision-type thermometer
(—1 to +51° with 0.1° subdivisions) was mounted tightly in the stopper. Tem-
peratures were read to the nearest 0.01° with the aid of a reading lens clamped
to the thermometer. A slight pressure of dry N, was applied to the inside of
the calorimeter through a hypodermic needle which penetrated the stopper
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(pressure control was facilitated by using an oil-filled bubbler in parallel with
the needle). A short glass tube mounted in the stopper served as an entry port
for the introduction of liquids into the calorimeter (this tube was kept closed
except during these transfers). Stirring was magnetic using a Teflon-covered
bar. The heat capacity of the calorimeter was evaluated by bringing it to a
steady temperature near ambient, rapidly introducing a measured quantity
(=40 mil) of n-hexadecane at a known temperature several degrees above am-
bient, and measuring the equilibrium temperature. A plot was made of calori-
meter heat capacity vs. liquid volume.

Thermochemical measurements

In a typical experiment of the type 2/3 Et;Al(l) + 1/3 AlX;(c) ~
Et, AIX(1), =0.01 gfw of finely divided AlX;(ce) (crushed, if necessary) was
weighed into the calorimeter and covered with a weighed amount (=40 ml) of
hexadecane (the latter, which is inert toward these chemicals, served to moder-
ate the reaction and to limit the temperature rise). A suitable amount of
Et;Al(l) (=50% in excess of stoichiometric) was drawn up into a hypodermic
syringe fitted with a long needle (the needle was long enough to extend to the
liquid surface during introduction of the Et;Al into the calorimeter). After
closing the needle tip with a small piece of rubber, the syringe was weighed and
placed in a Dewar along with a thermometer. Calorimeter temperature readings
were taken at half-minute intervals before and after the introduction of the
Et;Al The reaction was usually completed within five minutes as shown by a
steady rate of temperature fall. The temp. rise for the experiment (5—7°) was
determined from a temp. vs. time plot (the initial temp was corrected for the
difference in temp. between the calorimeter and the Et;Al).

The heat liberated was calculated from the temp. rise and the heat capaci-
ties of the calorimeter, the hexadecane, the reaction products, and the excess -
Et;Al. Before dividing by the giw’s of Et,Al1X(1) formed, the heat liberated was
converted to a solvent-free basis by making appropriate corrections for the
heats of solution of reactants, products and the excess Et;Al. Since the heat
capacities of the products were used, rather than those of the reactants, the
value obtained for the AH of reaction was taken as applying at the initial temp.
of the reaction (25.0 + 1.5°).

Experiments of the type Et;Al(l) + EtAIX,(1) = 2 Et,AlX(l) were perform-
ed similarly except that both reactants were added as liquids. About 0.015 gfw
EtAIX,; and a 50% excess of Et;Al were used. As might be expected, these reac-
tions were completed much faster than the reactions of the first type. The cal-
culation of results was also similar, appropriate corrections again being made
for heats of solution.

For experiments of the type Et,AlX(]) + EtAIX,(1) > Et;ALX;(1),
~0.045 gfw EtAlX, was premixed in the calorimeter with hexadecane (=30 ml).
A small quantity (=0.003 gfw) of Et,AlX was also added to eliminate any trac-
es of AlX; that might be present in the EtAlX,. Subsequently =0.045 gfw
Et,AlX (fto which =~0.003 gfw EtAlX, had been added to eliminate any traces
of Et;Al) was added and the temp. rise measured. In the calculations, account
was taken of the Et;AlLX; already present, both in the calorimeter and in the
syringe, before the main mixing. Appropriate corrections were made for heats
of solution.
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Duphcate values of —AH obtamed for 2 Et;Al(I) +1 A1X3(c) - Et, ALX(1)
are 5.28 and 5.37 for X = Cl; 721and736forX Br; 577and591 for X =1.
Duplicate values for Et;Al(l) + EtAIX,(1) > 2 Et,AlX(l) are 9.36 and 9.52 for
X =Cl; 9.43 and 9.55 for X = Br; 8.56 and 8.75 for X = 1. The “‘relative devia-
tion for each pair was calculated as d/m, where d = deviation from the mean
(half the range) and m = mean value. The root-mean-square of the six relative
deviation values was evaluated as r = 0.0096. The uncertainty assigned to each
mean value was *2rm. Duplicate values of —AH obtained for Et, A1X(1) +
EtA1X,() » Et;ALX;(1) are 0.583 and 0.56 for X = Ci; 0.57 and 0.61 for X = Br.
An uncertainty of +0.05, determined by a similar procedure, was assigned to
each mean value. When equations representing separate processes were added
or subtracted, the uncertainty for the resulting equation was obtained by sum-
ming the squares of the individual uncertainties and extracting the square root.

The heat of solution of excess Et;Al(1l) in hexadecane for each experiment
was calculated from the results of earlier work [12]. Other heats of sclution
required were determined in separate experiments. AlCl;(c) and All;(c) had
negligible heats of solution since they were almost inscluble. AlBr;(c), how-
ever, dissolved to a considerable extent, hence its heat of solution was appre-
ciable. Referring to the equation AH_, = AX_ (1 — X)), in which AH_, = molar
heat of mixing and X, = mole fraction of aluminum compound (monomeric
basis), ““A” values at 25 + 1.5° were determined as follows: Et,AICI(1), 206;
Et,AlBr(1), 234; Et,All(1), 270; EtAICl, (1), 780; and EtAlBr,(1), 540. These
values were determined in dilute solution, of course, and hence do not represent
the entire composition range.

Heat capacity data
The specific heat of n-hexadecane was taken from ref. 45. The speciiic

heats of Et;Al(1), Et,AlCI(1) and EtAICl,(1) were determined in this laboratory
[371. The specific heats of the remaining liquid alkylaluminum halides were
estimated by the method of Johnson and Huang [46] used in conjunction with
published values [32] for the liquid aluminum halides.
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