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ABSTRACT (PART I)

The synthesis and stability of dioxaborepan systems have 
been investigated. These heterocycles are considerably less stable 
than the dioxaborinan and dioxaborolan analogues. The thermal stability 
of some bisdichloroborinates and derived esters has been studied and a 
mechanism for the disproportionation is discussed. The association in 
the solution phase of some inan and olan heterocycles was investigated 
cryoscopically. Associative models are proposed and discussed. B- 
chloro derivatives of the above systems have been studied thermo- 
chemically in solution and relevant enthalpies of formation and hydrolysis 
derived. Data on the heat of solution of some diols is also reported.

The accuracy of the calorimetric procedure was checked by 

the measurement of the heat of solution of anionic thermochemical 

standard* This type of measurement was extended to other ionic systems 

and other thermodynamic functions derived. This investigation comprises 

Part II of this thesis.



ABSTRACT (PARI II)

This section is concerned with the determination of lattice 
energies and related thermodynamic functions of some simple ionic salts 
of the main groups I and II. Lattice energies are derived principally 
via the use of empirical correlations between (i) lyotropic number and 
hydration enthalpy and (ii))anion radius and hydration enthalpy. 
Interpolated hydration enthalpies are introduced into a simple Born- 
Haber cycle involving the heat of solution of the salts. The accepted 
data of Latimer et al. is used for Group I salts and the recent data of 
Noyes extended to include Group II salts. When sufficient data is 
available determinations are checked by simple calculation of lattice 
energy by the method of Kapustinkii. Integral heats of solution for the 
Group II chlorates have been determined to complete the series of soluble 
salts of the type and where X = halogen. An attempt was
made to correlate the "effective crystal radius" of non-spherically 
symmetrical ions with an easily accessible property of the ion (e.g. 
Pauling radius, partial molal volume).
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PART I
QRGANO-BQRQN CCMPaJIH)S

INTRODUCTION

Several reviews exist on organo-boron chemistry; Lappert ̂  
surveys the literature up to 1956, Gerrard and lappert  ̂(1953) review 
the action of boron trichoride with organic compounds. These are now 
superseded by Gerrard*s ^ comprehensive book, "The Organic Chemistry of 
Boron" (1961). Che year later I4aitlis ^ reviews heterocyclic organo
boron derivatives. It is with the physical properties of simple 
heterocyclic systems that this thesis is principally conerned.

The nomenclature used here to identify the cyclic systems is : 
seven-membered rings are epans, six-membered rings are inans and five- 
membered rings are olans. In American literature^ these terms are 
suffixed with an "e" i.e. epane, inane and olane. The nomenclature 
for acyclic systems is:- 
Compounds containing the nucleus 

0
0 —  B

\
are designated BORATES,

B
/ 0

0
are designated BORONATSS,

B are designated BORINATSS,
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2 2The ground state of the boron atom is Is 2s 2p and normally exhibits a 
trigonal configuration. Because of the vacant 2p̂  orbital in this state, 
transformation to the tetrahedral configuration occurs readily. This means 
that in simple boron-containing compounds where the boron is trigonal, the 
structure is susceptible to nucleophilic attack or will act as a Lewis acid. 
The electron deficiency on the boron atom may be internally satisfied as in
the mesomeric stabilization of boric acid and tri-alkyl borates . The
Lewis acidity of the boron is reduced to such an extent in alkyl borates

CQthat only tri-methyl borate forms stable amine complexes in the higher 
homologues the steric factor outweighs the remaining Lewis acid strength. 
Triaryl borates, however, complex̂  ̂readily because of the interaction of 
the 1T- electrons with the oxygen lone pairs. As would be expected, tri-

7alkyl boranes are less stable than the corresponding borates and complex 
easily with Lewis bases. The qualitative assessment of the lability of a
boron atom in terms of its immediate electron density and its steric en
vironment (by no means independent factors) is further complicated if the 
boron is a hetero-atom in a cyclic system. Che must now also consider the 
reactivity of the boron atom in terms of ring-strain (or cyclisation energy) 
This thesis is primarily concerned with putting this assessment on a 
quantitative basis.

The heterocycles considered were of the following general
formula

— 2 —



[chri]
^  X

'X» u = 2, 3, 4
B — I X = 0, S

^ \ R,R̂  = H or Me
X Y = d, 0 alkyl

The first systematic study of the chloroborolan nucleus
8 9(n = 2, X = 0, Ï = Cl) was undertaken by Blau ' at al. The compound, 

2-chloro-l,3,2 dioxaborolan, synthesised by condensing equimolar 
proportions of ethan 1,2 diol and boron trichloride, has markedly different 
properties from its acyclic analogue, methyl chlorboronatê .̂ Whereas 
the acyclic compound is a volatile, unstable mobile liquid dispropor- 
tionating readily via the reaction

3(Meo)2BGl;-i 2(R0)̂ B f BCl̂  
the cyclic system is a high boiling, relatively stable syrup. It is 
remarkable that such drastic changes in physical properties derive from 
such a minor change in structure. The chlorine in the heterocycle has 
the normal reactivity associated with the B - Cl link and readily undergoes 
alcoholysis. Ey varying the proportion of boron trichloride to diol 
Blaû  et al also synthesise ethylene bis (dichloro borinate)

[Œ  Cl ̂  .a
+  2BClo -- ►  ^ B —  0 (OHo)o —  0 —  B /

CH Cl Cl
and derived esters. The stability of this class of compound will be 
discussed later.

The corresponding inan analogue 2-chloro-l,3,2 dioxaborinan 
was synthesised and characterised by îlncĥ  ̂et al. This compound is

- 3 -



unstable compared with olan, darkening rapidly at room temperature* 
However it is considerably easier to handle due to its fluidity. The 
mechanism of the pyrolysis was studied by the above authors and several 
derivatives including tris (diol) diborates prepared

0
X  X

B (CH,)
\  /

n = 2, 3
Cyclic systems containing the BCl link are often characterised by formation
of the cyclic ester (containing / B— OR). The stability of the esters
shows marked dependence on the nature of the alkyl group. For example,
if the synthesis of 2-methoxy-1,3,2 dioxaborinan is attempted, on
distill ation the ester disproportionates into tris(l,3 diol) diborate

12and trimethyl borate • It is suggested that the disproportionation
proceeds via a B 0 four centre interaction, the initial four centre
approach always being between an endo-cyclic and an exo-cyclic B — 0 bond,

OR 0

0
RO

RO

B

\

0 —  GH,

CB
B —  0 —  CÎ /

RO 

0

0 — \ 

- o
C

u . 0-- -
^  B -0(CH2)3-0 B'̂
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The stability of the ester towards disproportionation bears a direct 
relationship to the bulk of the alkoxy substituent, the sequence being 
Me < Et < Pr < Bu“ < Cl. (cnPg < Cl (CHg)̂ , 
in increasing order of stability. The last two cases are interesting 
and it is proposed that this enhanced stability is due to back-co- 
ordination of the chlorine atom̂ ^

0 _ ...Cl OH

0 0 --  GĤ

The boron atom in this structure is tetrahedrally coôrdinated and therefore 
reluctant to form part of a four-centre complex. This point is mentioned 
because when attempts to synthesise a new cyclic series (the epans), by 
the usual procedure, failed, the 2-chloroethyl esters might be expected to 
prove stable.

Brotherton and McGloskey^ have synthesised several olan and 
inan heterocycles and report molecular weight data obtained cryoscopically 
in benzene. They also note the highly viscous nature of 2-chloro-l,3,2 
dioxa-borolan and propose that it is highly associated in the pure phase. 
The degree of association of the compounds they studied are presented in 
the table below.

- 5 -



TABLE I : MOLECULjIR WEIGHT DATA OF SOME QL.INS AND IN.iN3 IN BENZENE

Compound Concn. Degree of assn.
(mole s/litre based on monomer)

2-chloro-l,3,2 dioxaborinan 0.27 1.03
2-n butoxy-1,3,2 dioxaborinan 0.14 1.03
2-chloro-l,3,2 dioxaborolan 0.36 1.96
2-n-butoxy-l,3,2 dioxaborolan 0.17 1*27
2-dimethylamino-1,3,2 dioxaborolan 0.33 l.QL

These data, although useful, are quoted at isolated concentrations and do 
not yield a full picture of the physical state of the compounds in solution.

In 1949 Bfteseken̂  ̂reported the effect of the addition of certain 
diols on the conductivity of boric acid solutions. He found, in general, 
that 1,2 diols had little effect on the conductivity whereas 1,3 diols 
increase the conductivity appreciably. This forms the basis of the 
usual method for estimating boric acid volumetric ally. Rippere and 
La Mer̂  ̂propose the following reaction scheme

HO ^ 0
HO

R HO —  B R

2 HO - B
0

R 4H R B R
0 "  ^ 0

The work of Boeseken initiated a systematic study by Dale et al"}17
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on the relative stabilities of boric esters of 1,2 and 1,3 diols. The 
stability of the cyclic system is studied by obtaining an estimate of the 
Lewis acidity of the boron atom by measuring the heat of complexing of the 
heterocycle with a Lewis base (in this case, benzylamine and pyrrolidine).* 
They find that the heat of complexity for olan rings is, in general, an order 
of magnitude higher than that for inan rings. This is interpreted as evi
dence of an inherent strain in a five-membered ring containing a trigonal 
boron. By implication, it is deduced that in a six-membered ring there is 
little or no change in strain on the transposition of a trigonal boron to 
the tetrahedral configuration. This is confirmed by a competitive cycli
sation reaction. A mixture of one mole of ethan 1,2 diol and one mole of 
propan 1,3 diol was esterified with boric acid. It was found that the mixed 
ester of propan 1,3 diol formed preferentially. Evidence for differences in 
ring strain in the diborate structure was also outlined. Tris (1,3 diol) 
diborates are easily distillable stable liquids and are assigned the structure

R. . B - O - R - O - B  R

The corresponding 1,2 diol diborates are often distillable but become 
viscous or glass-like on condensation. It is probable that the cyclic 
structure exists in equilibrium with an open chain polymeric structure

— ■ 0 0 — R —O —X  /B — 0 — R — 0- B
- 0 - R - 0 ^ 0  -
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Several diborates wore synthesised by Dale and is co-workers, the physical 
state being dependent, in the olan system, on the extent of substitution 
in the parent diol,

TABLE II : PHYSICAL STATE OF SOME TRIS DIOL DIBORATES

Parent diol State

HO (CĤ )̂  ce Liquid

HO (CH2)2 ® Glass
HO OHMe CĤ O H Gelatinous liquid
HO CHMe GHI4e CH (mese) Very viscous liquid.

It is interesting to observe that these workers were unable to 
isolate simple mixed 1,4 diol esters or tris (1,4 diol) diborates. They 
also reject the cage structure of Dupirê  ̂for diborates

0 —  R   0/  \B - ■■ 0 “ R —  0 —— B
^ 0  —  R —  0 ̂

This structure is impossible for 1,2 and 1,3 diol diborates on steric 
grounds and unlikely for 1,4 diol diborates. Their attempted synthesis of 
the simple 1,4 diol derivatives presumably resulted in the open chain 
polymeric- structure illustrated above.

The enhancement of stability with respect to polymerisation of 
the diborate structures by successive substitution in the parent diol has 
been studied recently by Bowie and Musgravê .̂ These authors investigate

— 8 —



the stability towards hydrolysis of a series of phenyl boronates
derived from(l, n)diols (n = 2,3,4,5,6). In general, phenyl boronates
are more stable compounds than the corresponding "alkoxy boronates", (i.e.
borates) possibly due to p̂  -IT overlap. For example 2-phenyl-l,3,2
dioxaborepan is an established compound^Musgrave finds that phenyl
boronates containing 8- or 9- membered rings (derived from pentan 1,5 diol
and hexan 1,6 diol respectively) could not be characterised. They

17probably exist in the polymeric form suggested by Dale . The stability 
of the other phenyl boronates was measured by the rate at which they 
absorb water from moisture-saturated air at constant temperature (the 
fact that the liberated diol is itself hygroscopic was accounted for by 
a series of control experiments). The rate at which the derivatives 
absorb moisture depends both on the size of the heterocyclic ring and the 
extent of substitution in the aliphatic part of the ring. For example, 
2-phenyl-l,3,2 dioxa borolan is hydrolysed rapidly but on methyl substi- 
tut ion of the ring, hydrolysis falls to the extent that the 3,3 ,4- 
trimethyl and 3,3̂ ,44̂ -tetramethyl derivatives are completely stable 
to aqueous hydrolysis. The inan phenylboronates are far more resistant 
to hydrolysis, the simplest homologue, 2-phenyl-3,̂ 2̂  dioxaborinan, being 
the only structure which absorbs moisture to any extent. The seven- 
membered heterocycles are all hydrolysed rapidly; the 4,4̂ ,7,7̂  tetra- 
methyl derivative having a slower moisture uptake than the but an 1,4 diol 
derivative but not appreciably stabilized by ring substitution. The 
explanation of these observations is based on the opposing effects of the 
relief of strain in the ring and induced steric interaction during con-

- 9 -



version of the boron atom from sp̂  to sp̂ , this being the precursor to 
hydrolysis

HgO® HO

B -- 0   B  B

/ 0 0
2 3 2sp sp sp

In the case of the olan system the inherent strain in the 
ring is relieved by coordination of water to the boron atom. Because 
of this change in configuration at the boron atom, the steric inter
action between the C - H bonds and the oxygen lone-pairs increases.
The energy lost by virtue of this increased steric hindrance is, 
however, less than that gained by loss of ring-strain as the boron becomes 
tetrahedralo The introduction of methyl groups to the ring causes, via 
a combination of increased steric interaction between C - CĤ  bonds with 
the oxygen lone-pairs and an inductive effect stabilizing the B - 0 
bond, the energy gained on relief of ring strain to be a secondary factor. 
Therefore these substituted systems are resistant to hydrolysis. Co
ordination of water to the boron in the strain-free inan-skeleton is 
hindered by the axial interaction of the oxygen lone pairs with the 
phenyl group. These phenyl boronates hydrolyse slowly and the intro
duction of one methyj group into rings induces complete hydrolytic 
stability. Because of the flexibility of the epan skeleton there is

little obstruction to côbrdination of water and little resulting steric

- 10 -



interaction so, in general, these systems hydrolyse readily.
19In 1955 Goubeau et al, report attempts to synthesise methyl

esters of mono- and di-bromo boric acid. Although they were unable to
isolate these esters, their general comment̂  on the stability of halogenated
esters, in terms of associated forms, proves interesting. Attempts to
synthesise methyl bromoborinate yielded a substance with the composition
B̂ Ô Br (structure uncertain), methyl bromide and hydrogen bromide. It
is possible that methyl bromoboronate exists at low temperatures, but at
ambient temperature the following decomposition was observed:

CMe n CMe
r -1 ^  B ̂2B(Œ@)̂  4- BBr̂  — [_3BrB(aKe)2 J — ► | ' +  3MeBr

I
aie

Of the corresponding halogen compounds, methyl chloroborinate and 
chloroboronate may be prepared although” they disproportionate on 
distillation.

2BC1̂  +  B(CMe)̂  ---►  3C1^BŒ%

2CI2BCM8 ^  ClB(afe)2 + BCl̂

3ClB(CMe) çà 2B(Ofe)o 4- BCl2 ^  3

and methyl fluoro borinate is a stable compound although methyl
fluoroboronate disproportionates readily*

2FBXcM9)2 ^  F2B,(CW0) +  B(Ofe)̂

- 11 -



Giotibeau compares the stability of compoimds of the type 
(halogen)2B(XR̂ ) where X = 0,N,S with the electronegativity difference 
between X and the halogen (electronegativities on a Pauling scale). 
This is shown in the table below.

TABLS III : DIMaRI&iTION. STABILITY AND BLaCTRONSGATIVITY
DIFFERENCE IN (XR̂ )B(Hal.)2

Halogen F Cl Br I

- CMe
f 0.5 
dimer

- 0.5 
monomer

— 0.7
unstable

— 1.0

- NMe2
+ 1.0
dimer

0.0
dimer

- 0.2 - 0.5

- 3CE  ̂3
+ 1.5 0.5

dimer
+ 0.3 0.0

From the table it may be seen, in a very general way, that as 
the electronegativity difference (defined by - ̂ hal* ̂ Becomes
more positive compounds increase in thermal stability and are more 
likely to exist in dimeric form. AsCix becomes negative the compounds 
are not usually isolable at ambient temperature. Also when dimeric 
forms exist, the more electropositive component acts as the bridging group

- 12 -



9g.
CR..

RO
and

dMe

MeS
B 01,

Between 1952 and 1955, iSkinner̂ ^̂  ̂et al.published a series of papers
on the thermochemistry of simple organo-boron compounds. The compounds
studied were of the type (R0)̂ B, Bu^̂ B, Bu^ BX (X = Gl,Bçl),
B(NMe ) CL , and B(CEt) 01 (n=l,2,3). The final two groups of2 ^ n n 3n
compounds were studied to investigate the extent to which different 
groups ”back-cobrdinate” to boron. In the case of the trialkyl borates 
the standard heats of solution (in water) and formation of the hydrolysis 
products (i.e. H BO and RCH) are known so it is possible to derive the 
heats of formation of the trialkyl borates. They also attempt to 
evaluate the mean bond dissociation energy of the boron-oxygen bond in 
these systems. This function is given by 

D (B-0) = V 3 [Djt

where D and D are the individual bond dissociation energies of the
processes

B(CH)

B(Cffi).

B(CR)

B(œ)g+ CE A

B(OH)+ CE A  = Dg

B +  OR A

All components in the 
gas phase

D + D  -f-D = B(g) + 3AH° CH(g) - RBOjg)
± 2 3  1 f ^ 3 3

- 13 -



The term CE(g) was estimated from the bond dissociation energies
in alcohols and from thermal data on the decomposition of alkyl 
nitrates and nitrites,
R = But; aai(g)----► RO(g) + H(g) hH = D (RO - H)

( RO.HO(g)-- ►RO(g)+NO(g)
R = St,Mo (

( RO.NCfe(g) — *-R0(g) + NC!2(g)
The estimation is only accurate to a few kilocalories and the final 
estimate of the B - 0  bond dissociation energies in trialkyl borates 
is 110 ± 5 kcal/mole. In this calculation Skinner et al use the value 
for B(g) quoted by N.B.S. Giro. of 97.2 kcal/mole. A more
recent (1957) value for this figure of 139 kcal/moleraises Skinner*s 
estimate for D (B - O) to 124^ 5 kcal/mole. However the heat of sub
limation of boron can still not be regarded as unequivocably assigned. 

The di-n-butyl boron halides were prepared via 
B Bû -f-HX— ►BBug X+n-G^Hio 

and all except the iodide were obtained pure (the iodide has a similar 
volatility to Bû B and could only be separated 90 - 95̂  pure). This 
reaction was studied thermochemically and the heat of hydrolysis of the 
product also measured:

Bug BX (liq)+(itiH)H20 (liq)  .-Bug BOi (liq)-f'HX»uH20 (soln,)
Dibutyl boronic acid is a sparingly soluble oil which undergoes aerial 
oxidation - these reactions are therefore carried out under an inert 
atmosphere. Assuming that the dissociation energy D (Bû B - Gl) 
is the same as the mean bond dissociation energy, D (B - Gl), in

- lA



BCl̂ , combination of the enth’alpy changes in the above reactions with 
standard data yields

D (BUgB - CH) = 132 D (Bû B - Cl) = 106
D (BUgB - Br) = 8 9  D (Bû  B - I) = 70

(all values in kcal./mole and corrected for the new value of
bU f B(g))

Although the absolute values of these bond dissociation energies depend 
on the initial assumption, the bond energy differences are established.
By studying the acid hydrolysis of tris dlmethylaminoborine thermo- 
chemically

B(NMe-)̂  + 3H0L + 3H2O ---►  Ĥ BÔ  + 3Me2m^Gl

and assuming NMê Cg) may be deduced from data on D(H - NMê ),
Skinner is able to estimate D (B - NMê ). He then compares values of 
bond dissociation energies for the cobrdinate and covalent B - X linkage; 
for example D (B - Me^) in and D(Mê B -4—  KHMe2). In
general for both X = 0 and N the covalent linkage is an order of 
magnitude greater than the corresponding dative link.

It is, in effect, the thermoneutrality assumption which Skinner 
investigates in the final two papers of the series. This assumption is 
that the enthalpy change in a redistribution reaction is zero. A 
redistribution reaction is one in which bonds may change their relative 
position but not their total number or formal character. It is this

- 15 -



assumption which is implicit in applying a bond dissociation energy 
from one molecule to another of similar formal structure. For example 
in the series BCNMê )̂  ^̂ 3-n Bond dissociation energies of B - N
and B - Cl should remain constant within the series. By investigating 
the heat of hydrolysis of this series of compounds and the similar 
series ,B(CKt)̂  Skinner shows that this assumption is not upheld.
This is ascribed to different degrees of back coordination of nitrogen, 
oxygen and chlorine to the boron atom, i.e. the super impo sit ion of TT~ 
bonding to the vacant 2p̂  orĵ ital on the boron over the normal 
B - X bonding. By establishing the standard enthalpies of formation 
of the compounds comprising the two series in the gas phase the enthalpy 
changes involved in the redistribution reactions may be deduced, e.g. 
Skinner finds
2/3 Bd^(g) i- 1/3 B(CBt)̂ (g) — BdgŒt(g) A Hr = -4.8

1/3 Bd3(g) +  2/̂  B(CEt)3(g) — Bd(0Bt)2(g) M r  = -4.0

The stabilization energy derived from IT -bonding is also derived from
a molecular orbital treatment of six electrons extending over four atoms
in a plane. The localized reference system is when the 2p̂  boron orbital
is vacant and the pairs are localized on the nitrogen and/or chlorine
atoms (in the case of the series B(NMê ) Gl_ ). The stabilization2 n 3-n
obtained on delocalizing the three pairs of electrons is derivedz
by standard M. 0. methods beyond the scope of this thesis. Skinner

- 16 -



finds that the order of effectiveness of back-cobrdination is
N > 0 »  Cl

This order is correlated with the strengths of the cobrdinate links 
between BF̂  and Lewis bases containing the above atoms.

D(Mo N— ► BF ) is approx. 28 kcal/mole,3 3

D(Et^O BF̂ ) is approx. 12 kcal/mole, and alkyl chlorides show no
tendency to complex with BF̂  at all. It is important to realize that
this treatment of redistribution energies assumes that the energy is
attributed entirely to back-cobrdination and this is clearly an over-
8implication of the problem because it ignores all steric factors
(between, for example, the groups in ClB(NMê )2),

The influence of steric factors on the stability of Lewis acid-
base complexes has been extensively investigated by Brown and his

27collaborators. Brown has synthesised a series of complexes of the
type Me B. RNH (where R = H, Me, Eb, i-Pr, s-Bu, t-Bu) and assessed 
by stability of the complexes by measuring the rate of change of vapour 
pressure above the complex at constant temperature in a high vacuum line.
In this way the strain inherent in a particular structure may be deduced 
and this strain is then ascribed to similar organic structuresXhomomorphs) e.g, 
the difference in heat of dissociation between nBuNH . BMe and 
t-BuNĤ . BMê  is 5 .A kcal - because of the similar formal structure of

17 -



the t.Bu complex (l) with di-t-butyl methane (il), a strain of 
5.4 kcal/mole is assigned to this structure

(CH ) C3 3

CH

II

(CĤ )̂ C

(CH ) B
3 3

HE.

Other homomorphs of t-BuNĤ .BMê  would be di-t-butyl ether, di-t-butyl- 
amine etc. The change in free energy of dissociation of RHĤ .BMê  with 
increasing chain-branching is illustrated below.

Zooo

looo

- looo

OBAPE I : ÎRSS SNSRGY OF DISSOGBTION AT 100 C OF RNĤ .BMê
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CteL9 can observa here the operation of two conflicting effects - 
substitution of one methyl group in ammonia causes a stabilization of 
the complex due to the methyl inductive effect - further substitution 
causes the ateric effect to outweigh the combined inductive effect. 
The free energy of dissociation for the amine series Me, Bt, i-Pr,
t-Bu is shown below

foooo

- Zooo
GRAPH 2 FREB 3NBRGISS OF DISSOCIATION OF BMê  WITH DIFFERENT AMINES

28Brown and Holmes measure the enthalpies of reaction between 
certain Lewis bases and BX̂  (X = 01, Br, I) to establish a sequence of 
acceptor properties of the boron halides. The heat of reaction of the 
halides with pyridine in nitrobenzene solution at 25̂ 0. is
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- 25.0-1.0 (BFj); - 30.8 - 0.2 (BCl̂ ) and - 32.0 - .2(BBr̂ ) 
kca]/mole, These data imply that the Lewis acid strength of the halides 
increases in the order BF̂  4, BCl̂  ^ BBr̂ . From electronegativity 
considerations one would expect the opposite sequence, for high 
electronegativity would tend to make the boron more electrophètic and 
so increase its tendency to Lewis base addition. Also on steric grounds 
one would predict the reverse order. To account for the observed sequence 
it is necessary to propose mesomeric stabilization as the principal factor 
affecting Lewis acidity in boron halides. Paulinĝ  ̂observed the marked 
shortening of bond length in BF̂  as opposed to the other halides and 
proposed that resonance structures must contribute strongly to BF̂

X 6+ X X
II I I
B 5 "" ^ ^ B (S -• ► B S *■

X X X S + X  X X 5 f

Clearly, resonance stabilization of this kind is not possible in adducts 
so resonance will inhibit Lewis base addition. As the ability to form 
double bonds appears to decrease sharply among the heavier elements
resonance stabilization will decrease along the .series F ^ Cl > I.

27The work of Brown on amine complexes with trimethyl boron 
as reference acid illustrates some of the concepts of the ”FBr* strain 
theorŷ  Strain is defined in terms of the dissocmtlon reaction
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A.B .— ► A “̂ B. If either or both of A and B contain bulky groups there 
will be some release of compression forces ji.e "frontal" (?) strairQ 
as the complex dissociates* The strain that results from the crowding 
together of the groups on A or B individually is designated "back̂  (B) 
strain* Internal (l) strain is a special case of B-strain applied to 
cyclic systems. The increasing basicity of the amines R^N (-R = HorMe) 
(see graph 2) followed by the sharp decrease at the tertiary amine 
illustrates the effect of ?-strain i.e. MeKĤ  4 Me^NH ̂  Me^N in
order of increasing base strength. Using a bulkier reference acid 
(R = Hort-Bu) the sequence is reversed

NĤ  > tBuMHg > (t-Bu)gNH > (t-Bu)̂ N

The effect of I-strain on stability was demonstrated by Brown 
and Gerstein̂  ̂who determined the dissociation energies of the trimethyl 
boron complex with the following cyclic amines

<r>T 7  "k. ^  \  /
m  m  m

aziridine azetidine pyrrolidine piperidine
They found the following stability order in terms of ring size:
4 - ^ 5 ^  6 >  3o This order was explained on the basis of two
opposing effects : F and I-strain. F-strain arises from the interaction 
between B - Me and U, -methylene hydrogens in the cyclic base and would
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tend to increase with increasing ring size. I-strain derives from the 
change in configuration at the nitrogen on complexing coupled with the 
change in bond angle and should decrease with ring size, i.e.

if F ^  I, stability order is 6 4. 5 C 4 ( 3
and F I, " " " 6 > 5 > 4 > 3 •

It appears from the experimental order observed that F-strain is the 
controlling factor except in the case of the three-membered ring where 
the strain induced in transposing the preferred tetrahedral bond angle 
(109̂ )̂ to that defined by the geometry of the ring (6(f) out-weighs 
the F-strain component.

33Also in a recent paper, McLaughlin et al repeat the work of 
Brown described above using the N-mathyl derivatives of the cyclic amines 
and find the complete reversal of the 3-membered ring in the stability 
order, i.e. 3 ^ 4 > 5 ^ 6 .
This implies that because of the bulky methyl substituent (relative to H)
on the nitrogen F ̂  I throughout the series.

65Finally, in a recent paper Aubrey et a l . investigate steric 
effect on the replacement reaction between boron trichloride and compounds 
of the type (R2N)̂ B. They find that if the alkyl group (H) is branched 
in X -position, replacement proceeds only as far as (B2W)̂ BC1. This 
illustrates the limitations of dkinner’s treatment of back coordination 
where all steric effects are ignored.

— 22 —



DISCUSSION AND RESULTS

SECTION 1 2 SYNTHESIS OF CYCLIC SXSTHMS

(a) Spans

It is desirable to Qrnthesise 2-chloro-l,3,2 dioxaborepan to
compare its physical properties and chemical stability with the established
inan and olan analogues. The preparation of this compound was attempted

8 9by Standard procedures ' by mixing equimolar proportions of butan 1,4 
diol with boron trichloride at -8CPC. in methylene chloride solvent. The 
reaction is carried out under a -8CPC. reflux condenser to prevent loss of 
boron trichloride (condensation reactions of this type are usually 
exothermic) ;

B-GL H- 2HCaBCl̂

Butan 1,4 diol solidifies at 16̂ G. so periodically the reaction flask was 
warmed; however the solvent helps to disperse the diol. This preparation 
was attempted several times but on each occasion, after removal of solvent, 
a brown syrup remained which darkened on standing at ambient temperature. 
Distillation of this residue was unsuccessful.

Next, the synthesis of 2-methoxy-1,3»2- dioxaborepan was 
attempted via the reactions
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Me CH 4^ BGl MeOBCl^ 4_ HCl

Cl
Cl

B-CMe c: B-CMe-f2HGl

The first stage was performed using a similar procedure as described for 
the attempted preparation of the B-chloro derivative (94% of the 
stoichiometric hydrogen chloride was obtained)• The product was used 
directly in the methylene chloride in which it was prepared as these 
compounds are known to disproportionate on distillation. The compound 
obtained from stage two, after removal of solvent, was a pale yellow 
glass. Distillation was again unsuccessful. This synthesis was 
attempted before either Dale’s or Musgrave’s work on 1,4 diol derivatives 
was published. It seems probable, therefore, that if the methoxy ester 
was formed at all on distillation it was converted to the diborate 
which polymerises subsequently

c 0

0
B-CMe

0 . .0 
^  B - O ( C H p ) ,  -  B  ^

I
— —  0

\
/

0 -

0 - (OH ) .
4

Analysis figures are shown below n
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Compound Ü
2 methoxy-1,3,2 dioxaborepan 8,33

diborate or polymer 7.6
trimethyl borate 10.4
“glass-like” residue 8.3

theoretical

Full analysis figures for the glass were consistent with formation 
of the heterocycle. It appears then that either the epan heterocycle 
may be synthesised but not distilled or that it exists in the form of 
an open-chain polymer

0 B —

(Me
n

The very low solubility of the glass in benzene would indicate a polymeric 
form is likely.

The same procedure was used to synthesise 2(2’-chloroathoxy) 
1,3,2 dioxaborepan i.e. via 2-chloroethyl dichloroborinate and butane 1,4 
diol. After removal of the solvent, the product was a colourless viscous 
liquid. Again this ester was not distillable, attempts to distil it 
under reduced pressure, reducing it to a black residue. However, a full 
analysis of the crude liquid was satisfactory and it is possible that 
this ester is stabilized via back-co-ordination from the terminal chlorine.
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B
d  - CH

GH

To summarize, the B-chloro derivative of the epan system is 
not preparable, the derived esters are thermally unstable and the only 
ester whose independent existence may be predicted with any confidence 
being 2(2*-chloroethoxy)-l,3,2 dioxaborepan.

(b) dans
8Although 2-chloro-l,3,2 dioxaborolan is an established compound 

it is a precursor to several esters studied here and some points of 
interest arise with respect to its synthesis.

Using a standard technique,

r  ! ^_L B01_— B -Cl +  2H01 
l_CH L  0

Solvent ; CĤ Cl̂

Efficient stirring of the reaction mixture is necessary as the 
diol is viscous and local concentration of the diol causes the formation of 
diborate. To avoid any diborate formation this synthesis was first performed 
using a 3^ excess of boron trichloride. It was thought that the ethylene 
bis (dichloroborinate) formed by virtue of this excess
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|-CH 01 .
2BC1 + -- ►  JTB - 0

3 L œî

would disproportionate during distillation to yield the B-chloro-olan

01 ̂  /  Cl r \
B - 0 (OH ) - QB B - 01 +  BOl

In a typical preparation, three fractions were collected on distillation. 
Each fraction was analysed for easily hydrolysable chlorine and boron.

TABLE IV : DISTILLATION DATA FOR 2--GHL0RQ-1.3.2 DIOXABOROLAN
Fraction Pressure T(internal) T (external) % B % CL

•C
1. V,

I 0.% mm 50-53 60 - 83 10.14 42.5
II 0.% 53 - 54 83 - 100 10.13 41.3
III 0.04 51 - 53 100 - 120 9.97 39.8

Theoretical analyses
Ethylene bis(dichloroborinate) 9.7 63.6
2-ohloro-l,3,2 dioxais-borolan 10.18 33.3

The first two fractions were less viscous than the third. 
Observing the trend in analysis figures for successive fractions and 
comparing with the calculated figures, it appears that the ethylene 
bis(dichloroborinate) is distilling in conjunction with the heterocycle.
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(a roughucalculation on the basis of the chlorine analysis figures
indicates the final fraction contains ^ IC^ dichlorborinate).
As the bis (dichloroborinate) has sufficient thermal stability to be
partially distilled all subsequent preparations of the heterocycle were
performed with a excess of diol to guarantee some diborate formation
in the reaction mixture. The diborate is not distillable and probably
polymerises on heating. Whenever 2-chlœo-l,3,2 dioxaborolan was prepared

oit always distilled over a wide range of temperature : 40 - 80 C./ 0.02 mm. 
Literature reports on the boiling point of this compound vary and are 
tabulated below.
TABLE V ; OCMPARISON OF REPCHTED BOILING POINT OF 2-CHLORO-1.3.2

DIŒLàBOROLAN
Bource Boiling point ^G./mm.Hg.

Blau et al̂  70 - lU ^ / 1 mm.
V.Buls (Shell Development Go.) 74̂  / 20 mm.
Ghainanî  ̂ 42 - 43® / 1<>5 mm.
Hyams^^ 35 - 4cP / 0.5 mm.
This work 40 - 80® / 0.02 mm.

The B-chloro'Olan is undoubtedly highly associated in the 
pure phase and its wide boiling range is probably due to different degrees 
of association existing in the vapour phase during the distillation.
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Boiling point cannot be considered a criterion of purity for this compound,
gBlau et al. report that 2-ethoxy-l,3,2 dioxborolan is a stable 

distillable liquid (b.po 38®C./0.l). It was attempted to repeat this 
synthesis and also the synthesis of the 2-methoxy derivative. In both 
cases, the product, after removal of solvent, was a non-distillable 
transparent glass. The boron analysis in each case was satisfactory 
and the product contained no easily hydrolysable chlorine. It would 
appear that, in these syntheses, either

(i) the compounds exist in polymeric form
OR

0 — CĤ  — — 0 — ^
n

or (ii) the compounds have disproport donated and the trialkyl 
borate has become entrapped in the glass

0

\
/

B -OR

12

—  0\ /0
B -0(CH,).-0B +  (RO)̂ B

It has been established , in the case of the corresponding inan systems, 
that the derived esters are thermally stable if the volatility of the 
trialkyl borate is less than that of the ester itself. If the tri-alkyl 
borate is of higher volatility then disproportionation occurs as in (ii).

It is possible that compounds of the type
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[0 n
B —OR R = M@,Et ,Pr

are partially disproportionated and it was decided to investigate the 
extent of the disproportionation by making use of the fact that in the 
reaction

3 I  ̂^  B -OR ^  P  B<0 -^^OB^ n  4 . (RO)̂ B
I— 0 ^  0 J

I II i n

8,9 ,énly. components I and II form amine complexes with benzylamine (except
possibly if R = Me, then III may also complex). making a solution of
the glass-like solid and adding a known quantity of benzylamine, comparison
of the amount of complex formed with that predicted for 100^ cyclic form
will yield an estimate of the extent of disproportionation. The di-
borate-benzylamine complex was characterised via the reactions

(i) r C H  f— 0 . 0-1
2BC1̂   ̂ 1 /  B-0(CK̂ )2 - (B-̂  J + 6HC1

(11) dlborate +  n  ►  [dlborataj. n

The product obtained from reaction (i) was a white solid, with physical 
data in accord with that of Blau, and insoluble in some thirty organic 
solvents. This precluded the formation of an amine complex: in the 
solution phase so diborate was refluxed with excess benzylamine at 180® 
for ca. 3 hr s. the diborate melts at l6(f and benzylamine boils at
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1 8 5 ® Ch cooling, a white solid separated \diich was filtered off, 
washed with methylene chloride and analysed for boron. The stability 
of the complex was estimated by treating three aliquots as follows

% B
1) Maintain at 5cPc. in an inert atmosphere

5.11
for ca. 15 mins.

2) Pump at ambient temperature and
Hg for ca. 20 mins. J 5.14

3) Not treated 5.13

0.05 mm. ^

Theoretical for 1:2 complex 5.19 
The complex., (mp. 49-52®C.) is of the form ĵ diboratej. 2 jiCĤ NĤ  and has 
reasonable thermal stability. At this stage the project was abandoned 
for the following reasons

1 ry
(a) the diborate may exist in open-chain polymeric form (c.f. Dale

and it s.̂ 'insolubility in organic solvent)
(b) the ”heterocycle”, if formed, may exist as a polymer
(c) the complex between the "heterocycle” and benzylamine may not be

*1 ry
stable (Dale mentions that a complex between 2-n-butoxy-1,3,2 dioxa 
borolan was too unstable to be crystallised without decomposition).

2(2*chloroethoxy) 1,3,2 dioxa-borolan was synthesised by 
condensing 2-chloroethanol with the B-chloro-olan and proved to be a 
stable viscous liquid. It was subsequently investigated cryoscopically.
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In addition the n-butoxy ester was synthesised (this may be, in part, 
disproportionated). In general for cyclic esters of the type,

I II III
if B represents the boiling point and R = alkyl, when

Bf ^  y Qster is probably polymeric

Bj /V Sjjj ester is stable but disproportionates on
distillation (i.e. thermally unstable)

Bj ^  B^^^  ̂ probably stable.

If, however, R = -(CH^)^Cl(n = 2 or 3) the ester is normally stable to 
distillation.

The chloroborolans derived from the following glycols 
CH — T—  Œ

CH -i— CH

propan 1,2 diol butan 2,3 diol
X

37were also synthesised by the normal procedures . A progressive 
decrease in viscosity of the product is observed on successive substitution 
of the ring. Because butan 2,3 diol contains two asymmetric carbon atoms 
it exists in three forms, a meso-form and a pair of enantiomorphs 
(racemate). It is important to know which form is used because on
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^  B - Cl

condensation the configuration of the methyl groupçis different, dependent 
on whether the heterocycle was synthesised from the meso-form or the 
racemate «

racemate,

From the refractive index data supplied by Dale for the two 
isomeric forms it appears that B.D.H, Technical Grade Butane 2,3 diol 
is ^  95̂  meso-form,

(c) Inans.
Several inan heterocycles were synthesised during the course

37of this work and the details are recorded fully elsewhere •

SECTION 2 ; Stability of some bis(dichloroborinates)
HLau et al̂  synthesise and characterise ethylene bis(dichloro

borinate), The compound possesses considerable thermal stability, only 
slight decomposition occurring after refluxing at 11 (fc, for ca. 2 hr.
Further heating in conjunction with pumping (5 mm, Hg) causes decomposition 
to 2-chloro-l,3,2 dioxaborolan and boron trichloride. Replacement of the 
chlorine atoms with four moles, of butan-l-bl yielded ethylene bis (di-n- 
butyl borate), a stable distillable compound. Replacement of one chlorine 
by butanol yielded a compound which was stable to pumping but disproportionate s
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on distillation
Cl 0

- 0 (CH )„ -  
/  2 2 \ r

Cl CBu“ I- 0
B-Cl 4- Bu’̂O.BCl 

/ ^

IJhen the corresponding trimethylene derivatives were synthesised 
a striking difference in thermal stability was observed. When the synthesis 
of trimethylene bis(dichloroborinate) was attempted by the normal procedure, 

BCl̂  -k HO(CĤ ) OH -- ►  01̂ B-0(CĤ )̂ -0BG1̂ .

after removal of solvent a compound with a boron to chlorine ratio of 
one was isolated (for this ratio is two). The reaction was
then attempted on a small (tenth molar) scale in the absence of solvent, -
This yielded the required product, a straw-yellow non-distillable fuming 
liquid. Even on standing at ambient temperatures for ca, 2 hrs, 
considerable decomposition occurs,

^ B-Cl -f- BGlB-0(GH J^OB

That the bis (dichloroborinate) was a discrete compound and not 
simply a stoichiometric mixture of inan and boron trichloride (which 
would yield correct analysis data) was shown by comparing the infra-red 
spectrum of the acyclic derivative with the superimposed spectra of boron 
trichloride (gas phase) and 2-chloro-l,3,2 dioxaborinan. In the rock-salt
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region there were intensity changes and frequency shifts in the regions 
780, 1C25 and 1100 cm."’̂. The preparation of an ester derivative was 
attempted by the reaction

4RŒ — ► [(R0)2B0CH2^ (3Ĥ +- 4HC1.

Substitution was via 2-chloro ethanol in view of the stable derivatives 
normally derivable from this alcohol. Estimation of the evolved 
hydrogen chloride confirmed stoichiometric replacement of chlorine, A 
boron analysis was performed before distillation (the preparation being 
performed in the absence of solvent) and the result was indicative of 
ester formation. The product was then distilled under reduced pressure 
and fractions were collected over the range 25 to 75° / 0,1 mm. Successive 
distillation of any fraction invariably ledtto distillates boiling over 
approximately the same range. The synthesis was repeated and the crude 
product distilled into three fractions. The two end fractions were re
distilled into six further fractions. The process was repeated with 
extreme end fractions. The final lowest boiling fraction was identified 
as 2(2*-chloroethoxy) 1,3,2 dioxaborinan by analysis and comparison of 
the infra-red spectrum with that of an authentic sample. The final 
highest boiling fraction was similarly identified as tris(2-chloroethyl) 
borate. It is possible that the ester is thermally unstable and 
disproportionates on distillation.
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^  B GH„2I  ̂ /--- 0.
RO.'" \ ' ^  /  B - OR +  B(CE)

0 CH ' \ / 3

/ \ ■
R R

The same result was afforded by the attempted synthesis of 
trimethylene bis(di-n-butyl borate), separation being effected into 
2(n-butoxy) 1,3,2 dioxaborinan and tri-n-butyl borate. It is possible 
that the crude product did not contain the bis (di-ester) as a discrete 
entity but contains a stoichiometric mixture of the disproportionation 
products formed as a result of the decomposition of the bis(dichloro) 
compound i.e. disproportionation may proceed via (A+C) or (B+D)
in the following reaction scheme

A
Cl̂ B-O(GĤ )̂  - OBCl̂  —

RCH

B-Cl
D
----- ► B(QR)

(RO) B-0(CĤ )̂ -0B(GR)

RŒ ^

Accordingly a 0.125 M solution of the crude product was compared 
spectrometrically with a similar solution of a stoichiometric mixture of 
the disproportionation products. The infra-red spectrum of the first 
solution was quant it at ively similar to the second. Also à superimposition



of the spectra of the disproportionation products yielded a spectrum similar 
to the crude specimen spectrum. Prom this evidence it is possible to say 
that the trimethylene acyclic esters either (i) do not exist or (ii) they 
exist in equilibrium with their disproportionation productŝ  the position 
of the equilibrium being indeterminate.

It is possible that the thermal stability of the bis(diesters) 
is a function of chain length (cf. Blau*s stable ethylene ester), sô  the 
preparation of ethylene bis(di|2-chloroethylJ borate) was attempted via 
alcoholysis of ethylene bis(dichloroborinate). However on distillation 
the compound exhibits the same properties as the trimethylene derivatives, 
the 2(2’-chlorethoxy) 1,3,2 dioxaborolan being identified by a synthesis 
of the heterocycle by an independent method. In addition to the above 
synthesis, the preparation of trimethylene bis(di-iso-thiocyanato borinate) 
was attempted
Ĉl^B.O CHĵ+-4JCNCS  GHg + ^C1

After removal of the precipitated potassium chloride, attempted distillation 
caused disproportiation similar to the ester series. Hoi/ever, in this 
case only one disproportionation product (2-isothiocyanato-l,3,2 dioxa
borinan) was identified. Boron tri-isothiocyanate was only described 
some time after the conclusion of the project.

Tetramethylene bis(dichloroborinate) was also prepared by 
condensing boron trichloride (2 moles) with butan 1,4 diol (1 mole).
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Two moles of hydrogen chloride were evolved and the product, a white 
amorphous solid darkening rapidly at room temperature, analysed 
satisfactorily. Presumably thermal decomposition proceeds via

B-Cl 

-
de compo sitio n product9.

BCl̂

The stability of the compound was estimated by pumping for ca. 2 hrs. 
at 0.05 nnn. Hg. and re-analysing. The decomposition, after this time, 
estimated on the basis of easily hydrolysable chlorine, was ^ 18̂ . 
Derivatives of the compound were not prepared because 

(a) they are probably unstable 
and (b) as the product is a solid and may not be prepared in 

solvent, heterogeneous formation is inevitable.
Some representative infra-red spectra (Rock salt region) are illustrated 
subsequently:-
%»ectrum A ; 2-chloro-l,3,2 dioxaborinan with superimposed boron

trichloride (gas phase)
B : Trimethylene bis (dichloroborinate)
C : Final high-boiling fraction of the successive distillation

of the trimethylene bis (di 2-chloroethyl borate) prep, 
^ostly tris-esterj
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D : Final low-boiling fraction of the above preparation 
|mostly cyclic esterj.

S % Authentic tri-2-chloroethyl borate 
F : Authentic 2(2*-chloroethoxy)l,3i2 dioxa borinan.

jifiCïIûNJ.,,,;.,(ÿj[OSçpBy,
As mentioned earlier a conspicuous feature of cyclic 1, 3, 2 - 

dioxaboron compounds is their strikingly different physical properties 
compared with their acyclic analogues. Readily available physical 
constants e.g. boiling point, refractive index give little insight 
into the reason for these divergent properties. (he of the simplest 
and oldest methods for investigation of structure in solution is via 
colligative properties. Investigation via depression of freezing point 
was selected rather than other colligative properties because man̂ r boron 
heterocycles possess considerable thermal instability. Factors which 
must be considered in selecting a solvent for cryscopic studies are

(i) it must have a convenient freezing point preferably between
and+2CPC.

(ii) it must be a good solvent for the systems under investigation 
and must be inert.

(iii) it should possess a reasonably high cryoscopic constant 
(i.e. a low latent heat of fusion).

(iv) it must remain stable over a period of time and be readily 
obtainable pure.
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A solvent which satisfies these conditions is benzene, which may be 
obtained in cryoscopic grade.

An all-glass apparatus was constructed similar in design to 
that of Zemanŷ .̂ Stirring was effected by a chromium plated stirrer 
actuated externally by a solenoid (further details are given in Experi
mental Section). The cryoscopic cell, when loaded, is a closed system c 
and may be used for moisture sensitive compounds under an inert atmosphere, 
It is fitted with standard joints so that, if necessary, compounds may 
be distilled directly into the apparatus. The temperature sensitive 
device used is a thermistor which was calibrated as described in Part 
II, Experimental Section 2.

The usual equations for colligative depression are adapted as
follows

Assuming the vapour pressure equation.

'  f  [ r ' i ]
hH = latent heat of fusion of solvent
R = gas constant
%  = mole fraction of species 1 (2 is considered the solute dissolved

in the solvent 1).
Tq = freezing point of pure solvent
T = temperature (freezing point of solution of mole fraction N%)
If To ^  T
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The resistance/temperature relationship^^ of a thermistor is

p/r j

so W  IVko) -

Where R, Rq are the resistance values corresponding to T, Tq and 
À and B are thermistor constants (determined during calibration). 
iiubstituting,

—  )iv ^  I —

Now N2 4* = 1 so -InNj = -̂ 1(1-%) ^ ^2

and .bL
/ M,

where
mĵ = mass of species i

= molecular weight of species i,
Therefore,

• g (̂ )M

Now R = 1 ^  if (̂ R = R-ito
Ro Ro
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iSabstituting and expanding,

J _____

....]_ t. z V

ignoring square and higher terms,

B ROy
^  fkH K R

The usual experimental method for the determination of 
molecular weights by cryoscopic depression involves calibration using a 
compound of known molecular weight and applying the experimental equation 

M2 = k m2 

hR
Comparing this experimental equation with the one immediately above we have

% R  Ro B k = -±----- -
fLH mi

Using a specially purified sample of naphthalene (B.D.H.) 
values of k ware determined experimentally for the solvents benzene 
and nitrobenzeneo These were compared with values obtained using 
the above equation.
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TABLE VI. CÛMP.xRI3ÜN OF CALCULAIT ED Aim EXPERIMENTAL C.lLIBR.iTION CONSTANTS

Solvent k (calcd.) k (exp.)

Nitrobenzene 6.16 X ic4 6.32 X ic4
Benzene 6.35 X ic4 6.59 X ic4

Values of k are dependent on the solvent only and approximate 
values (within 4̂ ) may be calculated for any solvent - this procedure 
allows approximate molecular weight determinations to be performed in any 
solvent without first performing a calibration experiment. The cryo
scopic constant (Kĵ*) may also be evaluated in terms of the thermistor 
constants and well-known parameters.

From the approximate formula derived above 
i.e.

— levM, zo

Comparing with the experimental equation.
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(assuming = y  T, y  = const.justifiable for a small temperature

range),
mn K

Kf = ____

À value of ^ may be abstracted from a linear graphical approximation 
of calibration data or may be obtained as followsî-

Using In
Ro To

expanding and ignoring square and higher terms 

B k T _

To Ro

Therefore as (iR = y È̂ ï

If = ^

nu, k T̂and Ü ___ Z.

RoB

Values of the cryoscopic constant were calculated from this equation 
and compared with 1 iteraturedata in the table below
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Solvent Kf (calcd.) Kf (lit.)

Benzene 5.12 t 0.1 5.12
Nitrobenzene 7.16 t  0.1 7.20

(the physical significance of is that it is the depression in ̂ G.
Solute

of 1 mole of Qolvont dissolved in 1000 g. of solvent).
Â detailed analysis of the approximations and the errors 

involved in cryoscopy are presented in the experimental section. The 
compounds studied cryoscopically had either the olan- or inan- skeleton 
and will be discussed under this classification.

(a) Olans

The only reference to the molecular weight of 2-chlo2>-l,3,2 
dioxaborolan is due to Brotherton and McGloskey^ who quote a degree of 
association of 1.96 at 0.36 M (based on monomer). This compound was 
investigated cryoscopically in benzene (in which it is soluble in all 
proportions) up to one molar concentration. The degree of association 
increased from about 1.2 to 3o2 at IM; at no concentration did it 
appear monomeric. The extent of reproducibility of results obtained 
with this compound is probably at its worst, the error in dilute solutions
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probably being of the order of ^  5%. However, even by taking into 
account this large error no evidence for the existence of a monomeric 
species in solution is found. Because of the much higher dielectric 
constant of nitrobenzene (15 x that of benzene) it is possible that using 
nitrobenzene as a cryoscopic solvent, association may not be possible.
A considerable depression of the extent of assocfetion at all concentrations 
was observed but even at the lowest concentrations a monomer was not 
detected (see Graph l) • This change of the degree of association with 
concentration is possibly due to the following associative forms 
existing in solution.
(i) "loose" packing

= limiting degree of association

(ii) Stronger "four centre" interaction

B - GL

oc^ = z

—  4-6 “
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(iii) Chlorine bridging.

OĈ  =

(iv) Equilibrium with a ten membered ring 

—  0
N B - 01 ^

d
IB

<™2>2
''0 o' 

\  /

Cl
with possible combination 
of this ring with (i), (ii), 
or (iii)

»

Case (iv) follows as a result of bond rupture in case (ii) 
followed by ring expansion. All of these models except case (iv) 
involve the transposition of boron (sp̂ ) to boron (sp̂ ). This latter 
model is unlikely to be a reality as the energy required for bond fission 
and formation would not result from a dilution effect. The energy of weak 
electrostatic bonding (as in case (i) ) is of the order of 5-10 k cal./mole 
c.f. hydrogen bonding) whereas the energy of the boron-oxygen link is ca. 
120 kcal./mole.
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Although IX) examples of stable chlorine bridjmg are to be 
found in the literature of boron chemistry this possibility cannot be 
ignored. It was for this reason that phenyl boron dichloride was 
examined cryoscopically. This compound proved to be monomeric at all 
concentrations up to 0.4 M. Chlorine bridging in phenyl boron dichloride 
would involve sp̂  hybridization and in an acyclic system no particular 
stability would be conferred by this transposition. It appears most 
likely, therefore, that association in chlorborolan is via case (i) or
(ii). As the degree of association in this compound is considerably 
greater than two at high concentrations at least part of the association 
must be due to a ”loose’̂ packing arrangement for this is the only case 
where the limiting, degree of association is greater than two.

If association does take place via the stacking arrangement 
proposed above substitution in the ring as in the compounds

would provide considerable steric hindrance to any form of stacking 
(this point is clarified by the construction of molecular models). 
Accordingly, these compounds were synthesised by the usual methods and 
cryoscopic measurements performed up to 0.7 M. As predicted the 
extent of association in these compounds is considerably depressed.
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In this case, this is best illustrated in graphs of concentration vs. 
depression rather than concentration vs. degree of association because 
the extent of association in the two derivatives differs very little.
In these graphs the molecular weight at any concentration is estimated 
from the gradient at that concentration, linearity indicating a constant 
degree of association and monotonie curvature indicating a gradual change 
in association with increasing concentration. (see Graph 2). The 
derivative with the great degree of steric hindrance i.e. 2-chloro- 
4,5-dimethyl-l,3,2 dioxaborolan has a linear concentration/depression 
plot, corresponding to a constant degree of association of 1.1 over the 
total concentration (this point is of interest when discussing the 
corresponding inan heterocycle).

The validity of the proposed association forms may be considered 
in a qualitative manner in the light of structures possessing similar 
stereochemistry (Brown’s concept of ’’homomorphs”) on which detailed 
structural data is available. First, let us consider the stereo
chemistry of cyclopentane^. Very little internal strain would be 
expected if this ring were completely planar as the angle of a regular 
pentagon (106®) is very close to the tetrahedral angle. However in 
this configuration the 0t(H - H) interaction is at its maximum as all 
the hydrogen atoms are eclipsed with respect to one another. A decrease 
in total strain (4 - 5  kcal./mole) is obtained by considering the molecule 
as being slightly puckered. The conformation of the ring is not constant
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and the carbon atoms are considered to move up and down at right angles 
to the mean plane of the ring such that the puckering tends to move 
round the ring (Pitzer describes this as pseudorotation”). However, 
the time averaged distribution of atoms in the ring gives it an essentially 
planar structure. Two puckered conformations of the olan ring exhibit 
greater symmetry than others viz.

”envelope” ”half-chair”
(bond lengths and angles are out of proportion to clarify the minor 
differences in the two structures).

The ”homomorph” of 2-chloro-l,3,2 dioxabor(sp̂ ) olan is ethylene 
carbonate which has the structure

( >0-5i)
lo2 '  _  I ' B - ClIII c.=-
loZ y  IM-

lô
o

N.B. (B-0)sp̂  length^^ = 1036-1.38 1

bond lengths in parentheses and in S ; bond angles in degreeŝ .
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Assuming that the borolan ring (containing has this "envelope”
stereochemistry (the C ~ 0 and B - 0 bond lengths are not markedly 
different), the oxygen atoms are tetrahedral and the oxygen lone pairs
(O.L.P.) are staggered or, at worst, gauche with respect to the ring

43 4G - H bonds. Musgrave interprets the hydrolytic stabilitŷ ring
substituted olans to the increase in the interaction OLP - OH to
OLP - Cîfe, concomitant being the transposition of B(ft)̂ )toB(sp̂ ).
The magnitude of the increase is only appreciable if the OLP - OX
interaction is eclipsed. For this to occur the borolan ring (containing 

3
the boron) must existiln a planar configuration (c.f. cyclopentane)• 
This postulate is substantiated by the conformation of the "homomorph" 
of 2-chloro-l,3,2 dioxabor(sp̂ ) olan, i.e. 1,3 dioxolan.

(i sw) 'OS
i««

1*8 
O

N.B. (B - 0)sp̂  length = 1.47-1.49 A

The 1,3 dioxolan ring is similar to cyclopentane in that it is 
slightly puckered; however, as in cyclopentane, its mean conformation is 
planar (certainly the preferred configuation is not "envelope". If



then, by analogy, we may assume the boron (sp̂ ) heterocycle to be planar, 
stacking arrangements proposed as associative forms, will occur readily.
It is realised that the idea of "homomorphic analogy" leads only to an 
approximation of reality but the weight of experimental evidence 
available
i.e. (i) that substituted borolans are hydrolytically stable
and (ii) unsubstituted borolans exhibit high association whereas the

non-substituted analogues do not 
indicates that bor (,%) ) olans exist in "envelope" configuration and 
bor (5̂ )̂ olans exhibit a planar configuration.

Because of the possibility of chlorine bridging contributing to 
the association of borolan systems, the 2-n-butoxy and 2(2 *-chloroethoxy) 
esters of B-chloroborolan were examined. Both esters exhibit a concentra
tion dependent association (greater than 2 at 0.7 M) but in very dilute 
solutions appear to be monomeric (see Graph 3). It is possible that the 
n-butoxy ester is partially disproportionated.
po po^ On

, B - 0  - (CEo)oO - B ̂
0' I— o' . ^ 0-J

+(Bû O)̂ B,

It has been suggested that the extent of disproportionation in 
these cyclic esters is proportional to the volatility of the cyclic 
system relative to the trialkyl borate. In this case, 2(n-butoxy) 1,3,2- 
dioxaboralan was collected over 66-68^/0.1 mm. and tri-n-butyl borate 
boils at approximately 48̂ / 0.1 mm. A full analysis for the cyclic
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ester was satisfactory, but it is possible that the sample is a stoichio
metric mixture of disproportionation products. An isolated unsuccessful 
attempt to assess this was made via vapour phase chromatography but the 
maximum column temperature was too low to obtain any separation. By a 
comparison with the corresponding inan-esters (where 2 n-butoxy 1,3,2- 
dioxaborinan disproportionates to less than 3%) it is estimated that 
disproportionation proceeds to less than IĈ .

As mentioned earlier, chlorine bridging in these systems is 
impossible as a mode of association, and as maximum association is greater 
than two a "loose packing" arrangement must account for some proportion of 
the association. A further compound examined, at low concentrations only, 
was 2-phenyl-l,3,2 dioxaborolan; this was monomeric up to 0.2 M.

It is interesting to compare the physical properties of these 
cyclic systems with some thio-analogues. In direct contrast to the 
oxygen analogue, 2-chloro 1,3,2-dithioborolan is a colourless mobile 
liquid boiling at 24-25̂ /0.1 mm. Ch standing in completely dry air this 
compound slowly forms a scum on its surface which is insoluble in benzene; 
this was attributed to oxidation or some form of aerial polymerisation.
Both this compound and 2 phenyl 1,3,2 dithioborolan were strictly monomeric 
up to 0.3 M concentration in benzene. The aqueous hydrolysis of the 
thio-analogues was observed qualitatively to be extremely violent compared 
with the corresponding oxygen compounds. An undoubtedly over-simplified 
explanation of the reluctance of the sulphur compounds to associate in
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solution is that the electronegativity difference between boron and 
sulphur is very small compared with that of boron and oxygen (electro 
negativities on a Pauling scale B, 2.0 ; 0, 3o5 ; S, 2.5)

(b) Inans
2-chloro-l,3,2 dioxaborinan is considerably less stable at 

room temperature than the olan analogue. When pure it is a colourless 
mobile liquid which darkens appreciably over a period of ^30 mins. In 
both benzene and nitro benzene solution it exhibits a concentration - 
independent degree of association of approximately 1.1. This association, 
although small, is well beyond the limits of experimental error. It is, 
moreover, unexpected and the cryoscopic determination, over the entire 
concentration range, was repeated several times. This anomalous result 
could be due to two reasons
(i) slow pyrolysis throughout the determination affecting the result, or
(ii) solvent-solute interaction i.e. formation of a weak IT -complex

between benzene and the electrophilic boron.
To test the first theory the freezing point of an ^ 0.2 M solution of 
2-chloro 1,3,2 dioxaborinan was determined; the cryoscopic cell was 
then maintained at 7CPC. for ca. 60 mins. and the freezing point re
determined. No change was observed. It would be expected that if 
benzene forms a charge-transfer complex with the borinan a shift or loss 
of fine structure would occur in the characteristic B-band of benzene
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at 255 myit. (ultra-violet). Consequently the spectra of solutions of 
chloroborinan, benzene and a equimolar mixture of the two in cyclohexane 
were recorded over the range 220-290 nyk . No shift of the band envelope 
or loss of fine structure was observed (see Graph 4). It is concluded 
that the association of 1.1 observed for chloroborinan in benzene is genuine.

Of the inan esters, the 2-chloroethoxy ester.is known to be stable. 
Cryoscopically, this compound was found to be monomeric up to 0.16 M then 
exhibiting a slight concentration dependent association beyond this con
centration. This is illustrated in a graph of concentration vs. 
depression (also shoim in similar form is 2-cliloro 1,3^2 dioxaborinan 
in benzene and nitrobenzene) J^ee Graph 5 ̂  Two thioinans (2-chloro-
1,3,2 dithioborinan and 2-phenyl- 1,3,2 dithioborinan) were also examined 
in benzene solution. The former exhibited a constant concentration- 
independent degree of association of A/i.i while the latter was mono
meric at aH concentrations. The detailed results for all compound 
studied cryoscopically are presented in Table VIII; molecular weights 
are quoted at 0.05, 0.2 eind 0.5 M and the corresponding degree of 
association at these molarities are quoted in parentheses.

(c) General discussion.
From the results outlined above it is clear that there are at 

least two modes of association operating i.e. concentration-dependent 
and concentration-independent modes, which-may be ascribed to any of the
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three associative models (assuming ten-membered ring formation to be 
unlikely). The models of association are boron-oxygen "loose packing"
(B - 0), boron-oxygen four centre interaction (B - O)* and chlorine 
bridging (B - Cl)• All olan systems studied show association with 
the exception of the thio compounds and 2-phenyl-l,3,2 dioxaborolan.
The boron oxygen nucleus in this latter example is probably shielded 
by 2pg. -TToverlap to prohibit any association. From the physical state 
of the sulphur containing heterocycles and the fact that the boiling point 
increases with molecular weight (the opposite effect is apparent in the 
B-chlorodioxa heterocycles) we must conclude that either
(i) the small electronegativity difference of boron and sulphur precludes 

assocation, or
(ii) a five membered thio-heterocycle is strain free.
Accepting this fact for the moment, the only heterocycles which exhibit a 
concentrâtion-independent associative mode are those containing the boron 
chlorine group and a six-membered skeleton or a sterically hindered skeleton 
(i.e. one which would preclude stacking arrangements). These heterocycles 
are

and — Cl
—  0
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To heterocycles of this nature is ascribed a small concentration- 
independent associative mode; it would be presumptive to assume that this 
mode is, in fact, chlorine-bridging. It is worthy of mention that 
Kbster^ reports that 2-chloroborolan is monomeric in benzene solution.
It would be interesting to have similar data for 2-chloroborinan. Many 
of the esters studied exhibit an association greater than two; this 
must be due to a combination of (B - 0) and (B - O)* association or 
solely (B - O) association. 2-(2*chloroethoxy) dioxaborinan exhibits 
association only at high concentrations because the inan skeleton is 
relatively unstrained and the transposition of boron (Sp̂ ) to boron 
via association does not lead to an energetically more stable state. A
general property of the esters is that in dilute solution they are monomeric. 
2-chloro-l,3,2 dioxaborolan was not monomeric at any concentration and it 
is possible that, in this case, the concentration-dependent association 
ascribed to the esters is superimposed on the concentration independent 
association ascribed to "chlorine-bridging". Why any form of association 
which, after all, is an equilibrium between monomer and multiples of monomer, 
should be independent of the concentration of the species is difficult to 
imagine. It is realised that this study is not conclusive in the respect 
that a particular associative mode can be ascribed at will to any boron 
heterocycle. At this stage of the programme it was decided to investigate 
the âssociation?̂  in these systems on a quantitative basis. To this end a 
calorimetric technique was applied and is described in the following section. 
Detailed cryoscopic data are tabulated in Appendix III.



SECTION L ; CALQRIMaTRI
The quantity most usually derivable from thermo chemical 

measurements is the heat of formation of compounds under standard condi
tions of temperature and pressure. It is usually not practical to de
termine the heat of formation of a compound directly from its constituent 
elements and the normal procedure is to measure the enthalpy change of 
a reaction of the compound which yields products of known heat content.
This forms the basis of degradative oxidation reactions, usually performed 
in a bomb at constant volume, for the heat contents of carbon dioxide, 
water etc, are accurately knov/n. The reactions studied in this section 
are hydrolyses or solution reactions as opposed to oxidation reactions.
A prerequisite of any reaction to be studied thermo chemically is that 
its stoichiometry be knov/n exactly. It is for this reason that degradative 
oxidation procedures are not applicable to boron compounds because the 
formation of the oxide is not stoichrometrically reproducible. Also, for 
this reason, only the B-chloro-heterocycles are studied here because these 
hydrolyses proceed quantitatively in aqueous solution to yield a diol, boric 
acid and hydrogen chloride. For these reaction products accurate enthalpy 
data is either available or readily determined. It would be interesting 
to study the hydrolyses of the esters also but for these compounds some 
preliminary kinetic work is necessary to establish the position of the 
hydrolytic equilibrium. Normal thermodynamic conventionŝ  ̂are followed 
in the selection of standard states for reactants; the standard state
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being the most stable form existing at 1 atmosphere pressure ctk 
The standard heat of formation of the elements in their standard states is 
zero and an enthalpy, if heat is absorbed, is regarded as positive. Any 
enthalpy change recorded for reactants in their standard states is followed 
by a superscript o, e.g. T o  be meaningful, any solution enthalpy
changes must be recorded in conjunction with the mean temperature of the 
reaction period and the concentration of the reactant (usually expressed 
as the ratio of the number of moles of solvent to the number of moles of 
reactant).

All thermochemical reactions were carried out in an all-glass 
calorimeter, the temperature changes being followed with a thermistor and 
a miniature platinum resistance thermometer. Full details of the experi
mental technique and the apparatus are outlined in Part II, Experimental,
Sections 2 and 3. Information on the energetics of dioxaboron heterocycles

17is limited to the work of Dale who measured the heats of complexing of 
n-butyl esters of B-chloro-inans and -olans with pyrrolidine and with 
benzylamine in octane solution. Dale was unable to isolate the amine 
complexes without decomposition and it is doubtful if the complexing reactions 
proceeded to completion, especially in the cases where the complex remained 
in solution (i.e. all of the pyrrolidine complexes). As a result. Dale’s 
data does not appear to be consistent with the data recorded here for 
similar structures. For the compounds studied here no steric hindrance 
is to be expected from the attacking nucleophile and the results should be
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internally consistent. In general, it is true to say that the precision 
and accuracy of the subsequent measurements are limited by the purity and 
thermal stability of the compounds and not by the apparatus or experi
mental technique. All heat quantities are quoted in thermochemical 
calories, 1 cal. = 4.1340 abs. joules.

Let us consider the reaction sequence on the hydrolysis of a
\ 1hypothetical heterocycle, 0 R 0 B.Gl. When the heterocycle comes into 

contact with the solvent (water) it hydrolyses and this is followed by 
the dissolution of the hydrolysis products. It is unnecessary to consider
the dissolution of the heterocycle prior to hydrolysis because this step 
in the reaction sequence is equivalent, in all respects, to the hydrolysis 
stage. The observed enthalpy change on hydrolysis is, then, a combination 
of two factors. The observed heat of hydrolysis, AH obs., refers to 
the reaction

0 R 0 B Cl (liq.)+ (n+3) HgO (liq.)— (Ĥ Bô 4-R(01)̂ 4- HCl) n. 
and tha standard heat of hydrolysis refers to

Ô R 0^ 01 (liq,)4-3H20 (liq.) -- .̂Ĥ BĈ (cryst.)4. R(CH)2(liq.)+H0l(g)

These two functions are related by the expression

A Hobs = *4̂ %  (reaction products)

where AHg = heat of solution at 2$̂ G. and mole ratio N.
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The standard heat of formation of the heterocycles is obtained from 
equations of the form

liqj = |̂ R(CH)2,liq̂  + oryst^

+ [hCI, g] - ĤgO, liq^ -

In using this equation the following data were taken from the National 
Bureau of Standards, Circular $00̂ ;̂- the standard heats of formation, 
solution and dilution of hydrochloric acid and the standard heat of forma
tion and solution of ethan 1,2 diol.

The heat of solution function in the equation for AHobs is 
the standard heat of solution i.e. that in infinitely dilute solution 
when N = . In practice this is usually determined by extrapolation
of data recorded at a series of concentrations. Experimentally this is 
a tedious procedure and in addition heats of dilution are usually very 
small e.g. methanol, 298°A and N = 2$ is 1.59 kcal/mole and the
corresponding figure at infinite dilution is 1.75 kcal/mole. In this 
work the heats of solution of various diols were determined at two different 
concentrations (say N = /v 100 and ^ 200) to confirm that the heat of 
dilution was very small. In general, the heat of dilution is less than 
the limits of accuracy obtainable with the calorimeter. Heats of solution 
for diols determined in this manner are recorded in the table below.
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TABLE IS. HEATS OF SOLUTION AND FORMAIT I ON OF SOME DIOLS.

Diol T(°C) iHg(exp.) N Ah (accepted) s KHfdiq.)

25 -2,05 105
Propan 1,3 -2.C4 ± .02 -112 i  2

25 -2.0 206

25.6 -2.62 145
Propan 1,2 -2.63 ±  .OL -118.9±1

25.6 -2.63 235

26.2 -3.57 174
Butan 2,3 -3.58 ±  .0 -128.7d 1

30.5 -3.54 263
30.5 —3.62 215

Bthan 1,2 25 •t 200 -1.5 t  .0 -10.74

"t NBS. Giro. 500 * this diol solidifies over the range 22-26̂ 0.;
to avoid inclusion of AH fusion, the dissolution was checked at 3CPc.

^ all values in k cal./mole. .
The heats of formation of propan 1,2 and butan 2,3 diols were taken from

} n II'-bureau and Dode and that of ethan 1,2 diol from Green . Moreau and
Dode’s (1937) data is quoted at 17̂ 0. and calculated on the basis of old
values for the standard heats of formation of carbon dioxide and water.
The values were corrected using the now accepted values and assigned an
error of i  1 kcal./mole. Moure au and Dode ’ s data are quoted in the
table below.
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TABLE X. H&ÆS OF FORMATION CF S(KS DIOLS AT 17°C. (taken from
IpMouraau and Dode).

Diol (liq.) 17°G.

Ethan 1,2 1C7.9
Propan 1,2 118.9
Butan 1,2 124.4
Butan 1,3 122.3
2-methyl propan 1,2 128.2
Butan 2,3 128.7

The standard heats of formation of the alcohols 
CĤ  (GĤ )̂  OH (n = 1,2,3 ... ) vary in an approximately linear fashion 
with n. (this is not unexpected because for each increment in n, one 
G - H bond is cleaved and one CĤ  - G bond is formed) • Constructing 
a similar graph for Moureau and Dode’s data a value for the standard 
heat of formation of propan 1,3 diol may be interpolated
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The interpolation is very approximate and the value of 112 
was assigned an error of±2 k cal./mole.

The standard heat of solution of boric acid is that of Van 
Arbsdalen'^ i.e. - 5.166 * 0.036 k cal./mole at 298°A. and N = 1110.
Davis et al quote the standard heat of dilution of boric acid from 
N = 60 to N = 9252 as 4- 0.068 k cal./mole. Clearly, dilution effects 
may be ignored. The standard heat of formation of boric acid (crystal) 
is a recent value (1963) of Good et al^^ and is -26l*A7 k cal./mole at
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298 A* In all of tha hydrolysis studied tha hydrolysis products included
Î '

a diol and boric acid. It is possible that complexing may occur

0 CH

0

H©

and lead to anomalous values. This possibility was investigated
by determining the heat of solution of butan 2,3 diol in saturated boric 
acid solution ( ̂  6^ by weight). The value obtained, -3.40 k cal./mole 
differs little from the accepted figure of -3.58 k cal./mole. and may be 
ignored. The compounds studied and the results obtained from their 
hydrolyses are shown in the table below.
TABL5 XI. HEATS OF HÏDRŒgSIS AM) FORMATION OF SOm BQRŒJ HSTSRCXÎYCLSS

Compound T(̂ C)* N &Hobs. &Hobs,
(accepted)

1

336 -22.15± 0.4 -183.1-•22 o 2
OCĤ CH CH 0 BCl

329 ± 3- 22.1

26.0 870
23 o 6OCĤ CH 0 BCl 2230

26.0 1098
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Compound T(°C)* N LHobs. kHobs.
(accepted)

t f
&Ĥ (liq.)

r  7 
OCH(CH )CH 0 BCl

26.2

25.2

838

1497

—22.6

-22.3
-22.3 ± .2 -7.23 ± .3 -190.3il

0GH(CH,)CH(CH-)0 BCl 
3 3

26.5
26.5

845
812

-24.1
-24.8

-24.5 ±.4 -8.28i .5 -199. Oil?

* the temperature recorded here is the mean temperature of the reaction 
period.
t errors were computed by summation of the constituent errors.

The deviation from the mean is greatest in the case of 
2-chloro 1,3,2 dioxaborolan as this compound, due to its extremely viscous 
nature, is very difficult to load into ampoules. Because this compound is 
known to be less associated in solution than in the pure phase, the heat 
of hydrolysis of a concentrated solution of the B-chloroborolan in benzene 
( by weight) was measured in an attempt to estimate the strength of
the associative bonding. High speed stirring and a large water 
to benzene ratio (approx. 30 : l) ensures abstraction of the hydrolysis 
products into the aqueous medium. The heat of solution of benzene in 
water (aqueous solubility 0.06 g./lOQg. Ĥ O) was undetectable as 
indicated by a control experiment. The results are presented in Table XII.
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TABLB XII. HHilT OF HYDROLYSIS OF A B3NZME SOLUTION OF 2-CHLCRO-
1.3.2 -DIQKABOROLilH

jfixpt. N T &Hobs &Hobs
(accepted)

1 356 26.6 -22.2 1

2 306 27.0 -21.3
)̂ -21.7 ± 0.5 -7.57 i .05

3 616 26.6 —21.6 ,

4 443 26.7 -21.7 ;

As is expected the mean figure is slightly more exothermic
than that for the pure phase hydrolysis but the limits of uncertainty
on the data preclude any assignment of the strength of associative bonding.

In discussing the strain present in boron heterocycles, two
approaches may be considered. The strain inherent in a cyclic system
may be relieved via two alternative routes; (a) conversion of the cycleorto a structure of zero a* reduced strain by a hybridization change about 
one or more atoms in ring or (b) by ring opening. The first case is 
illustrated by 2-chloro 1,3,2 dioxaborolan in a "loo se packing” arrangement
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n B-Cl V
' S - t i

J

and the second by trimethylene carbonate which polymerises readily 
51on heating

n
0

/ C = 0
0 II

— f 0 CH CH CĤ  OC ■ 2 2 2
a

Let the anthanpy changes in these two types of process be &Hĝ  and
27Hy respectively. Brown*s work on the free energy of dissociation

of trimethyl boron amine complexes at different temperatures gives a
measure of . This function is made up of two principal components; a 2 3the adjustment energy required for the sp — ► sp̂  hybridisation change 
and the energy of formation of the donor-acceptor bond. As mentioned in 
the section on cryoscopy the detailed structure of associated forms of 
boron heterocycles cannot be regarded as unequivocably established. It 
is premature to discuss strain therefore in terms of and a function
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of the type is suggested. This function must be the difference
between a measured parameter of the heterocycles and a similar parameter 
for an acyclic structure containing a similar nucleus to the heterocycle 
or having the same empirical formula as the heterocycle

I.e.

or == F

0 .
r /  B-Cl

(0H„) B-Gl

- F
RO

RO
B-Cl

- F
h (ch„)2 n̂/2

H(CH2)h/2 0
B -Cl

4 2F (B(C-H))

In the latter case F* depends on the number of carbon atoms in the 
heterocycle and the final term varies from one heterocycle to another; 
such a function would be the standard enthalpy of formation. Since the 
literature on enthalpies of formation of acyclic B-chloro compounds is 
limited, a function of the type F, independent of the number of carbon 
atoms, would be preferable. In this case the final term would depend 
on the nucleus of heterocyclic system only. The compounds studied here 
all have the nucleus

---- B-Gl
 - 0 ^
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24and Skinner has recorded data on the compound (Sbo)̂ BCl containing 
this nucleus. The function proposed for F is so

Constant

where constant ( [BtO] gBCl )

^ is defined specifically by the above relationship and values of 
this function together with relevant degrees of association are tabulated 
below using a figure calculated from Skinner *s date of (Sb 0)̂ 801, liq

6.06 d: .8 k cal./mole.
TABLE XIV AM) DEGREE OF ASSOCIATION (oC )

Compound H-
b DC

1-----------»OCH CH CH 0 B Cl 2 2 1.4 1.1

0 B Cl 0.9 >5

œH(CH^)CH^ 0 B Cl 1.2 /w2

6cH(CĤ )CH(CHg) 0 B Cl 2.2 1.1

The degrees of association of the compounds showing concentration- 
dependent association are estimated by extrapolation of the graphs to
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infinite molarity i.e. pure phase. It is of interest to examine the 
form of the function, as defined, in terms of standard heats of formation

[fflci, liq] - [R(CH)̂ , liq]j - ĵ AH° [(310)28 01, liq] -

2 txH® [EtCH, liq]]

The changing structure of the aliphatic part of the ring is compensated 
for by the term, [h(CH)̂ , liq]

The extent of the ring strain is expected to be inversely 
proportional to the degree of association. This relationship is observed 
for the dioxaborolans in Table XIV. The strain of the inan system i.e.
1.4 k cal s./mole is presumably less than the activation energy required

2 ofor the process boron (sp ) to boron (sp ). This activation energy has 
been established for certain boron halide /amine complexes as being of the 
order of 1-3 k cal. Confirmation of certain other predictions arises
from the values. 2-chloro~l,3,2 dioxaborolan, which is expected
stereochemically to show considerably greater strain than the analagous 
dioxaborinan, is apparently less strained in the pure phase. This is 
in accord with its highly associated state. The 4>5 dimethyl compound 
which exhibits little association due to the steric hindrance of the methyl 
groups is most highly strained. It is not possible to deduce the energy 
of the associative bonding present in the pure phase from tha results 
recorded hare. This point is clarified by the following cycle.
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If A represents the dioxaboron hetercycle

n A(g)

1 AH
n S (B 0) An (g)

AHj.(a)
n A(g)
I AHr(m) 

n A (liq) An (liq)

Î n A (m) f (a)
[ b , 0, C, H ̂ Cl standard State J  

where
n = degree of association present in the pure phase 

S ( B O) = energy of the associative bond
= standard enthalpy of formation of monomer 
= standard enthalpy of vaporisation of monomer 
= enthalpy change associated with the hybridization change 

B(Sp̂ ) to B(5p3)
= standard enthalpy of vaporisation of the associated state 
= standard enthalpy of formation of the associated state.

AH°(m)f
AHr(m)

AHa

M ît (a)

AH® (a)

The only components of this cycle obtainable from this work are 
AH^(a) and estimates of n and A Ha. The value of AH^ for 2-chloro-
4,5 dimethyl 1,3,2 dioxaborolan may be taken, as a first approximation, 

as the strain inherent in tha dioxaborolan ring. It is interesting to
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note that the difference, on this scale, between this figure and 
for the corresponding dioxaborolan is surprisingly small, of the order 
of one kilocalorie/mole. This is, to some extent, substantiated ty 
recent work on the association of tri-iso propanolamine borate in benzene 
solution where the strength of the dipole-dipole self association is 
reported to be of the order of two kilocalories/mole of monomer .
Because the inherent strain in the inan system ( ^  l . U  k cals/mole) 
is less than the activation energy for transposition of trigonal boron to 
tetrahedral boron formation of associated structures or Lewis base addition 
does not occur.

In view of the marked physical and chemical differences between 
olan and inan systems and the comparatively small enthalpy difference,

2 3the entropy change of the Sp --^  Sp transposition may be of greater
significance. These conclusions are summarised in the following 
enthalpy diagram.

Î - 1

: SMTHALPï DIAGRAM FCH OLANS (
INANS(-
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The measurements of Dale on the heat of complexing (&H^) 
of benzylamine and pyrrolidine with the n-butoxy esters of these systems 
is of interest and the results for pyrrolidine are listed below.
Ti^LS XV. HKAT OF COMPLEXING OF PYRRaiDINS N-BDTŒY SSTBR OF QUNS

AND INANÔ

Heterocycle KHc (kcal/mole)

t- “ "1 nOGĤ  CH^O B 0 Bu - 8.3

Ô CH CH(GH )0B 0 Bu° 
2 3 - 10.5

0 CH(CĤ ) GH(CĤ ) 0 B 0 — 8.3

(Bu*̂  0) B 3 - 0.5

an unstrained molecule; comparable with the reference compound
(Et 0)̂ 3 Cl.

These data are measures of fvHa and reflect energy terms
associated with B -4---  N as opposed to B-4----  0 bonding. These
energies are, of an order of magnitude, larger than those associated 
with self-associating molecules. A gradation of these figures with 
successive ring substitution is probably not observed because the
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addition reactions were performed completely in the solution phase 
and probably did not proceed to completion.

In conclusion, it is fair to say, that in general the results 
obtained from calorimetry confirm those of cryoscopy but neither 
yield a conclusive physical picture of the association in dioxaboron 
heterocycles.

— 81 —



EXPERIMENTAI,

SECTION 1 ; General techniques

(a) Handling
>kny of the compounds studied are readily hydrolysable in

moist air. When adding samples to the cryoscopic cell a stream of dry
nitrogen, issuing from a large fitted funnel directed towards the cell, 
was used to prevent hydrolysis. When loading ampoules for the calorimeter, 
hydrolysis was avoided by loading in a dry-box full of nitrogen.

The most successful method for transferring the extremely 
viscous 2-chloro-l,3,2 dioxaborolan was to condense the compound on a
large cold finger maintained at -196̂ 0. ; than allow it to melt slowly by
warming the condenser and fall into liquid nitrogen in a dry box. In 
this way small pallets could be transferred into thin glass ampoules 
used for calorimetry without the compound adhering to the neck of the 
ampoule. Also handling at this low temperature will completely quench 
any pyrolytic decomposition.

When derivatives were stable and liquid they were purified by 
distillation in an all-glass apparatus equipped with ground glass joints.
The majority of distillations were performed under vacuum using a rotary 
oil-pump supplying a pressure of approximately 0.05 mm. of mercury, 
^ecialised condensing equipment was used which is fully described in 
a recent thesis (1962)̂ .̂
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(b) Spectra
All infra-red spectra were recorded on a Perkin-SLmer Infra^ord 

137 (rock-salt optics) either as liquid films or in 0.05 mm cells at 0.125 M 
concentration in carbon tetrachloride. Ultra-violet spectra were recorded 
on a Unicam 3.P.5 00 spectrophotometer using 1 cm. closed silica cells and 
cyclohexane as solvent.
(c) Elemental analysis

Carbon, hydrogen, nitrogen and chlorine analysés were obtained 
from either Welter and Strauss, Microanalytical Laboratory, Cbcford or 
Bernhardt, Max Planck Institute, Mlheim.

Easily hydrolysable chlorine (i.e. that in the form B-Gl) was 
determined by aqueous hydrolysis followed by a volumetric titration using 
standard alkali to a methyl red and point. Boric acid in the presence 
of excess mannitol acts as a monobasic acid which may be estimated with 
standard alkali to a phe nolphthale in end-point. The method used to 
oxidise the boron to boric acid in an organo boron compound depends on 
the structure of the compound. These are briefly summarised:
(i) Compounds containing the borate nucleus: aqueous or methanolic

hydrolysis followed by titration with standard alkali in the presence 
of mannitol to a phenolphthalein end-point.

(ii) Compounds containing the boronate nucleus:
if the third bond is B - C or B - N, quantitative oxidation is

achieved using trifluoroperoxy acetic acid followed by a fixed pH
62potentiometric titration in the presence of mannitol . Graded oxidative 

procedure for the analysis of boron compounds is reviewed by Pierson̂ .̂
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(d) Purification
Certain compounds were available commercially but were purified

prior to use. Benzene : available in "cryoscopic" grade from British
Drug Houses (B.D.H.) and was dried over sodium wire before use.

oCarbon tetrachloride : Analar grade (B.D.H.) dried over 4 A molecular 
sieves (B.D.H.)
Nitrobenzene : ilnalar grade distilled from anhydrous calcium chloride
up a 12" column packed with helices. Fraction collected over 210211^C./ 
760 mm, lit. 210.6-210.8°C./760.
Tri n-butyl^ borate ; Ordinary grade B.D.H.) distilled up a similar 
column at atmospheric pressure.
Fraction collected over 230-231^C./760 mm. n̂  ̂ = 1.AC71, lit.D
232.iV°C./760 nun. = 1.4071.

(e) Refractive indeces
All refractive indeces were recorded using an Abbé refractometer 

with the block thermostat ted at 25̂ C. and with a sodium D line source.

3SCTIQN 2 ; Syntheses.
All of the syntheses in this thesis were of the condensation 

type described by the following equationss-
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BCl +  R(Œî)  ►  0 R 0 B Cl 4- 2 HCl
3 2

i) R 0 BCl + R'OÎ ----- Ô R 0 B OR' +  HCl

R' 0 BCl + R(CH) -------fc- Ô R 0 B CR' +  2 HCl

2 BCl 4- R(CH.) -------►  Cl B - œ  - 0 BCl 4  2 HCl3 ^ 2  ^

Cl BÛ R 0 BOL 4 4R'Œ --- ►  (R'O)̂  B - ORO B(CR') 4 4 HCl2 2 2 2
2 BCl 4 3 RCH ------- ^  0 R 0~B O R O  B CEO f 6 HCl

3

The experimental technique in each case is very similar and will be 
described in detail once in order that subsequent experimental procedure 
may be recorded in a more concise form.

In each case the boron-containing compound (e.g. BCl̂ ,
0 RO B Cl ̂  etc.) is dissolved in approximately 25 ml. of methylene
chloride. The reaction flask is equipped with a variable speed stirrer,
a -80̂ 0. reflux condenser and a dropping funnel for the second reactant. 
The reaction flask is cooled to -8cPc. in a mixture of crushed solid 
carbon dioxide and acetone, the stirrer started and the alcohol or 
diol added at a rate such that the reaction proceeds smoothly. It is 
worthy of note that there is often an induction period for these reactions 
and occasionally the flask must be warmed slightly to initiate the 
reaction. The reflux condenser prevents loss of boron trichloride or 
any other volatile component (such reactions usually proceed with 
appreciable exothermicity) and is connected directly to two-196̂ 0.
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traps in series. These serve a dual purposê  they prevent moisture 
from entering the reaction system and they collect the evolved hydrogen 
chloride. When the reaction is complete the flask is allowed to warm to 
room temperature. Often it is observed that the latter stages of the 
reaction proceed with less vigour than the initial stages. This is 
probably due to a weak association between the dissolved hydrogen 
chloride and the alcohol,

'Cl  H

this association reducing the nucleophilic tendency of the oxygen 
atom. The evolved hydrogen chloride collected in the-196*̂ 0. traps is 
estimated volumetrically with standard alkali to a methyl red end-point. 
This estimation provides a check on the theoretical stoichiometry of the 
reaction. It is, however, rare that lOC^ of the theoretical hydrogen 
chloride is estimated owing to the high solubility of the gas in the 
solvent, methylene chloride. The reaction flask is removed and the 
solvent (b.p. /760 mm) stripped by pumping at ice or room temperature.
The crude product, if stable, is then vacuum distilled. Any deviations 
from this standard procedure will be mentioned in the following condensed 
syntheses
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Attempted preparation of 2-chloro-1.3.2 dioxaborepan. - Boron 
trichloride (25 g. 0.21 mol.) was added to butan 1,4 diol (19.2 g. 0.21 
mol). After the solvent was removed a brown non-distillable syrup re
mained (boron content of residue = 6.15̂ ).
Preparation of methyl chloroborinate« - Dry methanol (4.0 g. 0.12 mol) 
was added to boron trichloride (14.7 g. 0.13 mol.) in the absence of 
solvent (Found: B, 9.3; Cl, 59.7 Calc, for C IL BCl^O : B, 9.6;
Cl, 62.9).
Attempted preparation of 2-methoxy-1.3.2 dioxaborepan. - Butan 1,4 diol 
(10.8 g. 0.12 mol.) was added to methyl chloroborinate (13.5 g. 0.12 mol.) 
After removal of solvent the product was a non-distillable yellow glass. 
(Found : C, 46.20; H, 8.53; B, 8.30; easily hydrolysable chlorine 
(e.h.c.), 0. CjĤ  ̂B 0̂  requires C, 46.23; H, 8.53; B, 8.33). 
Preparation of 2-chloroethyl chloroborinate. - 2-chloroethanol (dry,
8.6 go 0.11 mol.) was added to boron trichloride (12.5 g, 0.11 mol.) 
in the absence of solvent (90̂  hydrogen chloride estimated) Found;
B, 6.95; Cl, 43.9. Calc, for C^H^B CI3 0 : B, 6.70; e.h.c. Cl, 43.5
Preparation of 2(2*-chloroethoxy) 1.3.2 dioxaborepan. - 2-chloroethyl 
chloroborinate (15.1 g, 0.09 mol.) was added to butan 1,4 diol (8.4 g,
0.09 mol.) 80^ hydrogen chloride estimated . After removal of 
solvent, the product was a viscous, non-distillable liquid. (Found :
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G, 39.09; H, 6.64; B, 6.3; e.h.c. Cl, 0. B 01 0̂  requires G,
40.4; H, 6.77; B, 6.1).
Preparation of 2-chlorO"ly3.2 dioxaborolan. - Sthan 1,2 diol (13.1 g.,
0.21 mol.) was added to boron trichloride (24.0 g., 0.20 mol.) in $0 ml.
of methylene chloride (84̂  hydrogen chloride estimated). ilfter removal
of solvent the product was distilled over the range 35-3CpG./o. Q3 mm*
(Found : B, 10.12; Gl, 33.2. Gale, for Ĉ H B Gl 0 : B, 10.18;^ 4 2
Gl, 33.35).
Attempted preparation of 2-methoxy-1.3.2 dioxaborolan. - Dry methanol 
(5.9 go 0.18 mol.) was added to 2-chloro-l,3,2 dioxaborolan (19.7 g.
0.18 mol.) 91$ hydrogen chloride estimated . After removal of solvent, 
the compound was a straw-yellow transparent glass and was non-dstillable. 
(Found : G, 33.21; H, 6.70; B, 10.5. Ĝ HyBÔ  requires ; G, 35.36;
H, 6.93; B, 10.6).
Attempted preparation of 2-ethoxv-1.3̂ 2 dioxaborolan. - Dry absolute 
ethanol (7.9 g. 0.17 mol*) was added to %-chloro-l,3,2 dioxaborolan 
(18.2 g. 0.17 mol.) 89$ hydrogen chloride estimated . After removal
of solvent the compound was a glass (non-distillable) Found : G, 33.49;
H, 6.95; B, 9.54. = 1.431. Calc, for Ĉ HgBĈ  : C, 41.45; H, 7.83;
B, 9.33 lit.® = 1.4190
Preparation of tris (ethan 1.2 diol) diborate. - Sbhan 1,2 diol (21.4 g., 
0.34 mol.) was added to boron trichloride (27.0 g., 0*23 mol.) 92$
hydrogen chloride estimated. The product precipitated out as a white
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solid which was filtered off and washed with methylene chloride

(Found : C, 35.10; H, 6.22; B, 10.4 m.p. 157°0. Calc, for G6%2®2% '

C, 35.72; H, 6.0; B, 10.7 lit.̂  m.p. 162-4°C.).
Preparation of 2(2*-chloroethoxy) 1.3.2 dioxaborolan. - 2-chloro- 
ethanol (12, 3 g*, 0.1$ mol.) was added to 2-chloro- 1,3,2 dioxaborolan
(l6o2 g., 0.1$ molo) 91$ hydrogen chloride estimated . After 
removing the solvent the compound was a colourless viscous liquid fe.pt. 
52-58°G./0.œ mm, n̂  ̂ = 1.4554 (ibund : 0,31.9; H, 5.7; B, 7.05;
Cl, 24.75. C ĤgB Cl 0̂  requires C, 31.95; H, 5.4; B, 7.2; Cl, 23.6). 
Preparation of 2(n-butoxv) 1.3.2 dioxaborolan. - Analar grade n-butanol 
(12.9 g, 0.17 mol*) was added to 2-chloro-l,3,2 dioxaborolan (18.6 g.
0.17 mol.) 74$ hydrogen chloride estimated . After removing the 
solvent the compound was a colourless, viscous liquid fe, pt. 66 - 68̂ 0,/
0.05 mm. (ïbund : C, $0.1$; H, 9«28; B, 7.$3. Calc, for Ĉ Ĥ B̂Ô :
G, $0.0$; H, 9.10; B, 7.$2).
Preparation of 2-chloro-4. methvl-1.3p2 dioxaborolan. - Redistilled
propan 1,2 diol (b.pt* 86°G./l4 mm.) 2$*6 g., 0.34 mol. was added
to boron trichloride (39.$ g*, 0*34 mol.) 87$ hydrogen chloride estimated '
After removal of solvent the compound was colourless viscous liquid, fe.pt.
38°C. /0.1 mm. (Found ; B, 8.92; Cl, 29.2. Calc, for C_H.BC10„ :

J o  6
B, 8.99; Gl, 29.$).
Preparation of 2-chloro 4%$-dimethvl-l.3.2 dioxaborolan. - Redistilled 
butan 2,3 diol (b.pt. 92°G. /l4 mm.) 13.$ g., 0*1$ mol. was added
to boron trichloride (17.$., 0.1$ mol.) 86$ hydrogen chloride estimated
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After removal of solvent, the compound was a colourless, mobile, liquid 
b.pt. 26-27̂ 0./0.1 mm. (Found ; B, 8.03; Cl, 26*2. Calc, for 
Ĉ HgB Gl : B, 8.0$; Gl, 26.4).
Preparation of 2-chloro 1.3.2 dioxaborinan. - Redistilled propan 1,3 
diol (l6.0 g., 0.21 mol.) was added to boron trichloride (24.7 g., 0.21 
mol.) 88$ hydrogen chloride estimated After removal of solvent, the 
compound was a straw-yellow mobile liquid which distils to give a colour
less liquid b.pt. 20-22°G./0.1 mm., which darkens rapidly on standing at 
room temperature (Found : B, 8.91; Gl, 29.2. Gale, for Ĝ Ĥ BGl 0̂  ;
B, 8.99; Gl, 29.$).
Preparation of 2(2'-chloroethoxv) 1.3.2 dioxaborinan.- 2-chloro-ethanol 
(6.9 g., 0.08 mol.) was added to 2-chloro-l,3,2 dioxaborinan (10.$ g.,
0.09 mol.) 84$ hydrogen chloride estimated. After removal of
solvent, the compound was a colourless liquid, b.pt. 48-$ CPC./O. Q$ mm.

=1.^505 (Found; C, 36,45; H, 6,06; B, 6.58; Cl, 22.00. Calc, 
for CjHĵ qBCIÔ : C, 36.52; H, 5.52; B, 6.45; 01, 21.57, llt.n̂  ̂= 1.4510)
Preparation of trimethvlene bis(dichloix)borinate). Propan, 3 diol (3.3 g. 
0.04 mol.) was added to boron trichloride (10.3 g. 0.09 mol.) in the 
absence of solvent (100$ hydrogen chloride estimated) • The compound was 
a non-distillable mobile liquid darkening rapidly at room temperature.
It was stored at -BcPc. n̂  ̂= 1.4418 (Found: B, 9.1; Gl, $8.3.
Ĝ Ĥ B̂ Gl̂ Ĉ  requires B, 9.1; Gl. $9.7).
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Attempted preparation of trimethylene bis (di-2-chloroetfayl 1 borate). -
2-chlorethanol (8.7 g., .11 mol.) was added to trimethylene bis dichloro-
borinate (6.4 g., .03 mol.) 84$ hydrogen chloride estimated. The

26liquid product, n ̂  = 1.4500, was analysed before distillation.

(Found : B, $.3. ^n®22^2^^4^6 B, $.2). The infra-red
spectrum (0.12$ M solution in GGl̂  in 0.0$ mm. cells, rock salt region) 
was quantitatively similar to the superimposed spectra of the dis
proportionation products. The product was distilled, under reduced 
pressure, boiling over the range 2$-7$̂ G. /0.1 mm., and the centre 
fraction refluxed at 18cPG. for $ hr. After several refractionations 
the centre fraction distilled over the same range, leaving no residue.
The lowest boiling fraction, n^ = 1.4481, b.pt. 48-$0°G./0. 07 mm. was 
shown to be principally 2(2 -̂chloroethoxy) 1,3,2 dioxaborinan by analysis 
(Found : 6.2 Gale, for G^H^^BdO^ : B, 6.6) and comparison of its 
infra-red spectrum with that of an authentic sample. The highest 
boiling fraction, b.pt. 70-8CpG. /0.1 mm., = 1.4$20, was identified
as tris-2-chloroethyl borate by analysis (Found : B, 4.8. Gale, for 
Ĝ Ĥ B̂Gl̂ Ĉ  : B, 4.3$) and by its infra-red spectrum. 83$ of the
theoretical quantity of tris-2-chloroethyl borate calculated on the basis 
of (RO)g B 0 (CHp^æ(œ)g ^  (RO)̂ B + RO 6 0 (OHg)̂  0 was recorded. 
Attempted preparation of trimethylene bis(di-n-butyl borate). - The 
reaction was conducted in a similar manner to the above experiment with
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butan l-ol. (12.5 g., 0.17 mol*) and trimethylene chloroborinate (8.7 g.,
0.04 mol.) 78$ hydrogen chloride was estimated Repreated refractiona
tion under reduced pressure effected separation into tri-n-butyl borate,

= 1.4079, b.pt. 48-52°C./0.1 mm. = 1.4070)D 0
l̂ lnfra-red spectrum identical with that of an authentic sample, which 
boiled at 50-52̂ 0*/0.1 mm] , and 2-n-butoxy-1,3,2 dioxaborinan, b.pt* 
34-37̂ /0. 06 mm. (lit.̂  ̂b.pt. 36-38̂ /0.12 mm.) [̂ infra-red spectrum 
identical with that of an authentic sample]
Attempted preparation of trimethylene bis(di-isothiocvanato borinate). - 
Trimethylene bisdichloroborinate (3.9 g., 0.QL6 mol.) was run into a
solution of potassium thiocyanate (Analar, 6,4 g. 0.066 mol.) in 
1,2-dimethoxyethane (lOO ml.). Precipitated potassium chloride was 
filtered off and the solvent evaporated from the filtrate. The residue 
was distilled into four fractions, the highest boiling of which was
2-isothiocyanat0-1,3,2 dioxaborinan b.p. 55-6$°/0.Q5 mm., and which had 
an infra-red spectrum identical with that of an authentic sample. At 
the time of this work, boron tri-isothiocyanate had only recently been

34described.
Preparation of ethylene bis (dichloroborinate). - Ethan 1,2 diol
(1.9 g., 0.03 mol.) was added to boron trichloride (7.1 g., 0.06 mol.)
in the absence of solvent (96$ hydrogen chloride was estimated)
Found : B, 9.67: 01, 63.1. Calc, for Ĉ H.B 0 Gl : B, 9.68:2 4 2 3 4
Gl, 63.43
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Attempted preparation of ethylene bis (di-2-chloro9thyl borate). - 
This reaction was conducted in a similar manner to the trimethylene 
derivatives with 2-chloro-ethanol (5.8 g., 0.07 mol.) and ethylene
bisdichloroborinate (5.0 g. 0.02 mol.) ^93$ hydrogen chloride estimated] 
Repeated refractdonation under reduced pressure effected separation into 
tri-2-chloroethyl borate b.pt. 75-82°/0.2 mm. [infra-red spectrum 
identical with that of an authentic sample] (Found : B, 4.6 Calc, 
for B Gl̂ Ô  : B, 4.3) and 2-(2̂  chloroethoxy) 1,3,2 dioxaborolan,
b.pt. 52-56 /̂0.2 mm, n̂  ̂ = 1.4565, identical in infra-red spectrum 
with that of an authentic sample (Found : B, 6.4 Gale, for G^HgBdO^ :
B, 7.2).
Preparation of tetramethylene bis (dichloroborinate). - Butan 1,4
diol (3.1 g., 0.034 mol.) was added to boron trichloride (8.1 g.,
0.069 mol.) in the absence of solvent. Butan 1,4 diol freezes at 16*̂ G. 
so the reaction flask was warmed periodically to allow the diol' to react. 
84$ hydrogen chloride estimated). The compound was a white amorphous 
solid, darkening rapidly at room temperature (Found : B, 8.7; Gl, 53.9 
Ĝ HgB̂ Gl̂ Ô  requires B, 8.6; Cl, 56.3). After pumping at 0. Q5 mm. at 
cPg, for 2 hr. the composition was B, 8.74; Gl, 46.0.
Preparation of phenvl boron dichloride (l). - The method used was that of

CO
Burch et al . Tetraphenyl tin (22.8 g. 0.05 mol.) was added to boron 
trichloride (10$ excess, 27.5 g. 0.23 mol.) at -8 c fG. under a -8 ( fc .  

reflux condenser, stirring gently. The mixture was allowed to warm to
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room temperature when the white suspension turned black and became mobile # 
The mixture was refilled for 2 hr. at 80°C. under a -8CPc. condenser and 
for a further 4 hr. under a water condenser. It was then distilled into 
three fractions, the lowest boiling ( < 68/20 mm) being principally 
stannic chloride, the second (68-76°/l4 mm) being principally phenyl 
boron dichloride and the final fraction (l20-14Cf/ 20 mm. a deep red 
colour) being probably (f) &iGl^. The centre fraction was redistilled 
and a cut collected over 66-7^20 mm. (Found : B, 6.97; Gl, 44.15 
Gale, for Ĝ Ĥ B Gl̂  : B, 6.81; Gl, 44.65). It was noted that on
allowing dry air to come into contact with sample, it turned pink and on 
standing at room temperature gradually transformed to a deep port red 
colour. However, analysis indicates it is substantially unchanged.
The compound was redistilled (66̂ /18 mm.) immediately before use in the 
cryoscope (Found : B, 6.76; 01, 44.22 Gale, for Ĝ Ĥ BGl̂  : B, 6.81;
Gl, 44.65). It was thought that the pink colour was due to contamination 
by cf)âiGl̂  so a sample was prepared by an alternative method. The '̂ot'rvwtL 
equation for the above synthesis is : cj) ̂ Sn-f 4 BGl^— ► 4 (j>BG1̂ 4" &iGl̂  . 
Preparation of phenyl boron dichloride (2). - The method used was an 
adaptation of that of Abel et al̂ .̂ Phenyl boronic anhydride (33.8 g.
0.11 mol.) and boron trichloride (1C$ excess, 28.0 g« 0.24 mol.) were 
shaken in a sealed ampoule overnight. The white slush turned to a 
brown mobile suspension and finally to a brown gel. The ampoule was 
opened and the contents distilled collecting a fraction boiling over
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62-66/20 mm. (Found : B, 6.71; Gl, 44.74 Gslc. for G^H^Bd^ :
B, 6.81; Gl, 44.65). However, on standing, this sample also turned red.

SEGTION 3 : Grvoscope.
The cryoscopic cell was specially designed for use with 

moisture sensitive materials (see Fig. l) and is a modification of 
Zemanyb design̂ .̂ The temperature-sensitive element was a thermistor 
(type F 2311/300, Standard Telephone and Gables Ltd.) sealed into a glass 
tube with Gold Gure Silastomer (Midland Silicones Ltd.) Agitation was 
effected by means of a chromium plated stirrer actuated by an external 
solenoid. The intermittent pulse to the solenoid was supplied by a 
slowly rotating cam operating a micro-switch connected to a transformer 
(see Fig.2)0 The thermistor is one arm of a I'/heatstone bridge with fixed 
ratio arms of 3KIL and a variable arm spanning 0 to id^il . Thefeare
200 -Q, in series with the bridge current to reduce the power output of
the thermistor to below the recommended maximum. The out-of-balance 
bridge current was detected on a Scalamp galvanometer (7902/8, W.G, Pye 
& Go.Ltd.) At the freezing point of benzene or nitrobenzene (5«53 and 
5.76^Go respectively) an F 23thanaistor changes approximately 109-0, /°G. 
Using the described equipment a freezing point may be recorded to 0.25^
i.e. to e002°G. For an F 53 thermistor at 25̂ 0. (used in the
calorimetry) the sensitivity is 158fL /°C. i.e. it .0015̂ 0. The
limiting factor in the determination of cryoscopic molecular weights.
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by this method, is not the thermistor sensitivity but the purity and 
stability of the compounds studied « The thermistor was calibrated, for 
cryoscopic work, using a specially purified sample of naphthalene to 
determine k in the experimental equation

M = k m2 
&R

M = molecular weight of naphthalene (128«16) 
m2 = concentration of g./lO ml. of benzene 

tkR = depression in ohms.
The depression at eight different concentrations was determined 

and a graph of m̂  ̂vs. j&R constructed and the gradient found by a least- 
squares method. Naphthalene was used as a cryoscopic calibration com
pound because it is known that benzene/naphthalene mixtures are ideal up 
to almost eutectic concentration̂ .̂ It should be noted that this 
calibration technique is not absolute in the sense that the temperature 
for any resistance may be derived. For an absolute calibration (i.e. 
the determination of the thermistor constants A and B) the thermistor 
was calibrated against a Beckmann thermometer itself calibrated via 
the transition temperature of sodium sulphate decahydate.

In the Discussion and Results (Section 3) the interrelation 
between the two forms of calibration was developed from the vapour 
pressure equation and calculated values for k and Kf obtained. * Ini the 
course of the derivation several approximations were introduced. The
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evaluation and magnitude of the resultant errors will be discussed in 
some detail : -
(a) ideality.

In transforming the Clapeyron-Claussius equation to the vapour 
pressure equation the assumption is made that the solvent vapour is an 
ideal gas. Subsequently in the derivation the assumption Pi = p̂  Ni 
(Raoult*s law) is invoked i.e. that the solvent/solute system is an 
ideal solution. These two assumptions constitute the ’’ideality” 
approximation is cryoscopic measurements. With this approximation we have

- In N.i ” —  T i - i l
a I T ' ToJ

( hH may be expanded as a function of temperature ̂ [[see subsequen-Q ;
terms previously defined). Deviations from ideality are manifested in

1/the non-linearity of a -InN̂  vs. ' fj plot. Clearly then, if 
the ideality of a known compound is established by cryscopic measurement, 
the ideality of a new system must be assumed or proven by an alternative 
method. A reasonable approach to this problem is that if known compounds 
with a similar nucleus to the new systems show no deviations from 
ideality then the new systems may be assumed ideal. It was found that 
both tri-n-butyl borate and phenyl boron dichloride were ideal in benzene 
solution up to concentrations of O.A M. From this evidence it is assumed 
that the heterocycles are ideal in benzene solution and that non-linearity
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in the concentration vs. depression plot is due to changing structure in 
solution rather than ideality deviations.
(b) The log approximation.

Combining the thermistor equation with the vapour pressure 
equation leads to

- L\l, » ^  Ih.
As Nj 4- 2̂ " ^9 -InN̂  is approximated to -K N2. The percentage
proportional error (S) is given by

1-Nn

InN.1
100

Clearly this error increases with concentration (increasing N2) s.nd 
is plotted against molarity for a hypothetical compound of molecular 
weight 150 dissolved in benzene (hereafter called the test compound) 
|sea Graph 8 J .
(c) The dilute solution approximation.

This is the largest error and is introduced by ignoring
m tbs expression of N2
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N, = S n .

S î + i
Ml M,

M

2,

as for the dilute solutions »
“2

The proportional error (S) in this case is given by

S =
m2

1 100 %
__M2m2 N2

This is also graphed (see Graph 8)«
(d) The T^ approximation.

This is a small error compared with the above errors and is 
opposite in sign

1
'  ^  '

X. % _TT; J
and S = 100 %

To
(e) Latent heat approximation.

When integrating the Clapeyron-Glaussius equation it is 
assumed that the latent heat of fusion of the solvent is independent 
of temperature

& T- InNi
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In this expression may be expanded as a

-  L N ,  =  ^  o W
t v  à t V  U T o ^

where fĉCp = difference in heat capacity of the solid and liquid
solvent at T̂ .

Substituting the thermistor equation and ignoring 0(3),

- i - w ,  =  g [ i , | j -

To show that the influence of the second term is very small we intro
duce the usual approximations and expand the logarithmic terms:

I' E t o

Substituting constants; (b e n z e n e ) = 2.35 kcal/mole,
R = 1.987 cal. mole deg. , B = 1.2 x 1C? deg. Ro = 2864, 
1̂ Cp = 1.82 cal. mole * , To = 278.7‘̂A. and selecting R = 

lOCJL (which corresponds to an ^ 0.3M concentration of the test 
compound in benzene), the second term accounts for /v 0.1̂  of the whole,
(f) The log expansion.

In the expression

1 . f ' E
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we may substitute
R

Ro 1 + Ro
and expand

_
_ T, z

If we ignore 0(3) > the R.H.S. becomes
=  f i

t u t
k t

2 T.

The error introduced by ignoring 0(2) as opposed to 0(3) is ̂ 1-V̂ - 
For an approximately 0.3M solution of the test compound i.e. R = IQQÇL» 

the error is a/ 1.7̂ . This error only occurs however in deriving a 
theoretical expression for k and by using the experimental value of 
k the error is avoided.

To summarise, from Graph 8, it may be seen that the combined 
error in using the standard colligative expression for a hypothetical 
compound of molecular weight 150 ideally dissolved in benzene at con
centrations of 0.05, 0.2, 0.5 M, is 0.36 ,̂ 1.46% and 3.7^ respectively.
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SECTION 4 : Cryoscopic procedure.
The procedure for a cryoscopic determination is outlined

below.
1) The cryoscopic cell is cleansed thoroughly and dried in an oven
(110̂ 0.) overnight. While it is cooling it is flushed with a stream of 
dry nitrogen. When it has achieved room temperature, 10 ml. of cryo
scopic solvent is loaded and the nitrogen stream cut off. The thermistor 
is introduced and the circuit connected.
2) The cell is lowered into a freezing mixture (ice/salt, Co,. -10̂ 0. ) 
to approximately above the solvent level. The stirrer is actuated 
and a resistance reading noted (Ro) when the bridge balance is constant.
3) An aliquol of thfQ sample is added from a B/10 flask fitted with a 
S/lO dropper (usually about O.O/i, go). The majority of the compounds 
investigated were moisture-sensitive and were added with a slow stream 
of dry nitrogen playing on the side arm of the cell. A Teflon sleeve 
was fitted to the joint to avoid transfer of grease and so introduce a 
weighing error. If the sample is extremely viscous, as in the case of
2-chloro-l,3,2 dioxaborolan, it is added in benzene solution of known 
concentration (an appropriate correction was made in constructing the 
graph for the additional solvent added with each sample). When the
sample is extremely hydrolysable, as in the case of phenyl boron di
chloride, a dilution technique was used i.e. a known amount of ^BCl^
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was added to the cell and successive amounts of pure solvent added.
This involves only one transfer of the sample to be investigated. It 
has the disadvantage that the concentration range over which the sample 
may be investigated is considerably limited. If the sample is a solid, 
as in calibration with naphthalene, it is added in the form of small 
pellets.
4) After the sample is added the solution is stirred and allowed to 
warm until the sample has completely dissolved and the solvent has 
completely melted. The freezing point of the solution is then recorded 
via the above procedure.
5) The sequence of operations is repeated over the desired concentration 
range of the solute, A graph of concentration (in g. per 10 ml. solvent) 
vs. freezing point (in ohms) is constructed and the molecular weight 
computed at any concentration via the gradient at that concentration
and the calibration constant. If the sample is sparingly soluble and 
has precipitated on cooling this is immediately obvious by a sudden 
discontinuity in the graph. If necessary the solute may be recovered 
from the solution at the conclusion of the experiment.
SECTION 5 ; Galorimetric accuracy.

The design of the calorimeter and calorimetric procedure are 
fully discussed in Part II. The expected level of accuracy to be ob
tained from the equipment, assuming the compounds are lOCÿ» pure and 
stable, is discussed here. The equation for an enthalpy change is of
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the form
= (electrical energy), &T*

&T
where A T * = temperature change in the reaction period and

At = temperature change in the calibration period. The 
principcal sources of error in evaluating this function occurs in the 
measurement of temperature rather than the measurement of energy so 
as a first approximation,

^  log
NT -----------

log

It is usual calorimetric procedure for At * to be approximately equal to
%A T so it is only necessary to consider the error in log and

than combine errors.

%Let U = log / \

If U = f (x,y,2 o.o) and the errors in U, x, y ... are t  A U, i  A x,
i A y  than

(Nu)2= (IH ) (N)C)^+ (3^) (Ny)^ ........
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For an F 53 thermistor, the sensitivity is 158 12 /deg. 
so let us consider the error introduced by temperature changes of
0.3, 0.6 and 1°G. i.e. change in resistance being 50, 100, 150 
respectively. The approximate resistance of the F 53 thermistor 
at 25̂ 0. is 4400 -d and resistance readings may be made to the 
nearest half-ohm.
Therefore = 4400 R2 = 4450 for 0.3̂ 0. change

4500 for Oo6̂ C, change
4550 for 1.0 C. change

and AR^ = ± 0.5

Substituting we obtain the proportional error in Ü and, by combination 
of errors, the proportional error in These errors are tabulated
below.

TABLE XVI. GALORIMaTRIC BRRCBS FOR TEMPERATURE CHilNGSS OF 0.3. 0.6 
AND l.cfC.

Tempo change ^  «)
IT A f  (»)

0.3 0.34 0.49
0.6 0.24 0.34
1.0 0.19 0.27
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PART n

INTRODUCTION

The two most comprehensive reviews on the subject of lattice
energies, applies to inorganic systems, are those of Sherman̂ in 1932
and Waddington în 1959.

lattice energy is defined as the increase in internal energy
at absolute zero accompanying the separation of the constituent ions in
the gas phase to positions where they are infinitely removed from
one another. An expression for evaluating this function is usually
associated with the names of Born, Lande and Madelung. It is interesting
to follow the derivation of a simple but not universally applicable
formula because this expression was subsequently developed by Kapustinkii
into a more general form. The Coulombic attraction per gram-molecule
for an ion-pair is given by

(r) = -N ^
r

where N = Avogadro * s number
r = distance between the centres of the two ions of 

charges 4 e and -e.
To evaluate the Coulomb energy of a complete crystal lattice it is 
necessary to sum the ionic attractions of all ions with respect to all
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other ions. The potential of an ion within a simple lattice (uni
univalent type) may be evaluated in terms of a power series the 
summation of which will be put equal to -Me/r. The crystal energy 
which arises from this summation is

Me^
r

where M = Madelung constant and is dependent only on the structure of 
the lattice. The mutual repulsion between ions, arising when ion 
electron clouds penetrate each other, is represented by B/r̂ ; a 
function which, provided n is large, increases rapidly with decreasing r, 
corresponding to a "hard-spheres" model. (B = const.)
The total lattice energy is

^  _ Me^ B
r

At equilibrium the energy is a minimum, the attractive and repulsive 
forces compensating each other

iiifil^-=0 = w  __ - B
dr ^  1

Eliminating B we have
n = _

n

r̂  = equilibrium inter ionic distance
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The repulsive term accounts for about 1Q?& of the total lattice energy.
With the development of quantum mechanics it was realised that 

electron density of spherically symmetrical ions fell off exponentially 
with distance and in 1932 Born and Mayer^ produced an equation where the 
repulsive energy was represented by B* exp( -r/̂ ) where ̂  is a constant 
with the dimensions of length. Substituting this and eliminating B* 
by the minimum energy condition they obtained

Ô
1-f/To

2A more rigorous expression would take account of dispersion forces and 
zero point energy of the lattice. However these components are normally 
very small. An extended expression of this type applies only to an 
array of spherical ions. Pbr non-spherical ions the shape of the 
"repulsion envelope" must be estimated and the assumption that a charged 
ion may be replaced by a point charge at its centre is no longer valid.
If the charge distribution on the ion is known the total charge may be 
represented by a point charge plus a permanent electrical multipole.
The Coulombic energy is then considered as two terms, the simple 
Madelung term and the multipole energy. An illustration of this type 
of calculation on non-spherical ions is provided by Waddington'̂ ^̂  who 
calculated the lattice energies of some azides (N̂ ) and bifluorides
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by an extended term-by-term formula.
The physical data required for calculations of the above 

type are extensive and the calculation itself is laborious for all 
but the simplest lattice types. Eapustinkiî  modified the simple 
Born-Mayer equation

i.e. ^  = M N 2i 22 e' 1 -

ro

where the ionic charges are and 2̂ 6 into a more universal form.
He found empirically a parallelism between the change in Madelung 
constantand interionic distance (̂ q) in passing from one lattice 
type to another. This makes it possible to envisage an "iso-energetic" 
rebinding of any crystal type into a rock salt type lattice. If the 
number of ions in the chemical molecule is "i> , the number per mole is 
Hv . The Born-Mayer expression may then be written

a  = f 1 - L
( 2 ) ô

where OC = W / 2)

Utilising the empirical correlation that chaises in oC are proportional 
to changes in r̂ , the lattice energy can be nexpressed in terms of 
rock-salt parameters and replacing Tq by the sum of the anionic and 
cationic Goldschmidt radii for coÔrdination number 6. îbr a rock- 
salt lattice oC = 1.745 and if r̂  = r̂ -f r̂  in 2 then ^  = .345 2
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2 ,0 and Ne = 329.7 kcal/A. Substituting these constants in the above
expression we obtain Kapustinkii*s formula for lattice energy in terms 
of easily accessible parameters.

y  = 287.2 V 1 _ .3A5
kcal ./mole •

This formula cannot be expected to produce lattice energies
as accurate as those produced from extended calculations. The principal
fault in the formula lies in the replacement of r̂  by r̂ 4- r̂ . In
many salts, especially those involving a large anion and a small cation,
or vice versa, (e.g. Li I or C$ F) unlike ions cannot be considered in
contact. ill so, when applying this formula to complex salts, it is
difficult to assign an anionic radius. This problem, however, was

7overcome by Yatsimirskii who considered the enthalpy changes in the 
following reactions:-

X (S)

Mg. X (S)

M̂'*’ (g) + r(g)

Mg-*" (g) + X-(g)

Now -  %'MgX = K  (g) - N+ (g)

- (ÛH° Mĵ X (s) - X (s) )
or, using Kapustinkii*s formula

— Il6 —



-

If enthalpies of formation of l^X(s), M2a(s), M̂ (g) and l̂ {g) are 
known and the Goldschmidt radii of and M2 are known, may be
found. Yatsimirskii has calculated values of "thermochemical radii" 
for numerous oxy-anions by the above method and finds that they are 
relatively independent of the cation. Usually it is found that lattice 
energies calculated by the Kapustinkii formula and "thermochemical radii" 
are lower than the correct lattice energy.

Lattice energies are readily obtainable from hydration 
enthalpy data; consider the following enthalpy cycle

Û 2 m  .
m  (c) --------------- .. M (g) 4- X- (g)

M* (aq)+X-(aq)

where
U = lattice energy of MX(c) at 298°A.

U + 2 RT = corresponding lattice enthalpy.
= standard heat of solution of the crystalline salt 

c|> = combined ion hydration enthalpy to the solution phase of
unit activity.

AH° = (U42 BT) + c|>
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(the convention used hereis to consider lattice energies as 
positive and hydration enthalpies as negative).

The standard heat of solution of salts is a readily obtainable experi
mental quantity but the opposite is true of ionic hydration enthalpies. 
However, hydration enthalpies for the alkali halide ion pairs are well

g
established by Latimer et al . Methods of determining these functions 
will be discussed later. It is found, empirically, the combined ion 
hydration enthalpies for the alkali halides are approximately linear 
with either anion lyotropic numbers or Pauling anion radii.

Graph 1 : CamiHSD ION HYDRATION BHTHALPY FOR GROUP I HaLIDSS
73. LYOTRCFIC ITOISBR OR ANION RiiDIITS.
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Lyotropic number (î̂ ) is a function obtained for many anions 
by Bhchner et al^^^ and represents a quantitative estimation of the 
position of an anion in the Hofmeister (or lyotropic) series. Physically, 
it represents the power of an ion to bind water to itself at the expense 
of hydrated colloids in suspension and so cause coagulation. The plots 
of vs.C^ are more linear than those of r- vs. (̂ . Clearly, then, 
if the lyotropic number or the radius for a particular anion is known, 
then the combined ion hydration enthalpy for the Group I salts may be 
interpolated from the above graph. If, in addition, the standard heat 
of solution is known the lattice energy is deduced from the cycle.
This technique has been used by Morris^^ for Group I nitrates, chlorates, 
thiocyanates, formates and acetates and by Waddington  ̂for Group I 
azides. The limitations of this method of empirical lattice energy 
determination are as follows: in the case of the f.- vs.(j) plot it is
difficult to estimate the " radius" of a non-spheric ally symmetrical 
anion on a scale corresponding to that of the interpolation graph (i.e. 
usually a Pauling scale). Gray and Waddingbon"̂  overcame this diffi
culty when considering the azide ion by assuming it to be an ellipsoid 
of revolution and assigned it a mean statistical radius through a 
knowledge of its structure and the geometry of its packing. Ideally 
one requires to be able to calculate an effective radius of a complex 
anion which is independent of the cation. The curve for r_ vs. cf> is
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reasonably shallow however with an approximate gradient of 6 kcal. per
0.1 A. In the case of the vs. ̂  plot the accuracy of interpolated 
data depends on the accuracy to which is known. The accuracy which 
may be assigned to effective radius data and lyotropic numbers is 
discussed in a subsquent section.

15In a recant publication Meyer stein and Treinin investigate 
the effect of different concentrations of a range of anions on the 
absorption spectrum of l" (in particular the band at 260-70 nyi). They
find that the spectroscopic shifts ( jh'p ), due to the presence of the 
foreign anions, at any one particular concentration bears an approximately 
linear relation to the lyotropic no. of the anion.

' i
. i  
7

C/)

GRilPH 2 : INFLUSNCa OF DIFFERENT ANIONS ON ABSORPTION SP.3CTRUM OF
ICDIDE ANION.
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They quote values for of several ions for which data is not
available (e.g. GN , PO^ , HPÛ ~). It seems possible then that4 4
interpolation on these graphs will provide new lyotropic data and hence 
lattice energies. All Ci'v data is quoted accurate to i  15 cmT* 
and closer inspection of the data shows interpolated figures to be 
both irreproducible from one concentration to another and to have too 
large an inherent error to be of any practical use. 
e.g. interpolated data

N-

N-
N.

(H P Û4 
(H P 0̂  
(P 0/  
(citrate
(citrate

"2 M plot ) = 4.1 1.6
1 M plot ) = 1.0 i  0.9
i M plot ) = 2.0 1.5
i M plot ) = -2.8 d: 1.8
1 M plotb) = -9.9 ^  1.0

It is pertinent, however, that Meyerstein and Treinin carried 
out this study to derive information on the nature of the electronic 
transition in the charge-transfer complex and the correlation with 
was incidental only.

As mentioned previously the combined ion hydration enthalpy 
i.e. the total enthalpy change for the two processes

(g)  --► (aq) ") (̂ = +  &H_
(g) X^  (aq) LH:]

is related to the lattice energy (U) via
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c/) = - U

For simple crystals such as the Group I halides, II may be determined by 
extended calculation̂ .̂ Combining this with heat of solution data 
accurate values of cj^ are available for the alkali halides. The 
problem still remains of separating (j) into its cationic ( )
and anionic ( £̂ H ) components. The classical solution to this problem,

adue to Latimer, Pitzer and SLansky , makes use of the Born solvation 
equation. This equation gives the free energy, difference between the 
charging of N (Avogadro * s number) spheres of radius r and charge e 
in a vacuum and in a medium of dielectric 'b .

1 . 1 
D J2̂

The direct application of this equation to the calculation of individual 
hydration enthalpies (hydration free energies actually - but ^ SP —
- ( / cL T) from which (k is determined) may be criticized on two
counts : - (i) the assignment of an ionic radius to a hydrated ion is
difficult because this distance refers to the distance between the ionic 
centre and the centre of the water dipole; this is further complicated 
by the fact that the solvating water molecules are orientated in different 
directions for positive and negative ions and (ii) because of the intense 
electrostatic field near the vicinity of the ion surface causing extreme
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solvent polarization, the assumption that the solvent is a continuum

on a microscopic level with macroscopic dielectric properties is invalid.
8latimer et al. constructed a graph of the differences of ion hydration

4energies of the cations relative to the value for Cs and of the
anions relative to l" versus the inverse of the crystal radii. (the
criticism of the exact significance of ionic radius in solution is least
important for large ions of small charge). They found that by adding

0 o0.1 À to the crystal radii of the anions and 0.85 À to the crystal
radii of the cations two lines of equal slope were produced. They then

—divided the sum of the hydration energies for Cs and I such that both 
positive and negative ions lie on the same line as shown below.

\lo

O'l O'V- O’t 0 g

FRS3 3NSRGY OF HYDEaTION OF GRQJP I MiSTALS AM) HALIDESGRAPH 3
ViS. IWSRSa OF SFFÆGTIVS RADIUS
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The dotted line is the theoretical line given by the Born equation 
using the bulk dielectric constant for water. The hydration energy, 
then, is given by

2
1  ̂ ; ry-e = r(hydration) = -

2(r+t ) D
o owhere t  = 0,85 A for cations and 0.1 A for anions. The accepted data

of Latimer et al is given in the table below.

TABLS I : LATBim'S HYDRATION FUNCTIONS FOR GROUP I Î43TALS AIO HALIDES.

Ion - kiĜ (kcal/mole - (kcal/mole) - (kcal
Li+ 115 121 22
4Na 90 95 17

U 76 8
R^ 68 69 6

61 62 4
f" 114 123 29
or 84 89 15
Br“ 78 81 12
l“ 70 72 7

17In a recent paper Noyes deduces individual ion hydration 
enthalpies for 37 cations and 5 anions from a different approach.
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He is interested in the magnitude of the dielectric
constant at the vicinity of the ion surface. To this end he compares
hydration energy calculated directly from the Born equation, taking r

to be the crystal radius, with an electrostatic free energy ( )el
calculated by the following argument. Using Noyes’ notation, the 
equation

(g) —---- ► (aq) hydration

may be expanded to
i g)  ^ H (g) — :---► M(aq)--- ^M^(aq)

/ fê/ Xi.e. the iaydration proceeds by discharging the gaseous ion (- /p"),
hydrating the resulting neutral species ( neut) and than re
charging it ( G^/2r^ ).

2
• • hyd = &G^ neut - ^ /2r ; (l - Vp )

= •+ à Ĝ Ÿneut, elo

The energy change on hydrating the neutral species . ) isHon o #
estimated simply from the enthalpy and entropy changes accompanying 
a change in volume of an ideal gas i.e.' when 1 mole of the neutral 
gaseous species (ideal) dissolves in water at 25̂ 0. to form an ideal 
1 molal solution under a pressure of 1 atmosphere

( = - P&V ; = R In )
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The other term ( hyd) is obtained from
P -1 ■+ cation

iG° hyd = ^G°aq - ^G°ionJ ±  Z Gg -anion

The expression in the bracket is the conventional energy change 
( ÜG°con) from the aqueous species ( &Ĝ aq) to the ion gas ( &G°ion) 
and these functions are available from standard thermodynamic references, 
The term refers to the reaction

&H (g)  ► (aq) 4- e" (g)2

and is introduced because using the normal convention of assigning 
zero values to G^, and of (aq) and elements in their standard
states, the thermodynamic relationship Ĝ° = - T/lŜ  is not
satisfied where there is a net change in charge on the hydrated ions 
(i.e. ion half-reactions) because tabulated entropies are usually based 
on application of the third law

i.e. 8° ion (absolute) = ion (relative) - Z 2?H

The relative value is that usually found in standard tables and SPH
is the absolute partial molal entropy of (aq). Noyes then estimates 
6̂ Ĝ  by assuming that the discrepancy caused by the bulk dielectric 

assumption breaking down may be accounted for, to a first approximation, 
by an additional term in a power series of l/̂ .
i.e. combining constants in the Born eqn.̂
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we k*ve - _ K
r

5

this is now modified to account for saturation effects to the
n K c

^ < 1  = - - 4
r ?

Now combining this equation with

^Cut-^ K i

" I d  = - ion Z (cation)

- < n
Noyes obtains

K  -r
c

? = -  ̂ C n neut.

Equations of similar form are obtained for anions and in terms of üsP 

(to estimate k  • These equations were graphed for the halides and
Q

alkali metals and using a three-parameter least squares technique anion
C 1and cation ware determined. Extra polation to zero on the /p axis

yields a figure for
Q

It seems obvious, at this point, that having determined anion
Q

and cation, may be determined directly from

(^<1 = - ; -2r p̂

However, Noyes implies that this procedure is impracticable in view of 

the "moderate failure" of the power series expansion approximation.

This does not affect the determination of &G^^ which may be
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"estimated with considerable confidence", the value quoted agreeing
to within a few kilocalories of the values of other investigators.
To summarise, knowing |̂ (̂, k ( fh y d  may be determined by combining
this with conventional data ( ̂ Ĝ con) « bG^hyd is then combined with
& G%eut. and values of !^G%1 tabulated. A selection of these values
( LH^el) are shown below compared with Latimer’s data and "the most

18probable values" obtained by a group of Russian workers abstracting 
the literature up to I960.
TABLE II : COMPARISON OF AVAILABLE ION HYDRATION EÎ jTHALPISS

Ion - &Ĥ (Noyeŝ )̂ - (Latimer̂ ) - (Russian̂ )̂
Id+ 130 121 127
Na''' 103 95 Id
K + 83 76 81
Rb+ 77 69 75
Gs+ 70 62 67
Be+"̂ 608 - 6d
Mg++ 473 - 467
08+"'' 394 - 386
8r*'+ 359 - 353

325 - 320
f" 98 123 116
Cl“ 80 89 84
Br“ 72 81 76
r 62 72 67

(all values in kcal/g.ion.)
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The data of Noyes was selected as being the most recent (1962) self- 
consistent set and used for all lattice energy determinations for 
Group U  salts.

It remains now to survey the literature on the determination of
lyotropic numbers. This topic, under the title of "Quantitative

19lyotropy", was reviewed by Voet in 1937 some five years after the
9 10majority of lyotropic data was recorded^ .

The addition of electrolytes to lyophilic sols results in the
disperse phase being precipitated. The extent of this "salting out"
effect depends on the ion and a series (Hofmeister (1891) series) may
be constructed of salts with a common anion or cation

> Ca++> ar+-+> Ba+-'- > Id'''> Na-+ > K + > Rt>+ > Cs’'’
Citrate'>tarbrate= > 8ô = > GĤ GOO" > Gl" > NCg > GIĈ  > I~ > GNs”

^ increasing effect.
In 1927 B&chner and Klein^ working with agar-agar sols and in 1931

10Bhchner and Postma working with gelatin sols established a quantitative 
basis for the lyotropic series. These workers found that mixtures of 
sodium sulphate with other sodium salts caused flocculation of the 
sol, the amount of sodium salt required bearing a linear relation to 
the amount of sodium sulphate (except at very low concentrations).
This was expressed graphically
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X îf-

0

l‘0

GRAPH L : CQNC3mi\TI0NS OF DIFFSaflNT SCDIUM SALTS VS. CQNGWRATIONS OF 

SODimi SULPHATE. MIXTmaS OF WHICH ARH) N3G&38ARY TO BRING ABOUT 
FLOCCULATION OF 30LS.

From the graph it may ba saan that, considering a constant 
amount of sodium sulphate (say 0.4 mole) more tartrate than farrocyanide 
is required to cause flocculation i.e. tartrate has a smaller lyotropic 
effect than ferrocyanide. Ch the other hand for 0.4 mole of sodium 
sulphate a negative amount of halide ion is required i.e. halide ions 
exhibit an anti-flocculating effect in presence of the sulphate ion;
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they inhibit the flocculating power of sodium sulphate (a "salting-in" 
effect). The gradient of lines for any one particular ion is slightly 
different for agar and gelatin sols. However the direction of the 
lines, as pointed out by Bruins^bear a '’projective relationship” 
to each other i.e. if ûd is the angle made with the abscissa for 
gelatin and ^ for agar then

Ck)t K - A Qot ̂  4" B A,B = const.
Each ion is ascribed a fixed number (lyotropic number, %) defined by 

N]_ = a Cot^ 4" b
( 9 is the angle made by line and the abscissa for either diagram).
The constants a and b are fixed by selecting an arbitrary scale for
lyotropic number. If (&>̂  ) = 2.00 and N]_ (Cl“) = 10.00,
then

= 4.00 Got 9 4- 10.00 (Agar)
and %  = -4.78 Got^ 4- 11.15 (Gelatin)
Borne typical values are shown in the table below.

TABLE 111 2 iSOMS LICTROPIG TOÎBSRS
Sol ; Ion BrC5 NCÇ GICÇ Br~ I ~

Agar 9.72 10.1 10.74 11.50 12.50
Galatin 9.38 10.2 10.58 11.14 12.48
Accepted figure 9.55 10.1 10.65 11.30 12.50
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As well as bearing a linear relationship with combined ion
hydration enthalpy or spectroscopic shift, lyotropic number as defined
above is linear with a variety of solution and ionic properties e.g.
viscosity at a fixed concentration, gelation temperature, surface tension
of ionic melts, ionization potential (cations)̂  ̂etc. Such a ubiquitous
function would appear easy to define but apart from saying lyotropic
number is the extent "to which an ion binds water to itself at the
expense of hydrated colloids in suspension”, an admittedly imprecise
definition, its exact physical significance is uncertain. Che of the
few attempts to correlate lyotropic number with solution properties is 

21due to Rutskov who rejects the apparent partial molal properties of 
ions as defined by G.N. Lewiŝ  ̂and defines instead two functions 
representing the "hardness” of ions and the "loosenesŝ of the solvent.
The basis of this concept is that, at constant temperature, ions in 
solution charge neither their volume nor their heat capacity and the 
change in extensive or intensive property of the solution with 
changing concentration be ascribed to the solvent rather than the 
solute, contrary to classical thermodynamics. This may be illustrated 
in terms of molal volume, a property readily visualizable. The volume 
of an electrolyte solution at constant temperature, is given by

V = 2̂
(l and 2 refer to solvent and solute respectively and V is the partial 
molal function).
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In classical terms this equation becomes 

V  =  n g A V g

(V̂  being the volume that would be occupied by the solvent in its
standard state (at infinite dilution) and V2 is the apparent partial
molal volume of the solute).

Rutskov proposes that the constant component of the solution be the 
solute and charges in concentration be expressed in terms of the 
apparent partial molal volume of the solvent

i.e. V =

This is possibly a realistic concept in very concentrated solutions but 
suffers from the defect that Vg may not be evaluated readily because the 
standard state of a solute is defined in terms of its properties at 
infinite dilution rather than in terms of the pure phase.

Rutskov’s new functions bear a definite qualitative parallel 
with but no simple quantitative relationship is discernible.

Finally it is difficult to assign limits of error to lyotropic
number data because the experimental conditions of the original deter-

10 ’ minations were not .reproducible; as Buchner says, "Although the pH
of the mixrbure has been shown to have a great influence on the salting
out of the gelatin no special measures were taken to make all the ex
periments at the same pH" . lyotropic numbers which may be cross-checked 
from both agar and gelatin data will be considerably more reliable than 

those derived from experiments on one gel only.
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DISCUSSION Aim RSail.Ta
/

The lattice energies derived here originate from the following 
types of data2-

(i) hydration enthalpies 
(ii) lyotropic numbers 

and (iii) parameters required for the Kapustinkii equation.
Accordingly, the discussion of the accuracy and validity of 

these magnitudes is outlined under these headings. Combined ion 
hydration enthalpy figures are well established for the alkali halides 
but the enthalpy data for the alkaline earth halides is recent and its 
validity is checked for these halides by the determination of lattice 
energies via a Born-Haber cycle not involving the solution process.

SECTION 1) Hydration enthalpy data.
The data used for the Group I metals is that of the alkali

23halides for which the heats of solution are well established . The 
lattice energies are those of Hugginŝ  ̂corrected to 298̂ K. - these values 
are generally considered to be the most accurate available for alkali 
halides. Values of combined ion hydration enthalpy ( cf> ) are obtained 
via the equation,

&H^ = cj) + U
and are tabulated below
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TABLE IV.8 CCMBIHBD BNTHALPIfia OF HÎDRATICM ( cb  ̂ nff ATyATT HnT.Tmpg 
(all values in kcal/g.ion pair at 298° fc.)

L l^ Na"̂ K + Rb +

F " -243.8 -217.2 -198.4 -191.8 -184.6
Cl “ -209.9 -183.3 -164.5 -157.9 -150.7
Br " -202.6 -176.0 -157.2 -150,6 -143.4
I “ -193.3 -166.7 -147.9 -141.3 -134.1

17It is of interest to compare the values of Noyes obtained by direct 
summation

cj> =

TABLE V i CCMBINBD BHmiLPISS OF HYDRATION ( ) OF ALKALT RAT,TORS
from Noyes* DATA - values in kcal/g.ion pair 298̂ k.

Li' Na K Rb‘ Cs

F “ -227.4 -201.3 -181.2 -174.5 -167.4
Cl “ -210.0 -183.8 -163.7 -157.8 -149.9
Br ” -202.0 -175.7 -155.6 -149.7 -141.8

I “ -191.5 -165.3 -145.2 -139.3 -131,4

The principal differences occur in the alkali fluorides.

The hydration enthalpies used for calculations on Group II were all taken 
from Noyes and combined values obtained via direct summation are recorded 
below
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cP = & + 2 kH

TABLE VI 2 CŒIBINED ION HYDRATION EOTHALPIES FOR .'.T.KAT.TNS EARTH HALIDES
(values in kcal./g,ion pair at 298°K)

2+Sr BaZ+

F “ -803,6 -668.9 -590.1 -554.8 -521.1
Cl " —768*6 -633.9 -555.1 -519.8 -486.1
Br *" -752.4 -617.7 -533.9 -503.6 -469.9
I " -731.6 -596.9 -518.1 —482*8 -449.1

These data were combined with experimental heats of solution
23obtained from standard references and lattice energies were derived. 

An alternative method for obtaining lattice energies, in this case, is 
to make use of a Born-Haber cycle which does not include the solution 
process. It does however assume a knowledge of the electron affinity 
of the anion and is therefore generally applied to halides, the only 
anions for which accurate electron affinities are available.
Cycle for MX2
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M(g)

2

i °
2X (g)

i -22

All magnitudes refer to 25̂ 0. and 1 atmosphere.
= enthalpy of formation of the crystalline salt,

S = enthalpy of sublimation of the metal M
D = dissocation energy of the halide,
2 = electron affinity of the gaseous X radical.
I = ionization potential of the metal atom, M.

= lattice enthalpy of the crystalline salt.li

Using the convention that lattice energy is positive than, 
for a salt , the lattice energy is related to the lattice enthalpy via

Ü = - ( &BL - [n + l] RT)L
= - ( - Oo6 [n+ l] ) kcal/mole.

from the above cycle
= ÜH — S - D — I 4- 2EL f

The parameters in this equation are tabulated below for the Group 11 
halides and the derived lattice energies are compared with the theoretical 
lattice energies of Morriŝ ,̂ where data is available.
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TABLE VII : PAIUJ'iaTERS F(E THE CAlOULAIIQI] OF lATTTCfi ENERGIES OF
GROUP II Hii-LIDSS

Crystal < -D* -f 2# U t̂heo

Be - -78 -38.2 -634 166 - - -

Be Cl̂ -122.3 -78 -58.0 -634 171.6 -720.7, 719 -
BeBr^ - 88.4 -78 -53 «4 -634 I6l -692.8 691 -
Be - SO.6 -78 -51.0 -634 148.4 -665.2 663 -

-263.5 —36 -38.2 -522 166 -693.7 692 684
Mg Cl̂ -153.4 -36 -58.0 -522 171.6 -597.8 596 -
Mg Br̂ -123o7 -36 -53.4 -522 161 -574.1 572 513
Mgl^ —86.0 -36 -51.0 -522 148.4 —546.6 545 486

CaF^ -290.3 -A2 -38,2 -415 166 -619.5 618 622

Ca Cl̂ -190.0 -42 -58.0 -415 171.6 -533.4 531 -

Ca Br̂ -161.3 -42 -53.4 -415 161 -510.7 509 -
Cal^ -127.8 -42 -51.0 -415 148.4 -487.4 485 455
Sr F̂ -290.3 -39 -38.2 -385 166 -586.5 585 592
arCl^ -198.0 -39 -58.0 -385 171.6 -508.4 506 496

3r Br̂ -171.1 -39 -53.4 -385 161 -487.5 485 -

Sr 3̂ -135.5 -39 -51.0 -385 148.4 -462.1 460 -

Ba Fg —286.9 -42 -38.2 -350 166 -551.1 549 561

BaCl^ -205.6 -42 -58.0 -350 171.6 -484.0 482 -

Ba Br̂ -180.4 -42 -53.4 -350 161 —A64.8 463 -

Ba -144.0 —42 -510 -350 148.4 —438.6 437 -

t Data from N.B.S. Circular 500, 1952.
S Data from Kstalaar, ” Chemical Constitution”, 1958 (Elsevier)
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The difference between the " experdjnental’’ lattice energy 
(from Born-Haber cycle) and the "theoretical" value (from Bom equation) 
indicates the departure from strict heteropolarity in the crystal. This 
is due to the fact that the derivation of the Born equation

ê  N M _
TJ  -------------- (l - _ )

r ^o

assumes the crystal structure to be totally ionic. Morris 
points out that within a given series of halide salts the deviation 
between experimental and theoretical values becomes greater as the 
ionization potential of the metal increases* The ionization potential 
may be considered as the attraction exerted by an ion on the last electron 
removed. In a crystal lattice this force of attraction will be directed 
towards the more loosely-bound electrons of the anions and therefore with 
increasing ionization potential of the cation an increase in the covalent 
contribution to the lattice bonding is to be expected. This is an ad
mittedly simplified picture, the polarizability and electron affinity of 
the anion being ignored.

The combined ion hydration enthalpies of Table VI were combined 
with heats of solution and the lattice energies so derived are tabulated 
below and compared with the Bom-Haber cycle values in Table VII.
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Ti-xBLB VIII : LATTICE ENERGIES OF ALKALINE EARTH HiiLIDES FROM HYDRATION
ENIILtLH DATA.

U U(B-H cycle)

Mg F 
2

-668.9 - 4.4 -664.5 663 693
Mg Clg -633.9 -37.1 -596.8 595 596

Mg Br̂ -617.7 “44.5 -573.2 571 573
Mg l2 -596.9 -51.2 -545.7 544 545
Ca Fg -590.1 3.2 -593.4 592 618
Ca Clg -555.1 -19.8 -535.3 533 532

Ca Br̂ -538.9 -26.3 -512.6 511 510
Ca l2 -518.1 -28.7 -489.4 487 486

Sr F2 -554.8 2.5 -557.3 555 585
arCl^ -519.8 -12.4 -5 07.4 505 507

SrBr^ -5(2.6 -17.1 -486.5 485 486

ar l2 -482.8 —21.6 -461.2 459 461

BaFg -521.1 0.9 -522.0 520 550
Ba Cl̂ -486.6 - 3.1 -483.5 482 484
Ba Br2 -469.9 — 6.1 -463.8 462 465
Ba 1% -449.1 -11.4 -437.7 436 437

% Data from N.B.3. Circular 500, 1952.
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The agreement between the final two columns of the above 
table is very good, the error being less than i  0.5$, except in 
the case of the fluorides where the error is systematically -f 4$.
It would appear that the value calculated by Noyes for the ion hydration 
enthalpy of F " is considerably too low. A value for _ , calculated
to give internal consistency within the above table, is compared with the 
other available literature values in the table below,

TABLE IX ; lO l HYDRATION ENTHALPY OF THE FLUORIDE ANION.
Workers &H (F

Latimer^ et al, 1939 -123
18Russian workers (best values), I960 -ll6

Noyas^”̂, 1962 -98
Randleŝ "̂ , 1956 -106.7 ± 1
This work -114 ̂  1

o n  mm.Randles calculates the free energy of hydration of F by a 
precise electro-chemical method to be -99.1 d: 1 kcal/g ion. This figure 
was converted into an enthalpy of hydration using the relationship,

- T (S ? - 3 (g) ).““ X —
3 ? = partial molal entropy of F
S (g) = molal entropy of F ion gas.

—  QTabulated 3 , values are usually relative to a zero partial molal entropy
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4 28 of H (aq). For this calculation, Bockris* figure of -5.0 cal./mole
deg. for 3 ̂  (H*̂ aq.) was accepted
i.e. &H_ = + 298.2 ^3 ° (rel. F" ) - 5Ẑ  - 3_ (g)]

However there remains a considerable discrepancy between 
the figures for hydration enthalpy of F and Randles’data 
( /V 5 kcal/g. ion). It was decided, in subsequent calculations, 
to accept Noyes* data as a complete self-consistent set.

Now that the validity of Noyes* hydration enthalpy data 
is established two large scale plots of (i) combined ion hydration 
enthalpy of the Group II halides vs. lyotropic number of the anion and
(ii) combined ion hydration enthalpy vs. Pauling anion radius, were 
constructed for interpolation purposes (see Graph 5A).

The curvature may be interpreted as further evidence 
for Noyes* anomalous value for the ion hydration enthalpy of the 
fluoride ion*
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SSCTIÛN 2) Lyotropic numbers.

lyotropic numbers were recalculated from the original data of
9 1Û 11“13Hichner and Klein , Btichner and Postma , and Büchner ” and are

presented in the table below.
TABLE X. LYOTROPIC NBIDiSRS.

SourceAnion r
Gelatin Agar 1Viscosity inter

polation.
%

(accepted)

4“Fe (ON)
6

-4.06 -4.93 -

tartrate” 2.93 4.60 -

'S' 6.43 - 6.25 6.3
Br 0 " 9.37 9.68 - 9.5
Cl - 10.00 10.00 - 10. ocf
Cl o" 10.58 10.74 - 10.7
Br - 11.09 11.46 - 11.3
I - 12.48 12.45 - 12.5
CN3 “ 13.29 - 13.25 13.3
C6H5SO - 14.90 - -
30̂ = - - - 2.0(f
Citrate - 1.42 -

- 7.15 -
- 7.40 - 7.4

Mo CT 4 - 8.26 - 8.3
HCOO" - 9.15 - 9.1
CH3CÛO “ - 9.51 9.5

- 17. C7
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Anion Source
* Gelatin Agar Viscosity inter

polation. h(accepted).

V 11.5 - 10.3 11.5 ^
F ~ - - 4.8 4.8
NÔ " - - 11*6 11.6
CIO "

10.2*’' lO.l'*’
11.8 11.8 

10.1 ̂

» so,̂4 and Cl " are reference anions
t conflicting reports exist for NÔ  ; probably unreliable
 ̂ this figure accepted by Waddington.

As mentioned in the introduction, limits of error are 
difficult to assign to these data but probably for ions where there exist 
two independent determinations the error is ± 0*2 (with the exception of
NÔ ”) while for other values the error may be as high as d: 1.0.

SECTION 3) Parameters required for the Kapustinkii equation.
Kapustinkii*s equation in its most usual form is 
U = 287.2 V 2̂

0.345
j

kcal./mole

for a salt where m 4- n = \> and 4- = 0 and
r« and r are the cationic and anionic radii respectively.
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The parameters obtained from the
stoichiometry of the compound and tq is the Goldschmidt ionic radius 

for coordination number 6. It is the determination of r̂ , in the case 

of complex anions, which raises problems. Yatsimirskii overcame this 
by determining a series of "thermochemical radii" hy a method outlined 

in the introduction. This technique is by no means of universal 
application however as it is necessary to know X (c),

1̂ X (c), L (g) and N̂ (g) to ascertain r̂ -. The
standard enthalpies of formation of the metal ion gases are well 

established but only enthalpies of formation of conventional crystalline 
salts are available. Also, in Yatsimirskii*s derivation one uses a small
thermodynamic quantity (i.e. M X -  Mi M X) to calculate af 1 f 2
relatively large one and this will tend to produce large errors. For 

anions for which the charge distribution and structure is known, a 

statistically averaged radius for the repulsion envelope may be determined 

(e.g. for and HF̂ "; Waddington^^^). A more empirical approach was 
attempted here; both lyotropic number and halide radii are approximately 

linear with combined ion hydration enthalpy, therefore should bear an 

approximately linear relationship to anion radius. A graph of vs. 

anion radii for halides (and azide using Waddington*s mean figure) was 

constructed and "effective ciystal radii" for other anions interpolated 
(see Graph 6). A correlation between* these interpolated figures and some 

other easily accessible ionic parameter was attempted. Pauling radii, 

"thermochemical radii", partial molal volume and "effective crystal 

radii" for some oxyanions are tabulated below.
- 146 -
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TABLE XI. IÜWIC PAma S R a  AMD LYOTROPIC IRJMBER

(a&s
Ion r(A)

Pauling
r(ï)

"thermo-
chemical"

r(%)
"effective
crystal"

F “ 4.8 1.36

Cl " 10.0 1.81
Br 11.3 1.95
I ~ 1 12.5 2.16

V 11.5 2.04

'S“ 6.3 1.82 1.46 d .05
BrO^“ 9.5 1.68 1.91 1.80 ± .04 41.6

10.2 1.24 1.55 1.87 ±  .04 32.5
010̂ “ 10.7 1.48 2.00 1.92 ±  .04 42.4
NO “ 3 11.6 1,24 1.89 2.a t  .04 35.3

2.0 1.50 2.30 i .œt .06 28.4
wo4 7.4 1.95 1.581 .04 38.3
Mo 0 “ 4 8.3 1.83 2.54 1.67 ±  .04 41.5
CIO " 4 11.8 1.52 2.36 2.08 t .08 52.4

Because lyotropic number is linear with "effective crystal 
radius"(e.c*r.) an attempt to correlate this latter function with estab
lished data constitutes an attempt to elucidate the lyotropic effect in
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terms of well-known parameters. It is not expected that this will be 
proportional to size effect only; therefore various reasonable functions 
of charge, radius, number of charge bearing ligands were tried in an
attempt to connect " a .c.r*" with physical data. All were conspicuously
unsuccessful. However an approximately linear correlation between 
" e .c.r." and absolute partial molal volume (assuminĝ  ̂ (H"̂ aq.) =
- 6,C& ml.) was observed (see Graph 7). Extensive deviations were 
apparent for perchlorate, nitrate, and nitrite however. It is 
significant that these three ions are those for which lyotropic number 
is obtained via interpolation of viscosity data. Mereover Hichner 
points out that conflicting data appears in the literature for the 
nitrite ion. Couture and Laidler̂  ̂have established the following 
empirical correlation between absolute ionic partial molal volume and 
Pauling radius

7 2 = 53.8 -I-0.89 (0.25 I V  r)̂  - 26 )2_)
where r = Pauling radius 4- van der Waals radius for oxygen (1.40 A )

n = number of charge bearing ligands on anion
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As may be seen from the graph the correlation is not 
a satisfactory one. Farther work is in progress, however, on the 
three anomalous ions because if this correlation were accurate, by- 
combining it with Couture and Laidler's data, lyotropic numbers for many 
ions could readily be deduced.

Finallŷ the accuracy obtainable using the Kapustinkii 
equation is illustrated in the following table comparing the most accurate 
values (Hugginŝ )̂, Born-Haber cycle values and Kapustinkii values of 
the lattice energies of the alkali halides (percentage error in brackets 
in final column).

TABLii) XII : LATfICi3 KNFRGIË6 OF TH3 ALKilLI HALIDES.
(all values in kcal./mole)

iJalt U (Born Haber) H (Huggins) Ü (Kapustinkii)

Id F 241.2 243.6 227.7 (-6.5#)
Li Cl 198.2 200.2 192.1 (-4.0 )
Li to 188.5 189.5 189.5 ( 0.0 )
Li I 175.4 176.1 170.4 (-3.2 )
Na F 216.0 215.4 211.5 (-1.8 )
Na Cl 183.8 183.5 179.9 (-2.0 )
Na to 175.9 175.5 175.5 ( 0.0 )
Na I 164.5 164.3 161.0 (-2.0 )
K F 191.5 192.5 188.5 (-2.1 )
K Cl 166.8 167.9 162.7 (-3.1 )
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«Salt U(B.H) U (Huggins) U (Kapustinkii)
K Br 160.7 161.3 161.3 ( 0.0)
K I 151.0 152.4 146.8 (-3.7 )
Rb F 183.6 183.0 181.7 (-0,7 )
Rb Cl 162.0 162.0 158.2 (-2.3 )
Rb Br 155.2 156.1 149.7 (-4.1 )
Rb I 146.5 148.0 141.0 (-4.7 )
Cs F 171,0 175 o 7 170.4 (-3.0 )
Cs Cl 153.2 153.1 149.4 (-2.4 )
Cs Br 148.3 149.6 143.9 (-3,8 )
Cs I 140.3 142,5 134.7 (-5.5 )

ACTION A) Group I salts.
The lattice energies of Group I salts, determined by 

the hydration enthalpy method, has been quite extensively studied, 
principally by Morriŝ .̂ However with the advent of new data, further 
deriiirations can be madoo

.30
(a) Bromates.

Boyd and Vasloŵ '̂  have recently determined the standard 
heats of solution for the alkali metal bromates® These data and other 
available data are tabulated below.
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TABLG XIII : HEATS OF SOLUTION FŒ. GROUP I BRCMilTKS.

Salt t hH°
X

Li Br 0̂  0.34
Na Br 0̂  6.35 6.43 ± .06
K Br 0̂  9.70 9.76 ± .05 9.8
Rb Br 0̂  11.69
Cs Br Qj 12.cn.

t Boyd & Vasloŵ *̂ , t iSÿisncar and Hapler̂ ,̂ * HBS Giro. 500, 1952.

From Boyd's data and interpolated combined ion hydration enthalpies, 
lattice energies are derived.
Using

<̂  = A h^ AH_
where is taken from Xatimer's data®, KH_ is also determined,
Using

M Br 0̂ (c)  -► (g) 4 Br 0̂  (g)

i.e. - kH^ = (g) 4 &H° Br 0̂ ” (g) - AĤ  M BrÔ (c)

where A Ĥ  M Br 0̂  is taken from Boyd and &H^ (g) from standard
references, AH^ Br 0̂  (g) is derived. An independent check on the
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validity of the assumption of ionic nature and on the accuracy of the 
calculation is provided by the consistency of AH°BrÔ '*(g) from salt 
to salt. In addition, the lattice energy was calculated directly 
using Kapustinkii's equation and a Yatsimirskii "thermochemical 
radius” for BrÔ " of 1.91 i. These data are presented below,

TABLE XIV 2 LATTICE mSHGISS M ) mRNFS) FUl̂ CTIuNS FOR 
ALKilLI 1ÏETAL BRŒUTES.

Ealt
AH: 4> AHu U

Li Br 0^ .34 -2120 -212.3 211 -91 160.86 1 -85.19 197 -33.7
Na Br 0̂ 6.35 -186.5 -192.8 192 -91.5 146.01 -81.93 177 -35.1
K Br 0. 9.70 -168.5 -178.2 177 -92.5 123.07 -88.04 158 -32.9
Rb Br 0^ 11.7 -161,5 -173.2 172 -92.5 118.3 —88.90 152 -34.0
Cs Br 0̂ 12.0 !-154.0 -166 « 0 165 -92 110.1 -89,51 144 -33.6

Mean value for = -91 #9 kcal/g.ion (lit. -91.6)*
” ” ” AHg Br Ô -(g) = -33.9 kcal/g.ion.

» This lit, value (Morris) is derived from an unspecified salt̂ .̂

(b) Eulphates.
The heats of solution of alkali metal sulphates were obtained 

from the K.B.E,̂  ̂Circular 500 using
Lh| = M̂  80^(aq) - M^ SÔ (c)
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Combined ion hydration enthalpies were obtained by interpolation followed
by addition of the relevant ion hydration enthalpy of the metal. This
is because the graphs were constructed for salts of the type MX and
alkali metal sulphates are of the type M^X

i.e. = (Ah^+ Ah_) -4—  /(AH+ )
interpolated Latimer

Enthalpy of formation of the sulphate ion gas was obtained using
AH° SÔ =(g) = - AHĵ  - 2 AH^ K (g) 4 AH° 30^(c)

Calculated values are based on the Yatsimirskii "thermochemical radius"
for S0̂ “ of 2.30 S.

TxiBLE IV LAIT ICS ENERGIE3 OF ALKALI M3T.IL aOLEHATBS.

Salt ah: AHu u AH. AH+MjWt) uC'aW.) Sô f (.3)

1̂ 2^04 -7.2 -382 -374.8 373 -140 -342.83 523 -289.7
NagSÔ -0.56 -330 -329.4 327 -140 -330.90 457 -293.5
K2S0^ 5.93 -294 -299.9 298 -142 -342.66 430 -288.8
Rĥ SÔ 5.8 -278 -283.8 282 -140 -340.5 402 -293.3

4.1 -265 -269.1 267 -141 -339.4 394 -290.5

The agreement between "experimental" values and calculated values 
is very poor - inaccurate data for "thermochemical radius" cannot account
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for this gross error. It is possible to make an independent calculation
of lattice energy from 

,0 O -MX(c) - M (g) - X (g)
if independent data for X (g) exists.
Using the following cycle, this function was estimated

80̂ =̂(g)
AH°(SO^=)aq

S(s-s) + 40^ (g) 80̂ ~ (aq)

I.e.

SÔ =(aq)

SÔ =(g) = -&H_ 80̂ = (aq)

SO "(aq) is readily available but the only value for is a
 ̂ ^ 18 «best” value of a group of Russian workers . Prom the equation,
30̂ ~(g) = - 48.1 kcal./g.ion. This yields the following values

for lattice energy (U*)

Nâ 80̂
"2^^4

HbpSO
4

cs^ao 2 4

u* 616.4 574.8 540.6 529.0 511.5

U (Kapustinkii) 523 457 430 4C2 394

The agreement is still poor, although the calculated values 
lie on the right side of the experimental values, and data on lattice
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energies of alkali metal sulphates must be regarded as inconclusive.

(c) lodates.
Stern and Passchier̂  ̂report the standard enthalpy of 

formation of the aqueous iodate ion as -54.6 ^ 0.5 kcal/g.ion. 
Hepler^^ reports standard heats of solution for sodium, ammonium and 
potassium iodates and Murgulescû  ̂has determined heats of solution 
for sodium and lithium iodates.

Salt MI Mu u u; lof (9)

LilOj 1.59 -233 -23406 233 -112 160.86 -122.9 2Q3.5 -49.2
NalOj 4.83 -207 -211.8 211 -112 146.01 -116.9 181.5 -51.1
«H4IO3 7.62 -191 -197.6 196 -113 150 - 94.2 177.2 -46.6

Ba(lO))2 11.2 -513 -524.2 522 -94 395.70 -249.5 484 -60.5
KIO3 6o5 -191 -197.5 196 -115 123.07 -121.3 162 -46.9

3t ” thermochemical radius” for = 1.B2 2.
1 calcd. from (lÔ **) aq.
1 calcd. from &H_ of (Russian ’’best” value).
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SECTION 5) GROUP II SALTS.
Relative to the alkali metal salts, alkaline earth salts 

have received scant attention in the literature of thermochemistry.

(a) SULPHATES.
Standard heats of solution of alkaline earth sulphates are 

available in N.B.S. Circular 500, 1952. Using the methods outlined 
under Group I salts, the following data were derived.

TABLE XVII Li\TTIC3 ENERGIES AND DERIVED DATA OF GROUP II SULPHATES.
Salt K é U AH, U [cdu) Â l/50/(3.)

BeSO.4 -24 -815 791 790 -207 -286.0 764 -209
MgSO^ -21.8 —683 661 660 -210 -305.5 688 -206
CaSO4 - 4.25 -603 599 598 -208 -342.4 625 -207
SrSÔ - 2.0 -568 566 565 -209 -345.3 602 -207
BaSO.4 4.6 -532 537 535 -207 -350.2 570 -206

The agreement here is only a little better than for the Group I 
sulphates although in both cases the results are internally consistent 
as indicated by the values for SÔ “(g)

(b) HYDRŒIDES.
Standard heats of solution are available in N.B.S. Circo 500. 

The value for Be(CH)2 was estimated from the standard heats of formation
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of the aqueous ions and the crystal. No lyotropic data is available
for CIi~ but Goubeaû  ̂proposes a crystal radius of 1.47 Accordingly
interpolation of combined ion hydration enthalpy was via the r_ vs. 4^

oplot. Yatsimerskii calculates a value of 1.40 A. for the “thermo- 
chemical radius" . Data is tabulated below.

TABLE XVIII : LATTICE ENERGIES AND DERIVED DATA FOR ALMLINS

EARTH HYDROXIDES.
I

hwl ch U AH. AHj M'̂ ) U AHfoH (j)

,Be(CH)„ 13.8 -988 -ioa.8 1000 -190 -216.8 714.4 794 35.3(rt-joTKv) ̂
Mg (OH) 2 0.7 -851 -851.7 850 -189 -221.0 561.8 665 34.5
CatOH)̂ -3.9 -772 -768.1 766 -189 -235.8 463.6 602 34.3
SrCCH)̂ -11.0 -735 -724.0 722 —188 -229.3 427.7 562 33.5
Ba(0H)2 -12.4 -7C8 -690.6 689 -189 -226.2 395.7 535 34.3

There is a wide divergence in the literature for values of 
CĤ (g) values varying from 43 to 76 kcal/g. ion. The value found

here (34*4) seems too low. Waddington̂  proposes a value of 50 kcal/g.ion 
which is in accord with experimental determinationŝ "̂  of electron 
affinity for CH“.
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(c) NITRiÆES
There is no data available for beryllium nitrate but other 

heats of solution were taken from N.B.S. Circular 500. The “thermo- 
chemical radius" for nitrate is 1.89 Î.

TABLE XIX 2 LATTICE ENERGIES /AID DERIVED DATA FOR ALKALINE
EARTH NITRATES.

Salt.

Mg(NC^)2 -20.43 -612 -591.6 590 —69.4 -188.72 578 -79.5
Ga(NO))̂ - 4.51 -534 -529.5 528 -69.8 -224.00 527 -79.1
ar(N<̂ )2 4.23 -498 -502.2 500 -69.4 -233.25 505 -79.4
BaCNĈ )̂ 9.65 -464 -473.6 472 -69 0 3 -237.06 475 -79.6

Literature data on nitrates is reasonably consistent and is 
tabulated below.

TABLE XX : CggARISOM OF DATA FOR NITRATE
Source AH_ Source

Morris, 1958 
Russian group,I960

-78.S 
-74

Waddington, 1955 
Yatsimirskii, 1947

-31.4
—80

This work -69.f This work -79.4

Morris, 1958 -79.1
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(d) CHLORATES.
Heats of solution of alkaline earth chlorates were determined 

experimentally in a constant-temperature-environment solution calorimeter< 
Ml salts of commercial grade were purified by crystallisation, de
hydrated and analysed. Unfortunately magnesium chlorate decomposes 
before it dehydrates. However, standard heat of solution bears an 
approximately linear relationship with cation hydration enthalpy as shown 
for Group II nitrates and chlorides. Thus the heat of solution of 
magnesium chlorate was interpolated and assigned an error of IC^

(see Graph 8A) . Combining these data with the National Bureau of 
Standards value for &H^ CIÔ  (aq.), new values for the standard 
heats of formation of the crystals may be derived.

k o oThe heat of solution data is presented below i.e. ÜH^ at T C. 
and mole ratio N (detailed calorimetric data is tabulated in 
Appendix II).
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ÏABLB XXI : HiSiilS OF SOLOTION OF ALKilLIHS aiRTH CHLOaiTSS.

&lt T°C N (accepted)

( 24.1 
(
( 24.8 
(
( 24.6 
(
( 24.7

555 5.62 )
\

83(0165)2 497 5.71 ) 5.64 ±  0.05 )
305 5.67

/
)"k

473 5.58
t
)

&-(C10̂ )2
( 24.7 
(
( 24.6

453
381

0.64

0.58
) 0.61 ± 0.05 
)

03(010^)2
( 24.2 
(
( 25.1

525

977
-5.59
-5.61

) -5.60 ±  o.œ 
)

Mg(G10j)2* (25) - - -17.5 ±  2.00

3t estimated.
Derived data is shown in the following table

TABL3 XXII

Salt

LATTICE ENSRGiaS i m  DSRIVaD DATA FOR ALKALINE 
EARTH CHLCRiVTSS.

y:

Mg(C103)2 -17.5±2, -626 -6 OB ±2 607 -76.3 565 -110.41 -157.41 -175% .64*3

Ca(010^)2 - 5.6 -548 -542 540 -76.7 510 -129.77 -176.77 —182.4 -52.0

Sr (0103)2 0.6 -512 -513 511 -76.5 490 -130.38 -177.38 -176.8 -45.8

Ba(01Ĉ )2 5.6 -479 -485 483 -76.7 461 -128.67 -175.67 -170.0 —40.4

» ”thermochemical radius" of CIĜ "" is 2.00 S. 
j using &Ĥ (Cl(̂ "")aq = -23*50 kcal./g.ion.̂ ^
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ACTION 6) : Electron affinity of XÔ ""

Electron affinity is defined by the equation
XQj(g) + e“ -------------------- 298°K.

from which, by convention
F  = XÔ (g) - ühJ XĈ “(g)

The determination of electron affinities both direct and indirect 
(of which this section is an example) has been reviewed by Pritchard^^* 
Values of XĈ "’(g) may be derived from lattice enthalpy data as
indicated in the previous two sections. It is necessary, then, to 
estimate XĈ (g) where X = Cl, Br, or I. Unless the oxide
X(̂  is more than transiently stable, a direct determination is not 
possible. The only direct determination is for CIĈ  which exists in 
the following solution equilibrium̂ ^

01^% #  2C1Ĝ
N.B.8. Circular 500 quotes a value, of 37.0 kcal/mole for ClÔ (g). 
Values for the other "oxides" may be estimated from the following cycle

3 D(X -r 0)
X(g) 4- 3 0(g)

Î ‘
x (æ ) 4  3/2

where D = Heat of formation of gaseous oxygen
A = Heat of formation of the gaseous halogen 

D(X - 0) = Dissociation energy for the X - 0 bond.
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Values of D and A are available from Lewis and Randall̂  ̂ (revised, 1961 
edition). Unfortunately the literature on dissociation energies of 
halogen oxygen bonds may be described, at best, as in a state of flux. 
Ideally to calculate XĈ (g) one requires data for D(X - O) in
XÔ , XÔ  or possibly corrected values for the transient species XO 
which exist at high temperatures. Values for D (HO - X), which are 
well established, are clearly not suitable. The available data is 
tabulated below.

TABLE XXIII : DISSOCIATION ENERGIES FOR HALOGEN-ŒYGEN BONDS.
Source D (X - 0)

Cottrell̂ ?, 1958 01 - 0 63
Cottrell, 1958 Cl - 0 in 010̂ 57

n Br - 0 50 ?
ft Br - 0 in BrĈ 70 ?
11 I - 0 4-4 ̂  4

Pbrris^^(lit.unspecified),1958 01-0 55
Durie and Ramsaŷ ,̂ 1958 01 - 0 63.31 ± .03

It Br - 0 55.2 dr 0.6
It I - 0 42 d: 5.0

Philips and Sugden̂ *̂ , 1961 I - 0 57 ± 6
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It was decided to use Durie and Ramsay’s data as the only self- 
consistent set with quoted limits of error and recalculate a figure 
for ClÔ (g) ignoring the data quoted in N.B.S. Circular 500
due to Goodeve and Marsh (1939)̂ .̂
Using XÔ  (g) = 3D 4 A - 3D (X - O)
and E = AH^XO^(g) - A XÔ -(g) 
the following electron affinities are derived.

TABLE XXIV : ELECTRON AFFINITIES FOR XC^~

EIon XO)(g) KH® l O f i g )

C1Ĉ ~ 17.66 ± 0.1 -45̂ 65* .5

BrO)- 39.81 ■t 0.2 -34^ 74 * .5
ID,- 78 ± 15 -48"̂ 126 ± 16

* >brris^ ^This work.
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EXPERItmTAL

SECTION 1. Alkaline earth chlorates.

iill chlorates were supplied by only barium
chlorate being technical grade. Barium chlorate was crystallised from 
water. All chlorates, with the exception of magnesium chlorate were 
then dehydrated under vacuum (14 mm. Hg. at lOCPc.) Magnesium chlorate 
decomposes before it dehydrates. An analytical procedure due to 
Rupp^ was standardised using "Analar" grade potassium chlorate. The 
procedure is as follows
(i) Weigh out the equivalent of 20 ml. ^10 chlorate.
(ii) Md 1 g. of potassium bromide and dissolve in approximately

20 ml. of water.
(iii) Add 30 ml. of concentrated hydrochloric acid and let stand for

five minutes.
(iv) Dilute with two volumes of water and add 1 g. of potAssium iodide.
(v) Titrate the liberated iodine with standard sodium thiosulphate

[ciĉ - B 6 ^ 03']
Analysis results were : Calcium chlorate, 99.1̂ ; Strontium chlorate,
99.2̂ ; Barium chlorate, 99.7%.
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SECTION 2. Solution calorimeter.
The calorimeter described in this section was also used to 

determine heats of solution of certain diols and heats of reaction of 
boron heterocycles (see Part I).

The principle of the calorimetric method is very simple; 
it is to measure the temperature change produced by a known weight 
of sample undergoing reaction or solution, then to introduce a known 
amount of heat (determined electrically) and again measure the 
temperature rise and by proportion deduce the heat charge per unit 
mass of sample.

The calorimeter was of the constant-temperature-environment 
typê  ̂consisting of a flanged glass Dewar vessel, approximately 2" 
internal diameter, completely immersed in a water thermostat maintained 
at 25 i .Cfl-̂Co (see Figs. 3 and A). The glass stirrer and ampoule 
breaker were mounted in the flanged top via ground glass joints and 
precision-bore tubing. Additional holes carried the thermistor, mounted 
in a ^10 leak, the heater (for calibration purposes), and the platinum 
resistance thermometer. An additional hole was available for gas inlet 
and outlet if measurement under an inert atmosphere was necessary.
The samples were contained in thin glass ampoules mounted on the end of 
precision rod. Two types of calorimeter were used dependent on the 
method used to break the ampoule (Figs. 3 and 4). The original design
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had a rounded base, in which case the ampoule was broken by rotating 
it (it was mounted slightly skew) into the stirrer blades. This 
method suffers from the defect that the setting-up and the equilibration 
of the calorimeter takes several hours and occasionally the stirrer 
broke instead of the ampoule. A later design had a flat base and 
the ampoules were broken directly on the base by a sharp tap. However 
the efficiency of the stirring is somewhat reduced using a calorimeter 
with a flat base. The heater was constructed of a length of Nichrome 
wire, spirally wound, which was submerged in transformer oil encased 
in very thin glass. The leads from the heater were of heavy gauge 
copper. The temperature changes were followed using a thermistor 
(F 53> ^andard Telephone and Cable Ltd.). A thermistor is essentially 
a resistance with a very high negative temperature coefficient. The 
resistance-temperature relationship is of the form^

R = A exp Î /̂t*]
R =, resistance (in £1 ) T = temperature (in °A.)
A = thermistor const, (effectively, the resistance of the 

thermistor at infinite temperature).
B = constant (°A.)
Becker̂  ̂et al propose a more accurate relationship of the form

R = A T"̂  exp N
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where A, G, D = constants, bub the error involved in using the
simpler expression is negligible* During an experiment, two changes
in temperature are recorded, the reaction temperature change (&T
and the calibration temperature change ( & T). If/^T‘ =T,-T^
and &T = T, -4 j
then

4iu

S
t

log R
V a

log R
V a

log Io s V a

IT.IMfc
GRAPH 9 : TfflCPaRATTJHE / TB4B TRAG3 OF M  BKDCTHgRMIC REACTION

For such an endothermie reaction it can be arranged that
T, /V T, and if the calorimeter insulation is effective then Tg /v T 4 3
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In this case.

log R

log Vii,
However for the following reasons it is preferable not to use this 

simple expression:-

(i) not all reactions studied were endothermie (i.e. T, 4. Tl.

(ii) the time between recording T2 and is considerable because of
thermal equilibration (i.e. T̂ ).

(iii) the expression for requires a thermal loss correction added 
(or subtracted) because the calibration period usually lasts 
approximately three minutes unlike the reaction which is 
immediate (always less than 13 sec.). The expression for the 
ratio of temperature change is

B log ^/,R,
Si/ S,,log /A log V

3̂Blog
R,

Ri R, - e
log _2 log

A A

6 = thermal loss correction (°C.).

- 173 -



It is clearly necessary, then, to have a knowledge of A and B, the 
thermistor constants. These were obtained by calibrating the 
thermistor over the range 22° to 28°G. against a Beckmann thermometer 
previously directly calibrated via the transition point of sodium 
sulphate decahydrate (32.384'i- .OCQL°G.).

The calorimeter circuit is shown in Fig.3; the 
Wheatstone bridge for the thermistor is similar to that described 
for the cryoscopic cell, (see Part l). The potentiometer îras a 
Tinsley Type 3387B used in conjunction with a âcalamp galvanomometer 
(7902/S, W.G. Pye & Go. Ltd.) and was accurate to "i- 0.000Q5 7.
The standard cell used with the potentioner was a Weston Gadmium 
Gell (Tinsley & Go.Ltd. Type 1149). The electric timer was supplied 
by Precision Scientific Go. and was accurate to d: 0.03 sec.
The whole calorimetric run was monitored with a miniature platinum 
resistance thermometer (lOO XI , Degussa) coupled to a six-inch 
potantiometric recorder (Slliot) accurate to d: 0. QL°G. Samples 
were weighed on a balance sensitive to ±. .000Q3 g. In the case
of the readily hydrolysable boron heterocycles the weight of sample 
used was checked by post-hydrolysis analysis. The resistors for the 
potential divider circuit were supplied by Arcol Precision Resistors 
(2W, tolerance to 0.023̂ ). These were checked against a sub
standard resistance supplied by Gambridge Instrument Go.Ltd.
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(guaranteed 9.9983 Q, ). The circuit standard resistance was also 
supplied by the above firm at 0.999903X2 . The temperature
coefficient of these resistors is better than 20 p.p.m. per degree 
centigrade. The expression for the heat change is of the form

Q = (electrical energy) 
J X weight

&T reaction 
ĵT calibration

cal/gm,

Consider the following section of the circuit diagram (Fig.3).
./WWW

I

-WVWW-

JWN/VSAry- W W W —

A, B and C are the potentiometer probe points, the potentials 
recorded experimentally being that across the standard (Vs) and that 
across the smaller component of the potential divider (V,). It may 
readily be shown that the power output across the heater is given by

P =
R R

7

R.

Now Rg = l A  , R, = lOa 
(these data were accurate to 0. C3̂ )

and R = 100 n
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p = 11 7 7 -s
10 .

Watts,

(electrical energy) = H  7, 7_ - %,
10

t joules

where t = time of heating in seconds.
The complete expression for enthalpy change is

B log ^  R.
È, H = f 11 V, - V,

10
M t

R, R̂
log —  log —A A kcal/mole

J w
B log 5

R,
R3

log —  log _
R A

Ç:

where f = factor correcting for heater lead resistance (varies . 
between 0.981 and l.OOO).
potential across the 10 component of the potential 
divider (in 7).
potential across the standard (in 7)•

M = Molecular Wt.
= Heating time (in secs.).

A, B = thermistor constants (A in XI , B in Â).

7, =

Vs =
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R,, R̂ , Rg, R̂  = temperatures T,, T2, (°A).
w = wt. of sample (in g.)
J = 4.IB40 abs. joules (definition).

The évaluation of the thermal leakage correction (e) by the 
"first Geophysical Laboratory Method” is described in Appendix I.
All values, to be meaningful, must be quoted in conjunction with
the mean temperature of the reaction period and the mole ratio (N = 
no. of moles of calorimeter liquid : no. of moles of reactant).

It is desirable to check the accuracy of a calorimeter 
via the use of standard reaction for which enthalpy data is inter
nationally accepted. Several reactions are available but the reaction 
chosen here is the dissolution of potassium chloride in water under 
standard conditions. This was recently (1963) recommended as an 
international standard for solution calorimetry by Somsen et al^.
The most reliable value in the literature is considered to be that of 
Gunn (1938)"̂ .̂ The advantages of potassium chloride are
(i) it is easy to purify.
(ii) it shows no enantiomorphism.
(iii) the heat of solution is independent of the pretreatment of the

salt.
(iv) the heat change is fairly large for a dissolution.
(v) the rate of dissolution is not too low,
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46The only disadvantage, mentioned by Sunner and WadsÔ , is 
that the temperature coefficient of heat of solution is rather large 
(-36 cal. mole d̂eg“̂ ). However the calorimeter used here is at 
least two orders of magnitude less accurate than the best calorimeters 
used at large Thermochemical Institutes, Therefore, potassium chloride 
as a standard is acceptable.

The results of the accuracy check are presented below,

TA3LS XXV ; AGCmUCI OFJ:HB SOLUTION CALCRIMBTSR TLk DISSOLUTION 
OF POTASSIUM CHLORIDS.

Ebcpt. T N ^H^ (kcal./mole)

1 23°G. 200 4.24 i 0.02
2 24°C. 200 4.19 ±0.02
3 24.9°C. 200 4.22 ±0.02

Mean 4.22 ±0.02
Literature (Gunn)"̂ ^ 25 200 4.206$ ±0.0003

The calorimeter, then, is accurate to better the ± 0.2$̂
(this accuracy limit assumes. of course, the perfectly stable reactant;
the limits of error when working with unstable boron heterocycles are 
considerably larger).
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gSCTIdJ 3) Calorimetric procedure•
The procedure used to operate the calorimeter is outlined

and the calculation of results illustrated by a typical example.
(i) The heater cells are discharged through the ballast resistor for 

at least 6 hours prior to starting the run because the derivation of 
the experimental equation assumes a constant potential drop across 
the heater throughout calibration. Also the standard cell and the 
backing cell are connected to the potentiometer some hours previous 
to the run commencing.

(ii) The calorimeter is now loaded with a known weight of sample and 
calorimeter fluid (usually 100 g. distilled water). It is then 
completely immersed in the thermostat and the stirrer started. It
is essential to leave the system to equilibrate for at least an hour 
before commencing readings. This point is made very clear by 
Sunner and WadsÔ who experimented with constant-temperature- 
environment calorimeters of different design*̂ .̂

(iii) After equilibration resistance/time readings are taken at
half minute intervals. ATber approximately five minutes the 
ampoule is broken by which ever method is appropriate. Resistance 
readings are recorded for a further five minutes and then the system 
is left to temperature equilibrate for approximately twenty minutes.

(iv) Resistance readings are recommenced five minutes before
breaking the discharge circuit and making the heater circuit
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simultaneously. The electric timer is coupled to the heater switch. 
The potential drop across the heater (Vj and the standard resistance 
(Vg) is now recorded and the heater circuit broken when the calibration 
temperature change is approximately equal to the reaction temperature 
change (estimated from the recorder plot). Resistance readings are 
now discontinued but the recorder is left on for a further five 
minutes.

(v) The calorimeter contents are now analysed if necessary.
To derive the result a graph is constructed of resistance vs. 

time. The temperature change during the reaction period is obtained 
by back-extrapolation of the fore and aft periods to a perpendicular 
erected at the mid-point of the reaction period. The resistance 
readings for the calibration period are **turn-over" readings. This 
is illustrated in the following graph.

CÙ CL)

GRAPH 10 : R2SI8TANCa / TIMS TRAGi!: OF m  aXŒHSRMIC REACTION.
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The procedure of back extrapolation is a very approximate 
method for accounting for thermal leakage. It is quite satisfactory 
for a reaction which is almost immediate but unsatisfactory for the 
calibration period which is usually of the order of three minutes.

A calorimetric determination of the integral heat of solution 
of propan 1,2 diol in water is recorded below to illustrate the method 
of calculation.

T.P8W XXVI : DiSrSRMINATIQN OF THE INTEGRAL HEAT OF SOLUTION OF
PROPAN 1.2 DIÜL IN WAT R̂.

Wt. of diol in ampoule (distilled immediately prior to use) = 2,9136 g, 
Volume of water in calorimeter = 100 ml. (N = 145).
Thermostat temperature = 25 ^ 0. CEL̂C.

Log of Run.
Time (in mins.) Resistance (in 12. ) Remarkso

0 4390

i 4390
1 4390

li 4390
2 4390

4389
3 4389
3i 4389
A 4389
A i 4389
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5 — Ampoule broken at
4256 4 m. 58 Sc

6 4257
6i 4259
7 4259 Reaction exothermic

7i 4260 so temperature now
8 4261 above 25^0. and
# 4261 falling slowly
9 4262 0. OL̂ G./min.

Temperature equilibrate.
15 4270
15i 4271
16 4271
16& 4271----- -- Heater on
17 4252

I7i 4225 ( 7, = 0.4776 7 
( 7g = 0,6814 718 4193

18-g- 4165 ( t = 150.1 secs.
19 4136..... -- Heater off
19& 4127
20 4127

20& 4128
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21 4130
21i 4132
22 4133

By back extrapolation ; R, = 4389 and R̂  = 4256 Ü
from graph (direct) ; R̂  = 4271 and R̂  = 4127

Calculated heater resistance == 8.291X2
Actual heater resistance = 8,230 X2

"lost" resistance = 0.6 fZ
f = (3.291/8.230)̂  = 0.985

Power = 11 V,
V,

^ ^ T o
3.3289 Watts.

Molecular wt. of diol = 76,09
&T (solution period) = -0.8525̂ 0.
ÜT (calibration period) = 0,9572̂ 0.

From the recorder trace the thermal lealcage is estimated as 
-0.0388°G. (see Appendix),

(corrected) = T(obs.) - é 

= Oo996cPc.
(the derivation of 6 is algebraic w. C t. sign).
Mean temperature of solution period = 25.6̂ 0.
^^soln. 25.6̂ 0. and N = 145) = -2,62 kcal,/mole.
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APPENDIX I

Correction for thermal leakage.

This method, the "first Geophysical laboratory method”, is

due to W.P. V/hitê  and outlined by Sburtevant

This graph represents a temperature change taking place in a

calorimeter the therraostat temperature being below the abscissa. 

Two cases will be considered

Case A ; If the heat exchange is very rapid i.eo if BC is nearly 

parallel with the ordinate axis, then the corrected temperature 

is (T,̂  - T^ ). These circumstances are realised in the solution 

of readily soluble ionic salts or in the hydrolysis of easily-hyrolysable 

compounds. They will not be realised in
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(i) the calibration period
(ii) solution of sparingly soluble salts
(iii) hydrolysis of sterical3.y hindered compounds
(iv) some types of complex formation

i.e. in any process which, is slow to reach equilibrium or completion 
at a fixed temperature.

Case B : Correction for thermal leakage in any slow process (for 
the point of view of the calorimeter used here, ”slow” means taking 
longer than 60 secs.)

The basic assumption is that the heat exchange is Newtonian i.e 
that the rate of change of tempera lure during the fore and aft periods 
is given by

dT—  = K (Tj - T) + w
dt

where Tj = jacket (thermostat) temperature
K = constant
w = constant which takes account of stirring effects and

evaporation (assumed linear with time)
Let = Tj - T and

^  f  = mean value of j) for the fore period 
^  ̂  = ” « H " H ” reaction ”
^  ̂  ” ” ” aft ”
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then Tj - i (T,+ Tg)

$

$

Tj - Tdt

a

- tg)

Tj - i (T3+  Tp

If and R̂  are the mean rates of temperature change during the 
fore and after periods respectively then

R.

Ra

T2 - T,
tg - t,

to

u

The corrected temperature rise is
KT = (T3 -T2) - +  w ) (t3 -t p

The evaluation of ̂   ̂includes the determination of

b

Tdt

This integral may be evaluated by ”counting squares” or using a 
planimeter. This is a tedious procedure and Dickinson‘Ŝ  has 
evolved a simpler technique. ' A time t̂  may be found such that
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(Tj - Tg) - tg) +  (Tj - T3) (t̂  - t ^ ) = I (Tj - T) dt
■''2

to"
Tj (to - t ) -

 ̂ ‘2'
Tdt

, ±  - ^2) - tg) , (Tj - T3 (t3 - t̂ )
•- T  r - ' -k -- -----------

(tj - tg) (t3 - tg)

Dickinson found that the temperature corresponding to time t̂  is given 
approximately by

9  = 0.60 (T3 - Tg) 4- Tg

j, = Tj - 0

From the recorder trace the following functions may be read off 
directly :
T,, T3, (N.B. t̂  - t̂  = t2 - t,),^f and ^  From
these (and hence p), and Rĝ are calculated. Newton*s 
equation is set up for the fore and aft periods and solved simul
taneously. From this k and w are obtained (k is always positive,
the sign of w depends on the speed of stirring and the volatility of the
solvent). Knowing k, w, ̂  p and (t̂  - the error is computed.
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APPENDIX II
Propan 1,2 diolPropan 1,2 diolPropan 1,3 diolPropan 1,3 diolGompd

980
67966660

119.8150.2119.8179.5
76.C9 76.0976.09

1.7997weight

0.9062 85255021
78138731 95721.1382

-.61 — o
- 1.16 916- .

-1.19
-.0081OLO

CQlCB0LQ3
-.0028

It (corrected) 9960 8058
206 145

25.6
- 2.62

235
25.6
-2.63-2.03

» these two runs were performed before the Newtonian thermal leakage correction
was investigated.
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Gompd. Butan 2,3 diol Butan 2,3 diol Butan 2,3 diol Butan 2,3 diol 
(in H3BO3)

f o981 .981 .985 .988

h .6804 .68C75 .6785 .67965

V, .4780 .47825 .4755 .4760

t 149.5 119.8 119.9 149.6
M 90.12 90.-12 90.12 90.12
weight 2.8809 1.909 2.3236 2.5117
&T' .9446 .6388 .8153 .7830
HT .9196 .7822 .7631 .9535

-1.17 -.35 -.50 -.70
-1.66 -.794 -.928 -1.23
-1.97 -1.05 -1.20 -1.56

Rf -. Œ.6 -.006 -.003 -.008

% -.024 -.014 -.013 -.014
K .0100 .CL15 .0069 .0072
w -.0053 -.0024 -.0046 -.0033
:E -.0438 -.0231 -.022 0 -.00

25 30* 30* 25
Ht (corrected) .9634 .8053 .7852 .9654
N 174 263 215 -

Î 26.2 30.5 30.5 26
&H -3.57 -3.54 -3.62 -3.40
» this diol appears to solidify over the range 22 2̂6‘̂C. so two runs were performed

at 3CPC. to avoid correcting for the latent heat of fusion.
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Gompd. 2-cbloro-l,3,2
dioxaborinan

2-chloro-l,3,2
dioxaborinan

2-chloro-4-methyl- 
1,3,2-dioxaborinan

2-chloro-4-methyl- 
1,3,2-dioxaborinan -

f .981 .98 .988 .988

h .6764 .6675 .6798 .6796

h .4775 .4698 .47615 .4761

t 356.6 477.7 2C9.9 119.8

M 120.3 12CL3 120.3 120.3
 ̂weigiit 1.9905 2.C54 .798* .446*

ht’ 3.CEL62 3.1240 1.3015 .7379
2.0430 2.8890 1.3430 .8C89

-2.04 — .42 -1.18 --.12

pv -3.16 -2.1 -1,92 -.588

$ a -j.80 -3.14 -2.42 -,89
Rf -.04 -.CI3 -.CI3 0

Ra -.06 -.044 -.C%6 -.0086
K .C125 .0114 .0104 .Œ1
w -.0088 -.0082 -.000 .000.3

-.295 -.180 -.0722 -.011

25 25 25 25

iT(corrected) 2.3380 3.0630 1.4152 .8200
N 336 329 838 1497

“ î 27.5 25.2 26.2 25.2

ÜH -22.18 -22.12
.......  . - i

-22.76 -22.72

* estimated from post-hydrolysis analysis.
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Gompd. 2-chloro-l,3,2- 
dioxaborolan

2-chloro-l,3,2- 
dioxaboroian

2—chloro-1,3,2— 
dioxaborolan.

f .988 .988 .9855

Vs .67945 .6789 .6815
V, .4758 .4755 .4775
t 180.2 119.7 149.9
M 1C6.3 1C6.3 106.3
weight .679 * .419 * .265 *
AT* 1.2C93 .7315 .4564
AT 1.1591 .7918 .9953

-1.06 — .41 -.33
^ r -1.70 -.856 — .90
^ a -2.12 -I0I5 -1.25
Rf -.015 -.00 -.00

% -.021 -.0129 -. 00-4
K .005 .010 .00.0
w -.0102 -.0008 -.0014
€ -.060 -.0085 -.0270

Tj 25 25 25
A T(correc-tied) 1.2151 .8108 1.0223
N 870 1410 2230
T 26 25.5 25,6
Ah -21,72 -21.21 -20.92

* estimated from post-hydrolysis analysis
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Gompd.
L -

2—chloro—1,3,2—
dioxaborolan

2-chloro-l,3,2- 
dioxaborolan

2-chloro-4,5 dimethyl 
1,3,2-dioxaborolan

—
f .988 * .9855

î s .6781 X .68055

h .47475 « .47695
t 2C6.8 X 299.4

M 10.3 10.3 134.4
weight .538 .550 1.371
&T' .7850 .8352 2.1907

&T 1.1960 « 1.9014

— .60 X -1.62

$r -1.28 X -2.62

-1.74 X -3.22

k -.0064 X -. 0242

% -.015 X -.0435
I .0075 X .0121
w -.0019 X -.0046

I -.040 X -.18145

h 25 25 25

kT(corrected) 1.2366 X 2.0829
N 1098 1074 545
T 26 26 26.5
Ah -20.39 -21.2 -24.14

K calibration data used as for previous run due to circuit failure during experiment, 
t estimated by post-hydrolysis anSlJ-ysis. _



Compdo

»

2-chloro-4,5 di
methyl 1,3,2- 
dioxaborolan

2-chloro-l,3,2 dioxa 
bo rolan/ be nze ne 

mixture

2-chloro-l,3,2 dioxa 
borolan/benzene 

mixture.
---- — ^ 1
f .9855 .993 .987

.67945 .68275 .6820

Vl .47595 .4782 .4777

t 359.8 480 478.3

M 134.4 106.3 106,3

weight 1.457 1.6580(olan) 1.9166 (olan)

a t ' 2.3143 2.9256 3.2599

AT 2.1949 2.9881 2.8061

-1.42 -1.50 -2.29

r -2.67 -3.30 -3.92

p a -3.42 -4o38 -4.87

Rf -.C184 -.002 -.017

Ra -.0460 -.043 — e 067

K .0138 .0145 .0192

w .0012 .0202 ,0268

e -.2135 -.2228 -.3880

Tj 25 25 25

AT(corrected) 2.4084 3.2109 3.1941

N 512 356 1 308

T 1 26.5 26.6 27

Ah 1 -24.84 -22.23 1 -21.28
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Gompd. 1 2-chloro-l, 3,2-̂ dioxa- 
borolan/benzena 

mixture.
2-chloro-l,3,2-dioxa
borolan/ benzene 

mixture
Barium chlorate

f .9855 .9855 .980

Vs .6780 .6778 .66 00

Vl .4754 .4752 .4642
t 239.4 299.8 149.9
M 1C6.3 1C6.3 3C4.3
weight .9591 (olan) 1.3314 (olan) 3.0435
a t ' 1.6651 2.3564 .5C76
AT 1.5412 1.8828 1.002

^ f -1.70 -1.85 l.OL
-2.62 -2.94 .38
-3.16 -3.57 -.0

% 0 -.009 .0112

Ra -.OL93 -.055 0
K .01325 .ÜL5 .010
w .C2252 .0181 .000
€ —. 0486 -.13 CO. .oil

Tj 25 25 25
AT(corrected) 1.5898 2.00-30 .99417
N 616 443 555
T 26.6 26,7 24.1

Ah -21.58 -21.74 5.62
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Gompd. Barium chlorate Barium chlorate Barium chlorate

f .993 .985 .988

Vs .6648 .6720 .6730
V, .4647 .4712 .4711
t 248.7 179.4 150.1
M 3Ü4.3 3 04.3 304.3
weight 3.4216 5.5390 3.5731
&T' .54704 .92350 .57848
kT 1.6369 1.2259 1.ÜL30

.25 .52 .40

$ir -.822 -.252 -.21
$ a -1.47 -.73 -.60

% .C922 .0129 .001

Ra Ü -.0048 —. 0064
K .0187 .0142 .045
W .0275 .0055 .0022
e .0486 .0058 -.0020

25 25 25
AT(corrected) 1.5883 1.2240 1.0L50
N 497 30 473
T 24.8 24.6 24.7
Ah 5.71 5.67 5.58
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Gompd.

f

h

h

t
M
weight
a t’
AT

^ f 
^ r

Rf
%
K
w
t

iitrontiuia chlorate

.980

.6617

.4647
89.8
254.6
3.1332
.07(16
.58837

.16
-.2C4
-.44
.0043
0

.0072

.0031

.00253

25
U(correct9d) .58583 

453
24.7 

0.64

Strontium chlorate

.983

.6592

.4627
120.1
254.6
3.7126
.07630
.83847

.18
-.364
-.72
.029
.016

.0144

.0264

.14238

25
.79619

381
24.6

0.58

Calcium ciilorate Calciijm chlorate

.988 .985

.67175 .67215

.47CG5 .4711
90.0 89.9
207.1 207.1
2.1929 1.1771
.51796 .28616
.59712 .63426

-.49 -.55
-.844 -.772
-1.06 -1.06

0 .0L29
-.0C484 .(129
.0085 0
.0042 .(129

- .00451 .(193

25 25
.60163 .61491

525 977
24.2 25.1

-5.59 -5.61

TH3RMISTCE CCHSTAOTS (A,B) = 9.084 % ICT̂  , 1.396 x ICp «A. (basa 10)
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XPPW JX III
The detailed cryoscopic results are recorded in their most 

concise form i.e. as tables of concentration (in g, per 10 ml. solvent) 
vs. freezing point (in ̂  )«

Thermistor constants : F23; A = 7.02 x ICT̂  j  ̂= 1.282 x 10^
(base 10)

2-chloro- 1.3.2 dioxaborolan in benzene

Cone. P.P. 11 Cone. P.P.
0 2365 .0232 2835
.0-29 2370 .0347 2840.5
.0605 2888 .(478 2846

.0674

.0692
2890
2894

.0591

.1028

.1653

2850.5
2866
2884

.0852 2899 .2333 2899

.1059 2905 .2977 2915

.1776 2925 ,3921 2935

.2606

.3576
2944
2964

.4662

.5559

.6428

2948.5 
2965
2977.5

.4412 2977 .7851 2997

0
.(168
.(838

2864 
- 2871 
2380

.9036
1.052
1,179.
1,342

3(15
3 035.5
3052
3072

.(486 2887 1.519 3093.5

.0635 2892 1.719 3112,5

.0783 2896 1,904 3128,5
3148
31700 2826 2.065

2.297
.(116 283 0
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2-chloro-A-metb^l-1.3.2 dioxaborolan in benzene

Concn Concn F.P

2865 29802351
2883 3221 3CD.9

0680 30662900
6100 31361120
76 C21431 3190
92081725

2-chloro-4.5 dimethyl- 1.3.2 dioxaborolan in benzene

Concn. F.P. Concn. F.P.

0
.0L44 
.0304 
.(%68 
.063 0 
.0795 
.0961 
.1131 
.1494

2860
2866.5
2873.5 
2881 
2889
2896.5 
29 04 
2912 
2928

.1857

.2372

.3027

.3709

.4658

.5917

.7617

.9111

2945
2968
2997.5 
3028 
3070

3125.5 
3199
3263.5
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2-chloro- 1.3.2 dioxaborolan In nitrobenzene

Concn. 1 F.P. Concn. F.P.

0 2845 .2520 2936
.cei9 2854 .3293 2954
.0093 2863 .4326 2977
.0583 2873 .5750 3005
.0694 2877 .7502 3006
.ICELl 2889 .9066 3060
.1298 2899 1.0282 3078
.1767 2914

2-n-butoxy-1.3.2 dioxa borolan in benzene

Concn. F.P. Concn. F.P.

0 2864 .3599 2986

.0218 2874 .4304 3000.5

.0443 2884 .4984 3019.5

.0655 2893 .5905 3 040

.0869 2901.5 .7106 3(65

.1091 2910 .8544 3093

.1309 2918 1.0205 3124

.1973 2940 1.2010 3155.5

.2919 2968 1.3710 3185

- 2ao-



thp;^)-1 $3,2 dioxaborolan in benzene
Concno F.P. Concn. F.P,
0 2864 .3286 2967
.0292 2873 .3663 2975.5
.0573 2839 .4026 2983.5
.CB87 2900.5 .4768 2999.5
.1192 2910 ,5842 3 021
.1518 2920.5 .6910 3041
.1836 2930 ,7936 3©1
.2190 294.0 ,9148 3082.5
.2546 2949 1.0246 31©
.2924 2953.5 1.1345 3119

1.28© 3142

2(2 -chloro ethoxy)-1,3.2 dioxaborinan in benzene

Concn. F.P. Concn, F.P.

0 2365 . © © 29©

.0209 2875 .1304 2921.5

.©97 2833 .2089 2951.5

.©93 2892 .3153 2991

.©77 2899,5 .44© 3040

.©57 29© .5697 3©5.5

.1753 2937.5 ,7264 3142.5

,2725 2973.5 .9482 3221

.0253 2373 1.1316 33©

. © a 2389 1.5002 3379.5
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Tri-n-butyl borate in benzene
Gncn. F.P. [ Concn. F.P.

Û 2865 .1545 2914

.C223 2873 .2172 2932

.0̂ 30 2880 .3(55 2958

• (66 u 2887.5 .3891 2982

.C%87 2894 #5446 3028

.llOL 2900.5 .7228 3078

2-chloro-l,3,2-dioxaborinan in nitrobenzen0
Concn. F.P. Concn. F.P.
0. 2844 .3252 30ÜL.5
.CG85 2857 .4711 3072

.(573 2872 .6619 3165

.09ÜL 2887.5 .8971 3284

.1215 2904 1.170? 3421

.1563 2920 1.3927 3530

o2343 2958

Nanhthalene (cryoscoDic) in benzene
Concn. F.P. Concn. F.P.
0 2865 .1753 2984
.(885 2885 .2228 2977.5

.(812 2906 .2730 3 003

.1255 2928.5
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2-chloro-l.3.2 dltàioborolan in benzene
Concn. F.P. Concn. F.P.

0 2865 .(8© 29C2.5

.(441 2884 ■ .2©7 2959.5 . ™

. ©65 2894.5 .3347 3©9.5 . g

.CB89 29©. 5 .4810 3 ©7

2-chloro-l.3.2 dioxaborinan in benzene
L.J|

Concn. F.P. Concn. F.P. ■

0 2865.5 .6409 3181
.©54 2885 .9010 33©
.1199 2929 1.1559 3421
.3269 3 ©2

2-chloro-l.3.2 dithloborinan In benzene
Concn. F.P. Concn. F.P.

0 2865.5 .1529 2926
.1271 2916.5 .2348 2960
.2468 2964 .3193 2993.5
.3687 3 ©2 .4 ©5 3©1
.5176 3071 .4979 3©0
.6626 3125 .5896 31©
,©6S 2896 .6864 3140

— 2Q3 —



,2 dithioborlnan in be nze ne

2-nhenyl-1.3.2 dithioborolan in benzene

Concn0 F.P. Concn. F.P.
0 2865 .2716 2957
.0840 2894 .3448 2981.5
.1579 2919 .4378 30L2
.2172 2938.5 u ........ .

Phenyl boron dichloride in benzene
Concn* F.P. Concn. i F.P.

.1110 2911 .0143 2872

.C784 2898 .0109 2871

. 0664 2893.5 .431 3041

.0540 2888.5 .349 30G7

.0437 2884 .299 2987
0 2865 .249 2966.5

.(029 2878.5 .205 2949

.#56 2875.5 .172 2936.5

.C183 2873 .137 2922.5

Concn. F.P. Concn. F.P.
0 2864 .2611 2961

.0494 2882.5 .3654 2999

.1276 2911c5 .4878 3(43.5

.1941 2936.5
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A p r il, 1962, (270), pages 1428— 1431.

270. Boron R ing  Compounds. P a rt 11.^ Some New  
2-Suhstituted 1,3,2-Dioxaho7nnams.

By A r t h u r  1'i n c h , P. J. G a r d n e r , J. C. L o c k h a r t , and E. J. P e a r n .

Use has been made of the reactive halogen in 2-chloro-l,3,2-dioxa- 
borinan ̂  (la) to prepare new dioxaborinans. Other syntheses of 2-alkyl 
and 2-phenyl compounds are described. Anomalous reactions of methanol 
and bntane-I-thiol with compound (la) are interpreted.

S o m e  new compounds (Ib-e) w ith the 1,3,2-dioxaborinan skeleton have been prepared 
by luicleophilic substitution of the labile halogen in the diozaborinan (la). Substitution 
w ith  alkylamines to give compounds (Ib) was successful when at least two molar equiva
lents of amine were used, precipitating the hydrogen chloride formed as amine hydro
chloride. Use of one equivalent of amine gave no identifiable products on distillation. 
This is in accord w ith certain previous findings on reaction of amines w ith the boron-

a, Cl d, NCS BX
b, NRR' e, OR
c, Bu f, Ph

(I) (II)

o.B -  
1O

NH

chlorine link." Trie thylamine or a second mole of the substituting amine is required to 
break the complex in itia lly  formed w ith one mole of amine. Ammonia itself did not give 
the corresponding amine compound (Ib ; R' =  R " =  H), nor was it  obtained by trans
amination  ̂ or use of sodamide. An undistillable material, probably the bis(dioxa- 
boraninyl) compound (II) was obtained from the transamination reaction of ammonia 
w ith  2-dimethylaminodioxaborinan. This compound showed infrared absorption in 
the N“ H stretching frequency region.

+ NH,o
0_B- IO (II)

2

Simple nucleophilic substitution w ith  butanethiol could not be achieved, for the 
conditions used resulted in pyrolysis. A m ixture of th io l and compound (la) at IOO°/I 
atm. gave the pyrolysis product, 3-chloropropyl metaborate, previously noted.^ Heating 
at reduced pressure resulted in another known pyrolysis product,^ 2-3'-chloropropoxy-
1,3,2-dioxaborinan, but no hydrogen chloride was evolved and no boron-sulphur bond 
was formed. Formation of 2-butylthio-I,3,2-dioxaborolan in low yield has been reported  ̂
in a similar reaction at high temperatures w ith the chloroborolan, which is apparently 
less readily pyrolysed.

Several routes to a carbon-boron link were attempted : reaction of butyl-lith ium  w ith 
the amine (la ; R =  R ' =  H) gave a good yield of 2-butyldioxaborinan (Ic ); reaction 
w ith  tripropylboron gave a very low yield of the 2-propyl derivative. The 2-alkyl-

C “  ' -  -  O ' "
borolans ® and -borinans have previously been made from the alkylboronic acid and the 
appropriate 1,2- or 1,3-diol, water being removed as the toluene azeotrope.^ 2-Phenyl- 
dioxaborinan (If) has been sim ilarly prepared from phenylboronic anhydride and propane-



1,3-diol (reaction 2). Complex formation w ith  these a lkyl and aryl ring compounds is 
in progress.

I--------- 1
3HO-[CHJ,-OH +  (PhBO)a SPh-B'O-rCHJa'Q -f 3 H . . O ............. (2)

Formally analogous to reaction (1) is the metathetical reaction of chloroborinan (la) 
w ith  potassium thiocyanate in 1,2-dimethoxyethane  ̂ to give the thiocyanato-compound 
(Id). This had the infrared absorption expected for a covalent isotliiocyanate rather 
than a thiocyanate.^ Lappert and Pyszora recently prepared a series of boron isothio- 
cyanates w ith  a characteristic, very broad band at 2083—2101 wave numbers, and a half
band w idth 150— 170 wave numbers. This band appears in the spectrum of tlie  new 
compound (Id).

Addition of cyclohexanol to the chloroborinan (la) gave, on distillation, the corre
sponding ester (le; R =  Cgll^^) as expected from previous work  ̂ w ith  2-chloroethanol, 
3-chloropropanol, and butan-1-ol. Methanol, however, gave, on distillation, almost 
quantitative yields of methyl borate and trimethylene diborate ( I I I )  ; no m ethyl ester 
(le; R =  Me) was isolated. However, if  a m ixture of methanol and chloroboronate was 
evacuated under a condenser cooled to —80°, so as to remove hydrogen chloride but not 
m ethyl borate, the liquid residue had a molecular weight of 103-5. The m ethyl ester 
(le; R =  Me) should have a molecular weight of 116, the diborate 243-6. The reaction 
may take place as shown (reaction 3), the equilibrium  depending on (a) the v o la tility  of

O o
0 " a "0R B(OR), (Ic)
: ! ^  O  " :

(i) ' liil +  B(OR)3."(3)
O -  B

the tr ia lk y l borate and (6) the nature of the a lky l group R. Reaction of the chloro-com- 
pound (la) w ith  ethanol likewise produced no ethyl ester (le; R =  F t) on d istilla tion; 
instead, diborate could be distilled off in good yield. This may be contrasted w ith  the 
reaction of 2-chloroethanol which gives 2-2'-chloroethoxy-1,3,2-dioxaborinan  ̂ (IV ), 

Q ^  where the complete stab ility  w ith  respect to disproportionation may be 
^B" "CH2 attributable to back-donation from the halogen. Molecular-weight studies 
A ^c h2 2-butoxy-1,3,2-dioxaborolan show an apparent association value of T27.
Cl , Hence partia l association, as shown in (3i) may be assumed; disproportion- 

ation does not occur on distillation, as w ith  the m ethyl ester (le), because 
of the much lower vo la tility  of b u ty l than of m ethyl borate. S tab ility  to disproportion
ation is in the sequence Me <  E t <  Pr <  Bu <  C1*[CH2]2 <  C1-[CH2]3.

Attempts were made to extend estérification studies to the seven-membered dioxa- 
borepan system. The m ethyl and the 2-chloroethyl ester were obtained by reaction of 
butane-I,4-diol w ith  the appropriate dichloroborinate (4), but neither ester was stable

RO-BCb +  HO'fCHJj'OH RO-B-O-fCHdTO +  2HCI ............. (4)
on distillation. In  general, the dioxaborepan system is more readily dispropor- 
tionated than the borolan or borinan analogue. Thus the 2-chloro-1,3,2-dioxaborepan 
(V) could not be made by reaction of boron trichloride and butane-I,4-diol, or 
from 2-methoxy-1,3,2-dioxaborepan and chlorodimethoxyboronate, which m ight be 
expected to undergo reaction (5) w ith  the fac ility  of sim ilar reactions in the borinan 
series. I-

(ROhBCI RO'B'O'fCHgl^'O > ■  (RO)^B +  CI-B'O-fCHdyO ............. (5)
(V)



E x p e r i m e n t a l
2-]Hmcthylamino-l,̂ ,2-dioxaborinan.— Dimethylamine (13 8 g.) and 2-chloro-l,3,2-dioxa- 

borinan (13 g.) were mixed at — 180° and allowed to warm under a condenser kept at — 80°. 
A  wliite solid was precipitated. The mother-liquor, mostly 2-dimeihylaminn-l,̂ ,2-dioxa- 
hovinan, had b. p. 24°/0-l mm., 1-4330 (14 g., 03%) (Found; C, 46-3; H, 9-1 ; N, 110%; 
M, 128, 132. Cd-T.,HNO., requires C, 40-5; H, 9 3; N, 10-9%; M, 128-9). The solid was 
dimethylamine hydrochloride, m. y. 109° (9 g., 90%).

2-lHet]iylciniino-\d̂ ,2-d.ioxaboyinan.— Diethylamine (25 ml.) and chloroborinan (la) 
(15 g.) were treated as for the dimethylamino-compound. The diethylamino-compoimd had 
1). p. 33 -3 4 7 0 01 mm., 1-4305 (14-9 g., 70%) (Found: C, 53-7; H, 10-0; N, 9-0; B, 7-1%; 
M, 150. C dT.BNOg requires C, 53-9; H, 10-3; N, 9-0; B, 0-9%; M, 157). Diethylamine 
hydrochloride was recovered (13-2 g., 97%).

2-Ethylaynino-\,:],2-dioxobonna7i.— Ethylamine (25 ml.) and chloroborinan (17 g.) gave 
the ethylamino-CQinpoiind, b. p. 24°/0-05 mm., 1.4340 (13-8 g., 70%) (Found: C, 40-5; 
11,9-1; N, 11-0; B, 8-4. Q h TgBNO, requires C, 40-5; H, 9-3; N, 10-9; B, 8-3%). Ethyl
amine hydrochloride (11-0 g., 100%) was recovered.

Reaction of Ammonia with Chloroborinan (la).— Chloroborinan (8-0 g.) and liquid ammonia 
(20 ml.) were sealed in a glass tube and left at room temperature for 2 days. A m m o n i u m  
chloride was identified but no other nitrogen-containing compound was isolated by the usual 
methods.

Reaction of Ammonia with 2-Dimethylamino-l,3,2-dioxaborinan.— 2-Dimethylamino- 
borinan (10 g.) was sealed off with a ten-fold excess (20 ml.) of sodium-dried ammonia and 
shaken. Ammonia was evaporated off at a low temperature, then dimethylaminoborinan 
(2-7 g.) was recovered (confirmed by its infrared spectrum). The residual liquid was distilled 
but appeared to decompose, leaving a residue (Found: C, 18-4; H, 6-3; N, 20-7; B, 13-5%). 
A  second experiment gave a residual clear yellow liquid which was not distilled (Found : C, 39-8; 
H, 7-4; N, 8-2; 8,11-7. Calc, for CgHigBoNO^: C, 39-0; H, 7-1; N, 7-6; B, 11-6%). This 
had a characteristic infrared N - H  stretching band and was probably bis(dioxaborinanyl)- 
amine (TI).

Reaction of Butanethiol with Chloroborinan.— [a) Chloroborinan (20 g.) and butane-1-thiol 
were refiuxed at 0-1 mm. under a condenser cooled to — 80°. No hydrogen chloride was 
evolved. On distillation of the mixture chloroborinan (18-9 g.) was recovered and 2-3'-chloro- 
propoxy-l,3,2-dioxaborinan ‘ (3-97 g.), b. p. 65°/0-l mm., was identified by its infrared 
spectrum, {b) The chloroborinan (14 g.) and butane-1-thiol (16 ml.) were heated at 100° for 
25 hr. No hydrogen chloride was evolved. The infrared spectrum of the residue when butane
thiol was pumped off corresponded exactly to that of 3-chloropropyl metaborate,^ which cannot 
be distilled without decomposition.

2-Biityl-\,\f2-dioxaborinan.— -An ether solution (50 ml.) of chloroborinan (16 g.) was 
added drop wise to a solution of butyl-lithium (18-0 g.) in ether under nitrogen. Heat was 
evolved and the mixture was cooled in ice. A  white precipitate was formed. The ether was 
removed on a water-pump and the remaining liquid distilled at 80— 100°/15 mm. (12-0 g., 66%). 
2-Butyl-l,S,2-dioxaborinan was redistilled at 166°/760 mm. and had T4205 (Found:
C. 58-5; H, 10-1; B, 8-3. C 7H 15B O 2 requires C, 59-2; H, 10-6; B, 7-6%). The residue was 
impure lithium chloride but contained some boron.

2-Phenyl-l,‘A,2-dioxaborinan.— Phenylboronic anhydride (23-5 g.) and trimethylene glycol 
(19 g.), reacting in toluene (75 ml.) according to Letsinger and Skoog’s " procedure, gave 
2-phenyl-l,̂ ,2-dioxaborinan (32-6 g., 90%), b. p. 70— 75°/0-2 mm., which was a super-cooled 
liquid at room temperature and could be maintained for weeks in this form (Found: C, 66-1 ; 
H, 6-8 ; B, 6-9%; M, 170. CgH^BOg requires C, 66-7; PI, 6-8; B, 6-7%; M, 162).

2-Isothiocyanato-l,:i,2-dioxaborinan.— A solution of potsLSsium thiocysinate (12 g.) in 1,2-di- 
methoxyethane * was added dropwise to the 2-chloroborinan (la) (15 g.) in solvent (20 ml.). 
An immediate precipitate and heat of reaction were observed. After being shaken for 30 min. 
the mixture was filtered. The residue (9-5 g.) was mostly potassium chloride. The filtrate 
was pumped to remove solvent, and the residual 2-isothiocyanato-\,3,2-dioxaborinan was 
distilled (b. p. 62— 64°/0-2 mm.). Redistillation (b. p. 58— 60°/0-01 mm.) gave a yellow liquid 
(Found: C, 33-8; PI, 4-3; N, 9-7; B, 7-3; S, 22-4; NCS, 38-1. C^HgBNOgS requires C, 33-6; 
H. 4-2; N, 9-8; B, 7-6; S, 22-4; NCS, 40-6%).



2-CycloJiexvloxy-\,̂ ,2-dioxahoyiyian.— •Estérification of chloroborinan with cyclohexanol 
in the manner previously described  ̂gave an 84% yield of 2-cycdohexyloxy-\ ̂ ŷl-dioxahorinayl, 
b. p. 64— 6570 05 mm., 1-4608 (Found: C, 57-8; 11, 9-2; B, 6-0.' CJ-Ii^BOg requires 
C, 58-7; H, 9-3; B, 5-9%).

Reaction of Methanol and Chloroborinan.— .\ mixture of compound (la) (10 4 g.) and 
methanol (2-8 g.) was pumped at 0°/26 mm. under a condenser at — 80°. i iydrogen chloride 
(2-7 g. Calc., 3-2 g.) was collected. The condenser was then taken away and trimethyl borate 
removed (2-6 g. Calc., 3-0 g.) (Found : B, 10-2. Calc, for C.jl l.,BO., : 13, 10-47j), I) p. 69— 70° 
(lit., 68°), 1-379 (lit., 1-362). The residue was mostly trimethylene diborate,^ identified
by its infrared spectrum (3000 — 400 wave numbers), b. p. 120— 125°/0-05 mm., and 1-4500 
(lit.,I b. p. 125°/0-05 mm., n̂ y- 1-4520) (Found: C, 43-8; 11, 7-7; 13, 9-3%; M, 240-6. Calc, 
lor C,lli«O^Bg: C, 44-4; H, 7-4; B. 8-9%; M, 243-6).

2-2'-Chloroethoxy-l,'f2-dioxaborepan.— 4 o 2-chlorethyl dichloroborinate (15-1 g.) (Found : 
13, 6-55; easily hydrolysed ( I, 41-6. Calc, for CgH./BCl./): 13, 6-7; Cl, 43-5/o) was added at 0° 
butane-1,4-diol (8-2 ml.). Iiydrogen chloride (94%) was removed and the residual viscous 
})orepan analysed without distillation (Found: C, 39-1; 11, 6-6; 13, 6-3; easily hydrolysed
Cl, 0. CgH^)BC10g requires C, 41-3; H, 5-8; B, 6-2% ; easily hydrolysed Cl, 0).

2-Methoxv-\,'̂ ,2-dioxaborepan.— Dichloromethoxyborinate (13-5 g.) (Found: B, 9-3;
Cl, 59-7. Calc, for CgH^BO^: B, 9-6; Cl, 62-9%) and butane-1,4-diol (10-6 ml.), by
a similar reaction, gave a pale yellow plastic methoxy-compound (Found: C, 46-2; 11, 8-5; 
B, 8-3; Cl, 0. C^HiiBOy requires C, 46-2; H, 8-5; ]3,'8-3%; Cl, 0).

Reaction of Methoxyborepan ivith Chlorodimethoxyboronate.— Borepan (4-1 g.) was added to 
the chloromethoxyboronate (4-9 g.) at — 80°. After the mixture had warmed to room tem
perature volatile materials were removed. No methyl borate was detected. The residue 
had a boron content of 10-8%.

Molecular weights were determined cryoscopically. The infrared absorption spectra of 
some of the compounds described will be reported later.

4 he authors are grateful for the award of a University of Tondon l.C. 1. I'ellowship (to 
J. C. 1..), a D.S.I.R. postgraduate studentship (to E. J. P.), and a Petroleum Research Fund 
Studentship (to P. J. G.). It is a pleasure to thank Messrs. B. Smethiirst and R. D. G. Lane 
for technical assistance.
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119. D ù^^roportionation o f Bishorates and Bishorinates.

By A k t h u k P. J. G a r d n e r , and J. C. L o c k h a r t.
LiHYiJCNE b i s(d i c h l o r o b o r i n a t e ) (I; n =  2, X  —  Cl) lias been shown  ̂to possess con
siderable stability  at room temperature, and the derived ester, ethylene bis (dibutyl 
borate) ( I; )i =  2, X  =  OBu"), to be stable to repeated d is t i lla t io n .^  We have attempted 
to prepare the corresponding trimethylene systems (I; n =  3, X =  Cl, NCS, or OBu") 
and ha\'e found a striking difference in thermal stability.

XoB-O-ECHoL-O-BXo (I)

Although the infrared spectrum of the product of reaction of appropriate quantities 
of boron trichloride and trimethylene glycol indicated formation of the discrete compound 
trimethylene bisdichloroborinate (I; « =  3, X  =  Cl), decomposition into 2-chloro-1,3,2- 
dioxaborinan and boron trichloride proceeded rapidly at room temperature, possibly as 
indicated in scheme (I). Trimethylene bisdi-isothiocyanatoborinate (I ; =  3, X  =  SCN)
appeared to disproportionate similarly.

I------- ,
Cl V "o BClj + CI'B O C H i CH; O • ■• • ( I )

c C
Wc attempted to make trimethylene bis(di-2-chloroethyl borate) by condensation of the 

trimethylene bisdichloroborinate (I; n =  3, X  =  Cl) w ith 2-chloroethanol. The infrared 
spectrum and refractive index of the product were identical w ith  those of an equimolar 
m ixture of 2-2'-chloroethoxy-l,3,2-dioxaborinan and tris-2-chloroethyl borate. On d istil
lation these were separated and identified as the sole products. Reaction of the t r i
methylene bis(dichloroborinate) and butan-l-o l likewise yielded the corresponding cyclic 
ester ( I I  ; R =  Bu”). We cannot distinguish between the two reaction paths shown in (2) ; 
either or both of them may be operative.

ROH
CioB-0-[CHo],rO-BCl2 ►  (RO)./0-[CHoJ,rO-B(OR)o -|- HC!

a
b c . . (2)

I I ROH I I
BCIo -!- CI-B-0'[CHd«'0---►  (RO),B +  RO-B'O'fCHJ^'O +  MCI

d (Til) ( II)

This instab ility  of trimethylene bis (dialkyl borates) is in sharp contrast to the behaviour 
of the ethylene compound (I; n =  2, X  =  OBu"). That thermal stability is not a simple 
function of chain-length was shown by the attempted preparation of the ethylene bis(di- 
2-chloroethyl borate) (I; n =  2, H  =  0'[CH2]yCl). Tris-2-chloroethyl borate and 2-2- 
chloroethoxy-I,3,2-dioxaborolan were the only products. Tetramethylene bisdichloro
borinate was not thermally stable, and disproportionation as in (I) is assumed.



The disproportionation product 2-2'-cliloroctiiox3'-l,3,2-dioxaborolan (IV), synthesised 
by an independent method, was shown by cryoscopic measurements in benzene solution

(O’ I -0’25m ) to be a dimer. Chloroethyl and chloropropyl 
^O-CHi boronates and borinates are known to possess greater

CbCHz’CHz’O’B^ | thermal stab ility  than esters w ith no terminal chlorine.
^ I  ̂ Thus 2-ethoxy-l ,3,2-dioxaborinan could not be obtained

 ̂ I ^B-O-CHî’CHîCI whilst 2-2'-('hloroethoxy-l ,3,2-dioxaborinan was stable
(IV) H j C - O ^  distillation.'^’ I t  has been suggested that this may be

due in part to chelation, w ith  back-donation from chlorine 
to boron. This is unlikely in ester (IV) where association ])resumably results as shown, 
from boron-oxvgen bonding. Infrared examination of associated molecules of this type 
is in progress.

ExpeyimeniaJ.— Trimethylene hisdichloroborina/e. lTopauc-l,3-diol (3-3 g.) was added 
dropwise to boron trichloride (10-3 g.) at — 80° under a condenser cooled to — 80°. Hydrogen 
chloride evolved (100%) was estimated volumetrically. The compound was stored at — 80” 
(Found: B, O’l; Cl, Ü8’3. CgHdTCl.A requires B.’o-l; Cl, r>9’7%) and had 1-4418. 
The infrared spectrum differed from those of the disproportionation products, dioxaborinan 
and boron trichloride, there being intensity changes and frequency shifts near 780, 1025, and 
1100 cm.-i.

Attempted preparation of trimethylene his{di-2~chloroethyl borate). 2-Chloroethanol (7’15 
ml.) was added dropwise to trimethylene bisdichloroborinate (6’4 g.) at — 80” under a condenser 
cooled to — 80°. Hydrogen chloride evolved was estimated volumetrically (84%). The 
liquid product, F4500, was analysed before distillation (Found; B, 5 3. C^iHooBoCfiOfi 
requires B, 5’2%). The infrared spectrum (0125M-solution in CCq) was quantitatively similar 
to the superimposed spectra of the disproportionation products. The product was distilled 
under reduced pressure, boiling over the range 25— 75°/0’l mm., and the centre fraction was 
rehuxed at 180° for 5 hr. After several refractionations, the centre fraction distilled over the 
same range, leaving no residue. The lowest-boiling fraction, |.44sy p. p. 4g— 50°/0-07 
mm., was shown to be principally 2-2'-chloroethoxy-l,3,2-dioxaborinan ̂  by analysis (Found: 
B, 6 2. Calc, for CgHjoBClOg: B, (v(5%) and comparison of its infrared spectrum with that of 
an authentic sample. The highest-boiling fraction, b. p. 70— 80°/0’l mm., 7qy'’ F4520, was 
identified as tris-2-chloroethyl borate by analysis (Found : B, 4-8. Calc, for CgkT^BCL^O^: 
B, 4’3%) and by its infrared spectrum. 83% of the theoretical quantity of tris-2-chloroethyl 
borate (calc, on reaction 2c) was recovered.

Attempted preparation of trimethylene bis{di-n-butyl borate). The reaction was conducted 
in a similar manner with butan-l-ol (15 4 ml.) and trimethylene bisdichloroborinate (8’7 g.). 
Hydrogen chloride (78%) was evolved. Repeated refractionation under reduced pressure 
effected separation into tri-n-butyl borate, n̂ ^̂  F4079, b. p. 48— 52°/0’I mm. (lit.,̂ 1*4070)
(infrared spectrum identical with that of an authentic sample, which boiled at 50— 52°/0’l 
mm.), and 2-n-butoxy-1,3,2-dioxaborinan, b. p. 34— 37°/0’06 m m .  (lit.,'* b. p. 36— 38°/0’12 mm. 
(infrared spectrum identical with that of an authentic sample).

Trimethylene his{di-isothiocyanatoborinate). Trimethylene bisdichloroborinate (3-9 g.) was 
run into a solution of potassium thiocyanate (6*4 g.) in 1,2-dimethoxyethane (100 ml.). Pre
cipitated potassium chloride was filtered off and the solvent evaporated from the filtrate. The 
residue was distilled into four fractions, the highest of which was 2-isothiocyanato-1,3,2-di
oxaborinan, b. p. 55— 65/0*05 mm., which had an infrared spectrum identical with that of an 
authentic sample.^ Boron tri-isothiocyanate has only very recently been described.®

Ethylene bis\di-{2-chloroethyl) borate']. Ethylene bisdichloroborinate (Found: B, 9-3, Cl, 
61*5. Calc, for CgH^B^CbOg: B, 9*7; Cl, 63-6%) was esterifled with 2-chloroethanol as before; 
hydrogen chloride (93%) was evolved. Successive fractionation yielded 2-2'-chloroethoxy- 
1,3,2-dioxaborolan, b. p. 52— 56°/0*02 mm., 1*4565, identical in infrared spectrum with 
that obtained by another route (below), followed by tris-2-chloroethyl borate, b. p. 68°/0*05 mm., 
V ®  1-4520 (lit., b. p. 70°/0*01 mm., n̂ ^̂  1*4530) (Found: B, 4*3. Calc. : B, 4*6%).

2-2'-Chloroethoxy-\,̂ ,2-dioxahorolan.— Prepared from 2-chloro-l,3,2-dioxaborolan and 2- 
chloroethanol by a standard method, this ester was a colourless viscous liquid, b. p. 52— 58°/



0-02 mm., 1-4554 (Found: C, 31-9; H, 5-7; B, 7 05; Cl, 24-75%; M, 290. C^H^BOoCl 
requires C, 31-95; H, 5-4; B, 7-2, Cl, 23-6%; M, 150).

Tetyamethylene bisdichloroborinate. Butane-l,4-diol (3-0 ml.) was added to boron tri
chloride (8-1 g.) at — 80° under a condenser cooled to — 80°. Hydrogen chloride (84%) was 
evolved and the residual ester, a white amorphous fuming solid, darkened rapidly at room 
temperature (Found : B, 8-7; Cl, 53-9. C.jHgB.Tl.jOo requires B, 8-6; Cl, 56-3%).

Physical constants. Molecular weights were determined cryoscopically in benzene, and 
infrared S])ectra were investigated between 3000 and 700 cm.“* on a Perkin-Elmer model 137 
spectrometer.

The authors are grateful for the award of a University of London I.C.L Fellowship (to 
J. C. L.) and a Petroleum Research Fund Studentship (to P. J. G.). It is a pleasure to thank 
Messrs. B. Smethurst and R. 1). C>. Lane for technical assistance.
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A S S O C IA T IO N  IN  C Y C LIC  BORONATES A N D  BORATES

A. F in c h  a n d  P. J. G a r d n e r  
Chemistry Department, Royal Holloway College, University of London,

Egham, Surrey, U.K.

{Received 20 November 1962; in revised form 10 January 1963)

Abstract— The molecular weights of some cyclic boron compounds have been studied over a wide 
concentration range. Olan derivatives were far more associated than their inan analogues. The 
degree of association of some inans was concentration-independent. Modes of association are 
proposed.

S e v e r a l  references to molecular weight determinations o f cyclic boron compounds at 
isolated concentrations are to be found in the l i t e r a t u r e . T h e r e  are also many 
reports o f anomalous physical properties (e.g., boiling point, viscosity) o f cyclic 
derivaties relative to their acyclic analogues.

Investigation o f a series o f compounds o f the type:

X  n =  2, 3/  \  Y =  CI.& OR
(CHo)n B— Y X =  O, s

\  /  R =  alkyl
X

indicates two distinct modes o f association: (a) concentration-dependent association 
and (b) concentration-independent association, w ith the occasional possibility o f both. 
The results confirm the predictions o f D ale ®̂̂ on the relative stabilities o f trigonal 
and tetrahedral boron in  five- and six-membered rings. I t  is clear, from  this work, 
that any molecular weight datum obtained at an isolated concentration should be 
accepted w ith reservation.

E X P E R I M E N T A L
General procedure. Compounds (X =  S, Y = f) were prepared by condensing phenyl boron 

dichloride with the appropriate dithiol. All others were prepared by condensing boron trichloride 
with the appropriate diol followed by alcholysis for the ester derivatives. The majority of the 
derivatives, being moisture-sensitive, were handled in a dry-box; they were distilled under reduced 
pressure immediately prior to use. Precautionary measures were taken to ensure the absence of 
pyrolysis or hydrolysis throughout cryoscopic measurements. The benzene solvent, of specially 
purified cryoscopic grade (B. D. H.) was stored over sodium.

Apparatus. The cryoscopic cell was of all glass construction and similar to that of Zem any'^L  
Agitation was effected by means of a chromium-plated stirrer actuated by an external solenoid. The 
intermittent pulse to the solenoid was supplied by a slowly-rotating cam operating a micro-switch. 
The temperature-sensitive element was a thermistor (F2311/300, Standard Telephone and Cables 
Ltd.) incorporated in a Wheatstone bridge.

Calibration and errors. Using the described equipment, differential temperature measurement was
(1) R. J. B r o t h e r t o n  and A. L. M c C lo s k e y , J. Org. Chem. 26, 1668 (1960).
(2) E . W. A b e l,  S. H .  D a n d e g a o n k e r ,  W. G e r r a r d  and M. F. L a p p e r t , / .  Chem. Soc. 4697 (1956).
(3) J. A. B la u ,  W. G e r r a r d  and M. F. L a p p e r t ,  / .  Chem. Soc. 4116 (1957).
(4) J, A. B la u ,  W. G e r r a r d ,  M .  F. L a p p e r t  and B. A. M o u n t f ie ld  and H. P y s z o ra , J. Chem. 
Soc. 380 (1960).
S. H. Rose, Diss. Abs. 22, 2185 (1962).

(«) J. D a le ,  B . H a r g i t a y  and A. J. H u b e r t ,  J. Chem. Soc. 910, 922 and 931 (1961). 
u) p . D .  Z em a n y , Anaiyt. Chem. 24, 348 (1952).
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accurate to _L0 002°C. Assuming the resistance/temperature relation*”’®' for a thermistor to be =  /t 
exp [BIT], the constants (A, B) were obtained by comparison with a platinum resistance thermometer 
(Degussa Hanau) over the range 0-6°C coupled to a six-inch potentiometric recorder sensitive to 
0 02°C. The thermistor was also directly calibrated by determining the constant C in the standard 
form of the depression equation Mo =  CnhJ^R, where Mo =  molecular weight of solute, /Ug =  mass 
of solute, and A/? =  freezing-point depression in ohms. The value of this constant was found to be 
within ±1 per cent of that calculated from the approximate expression C =  MjR RoBjHnii, where 
R ̂  gas constant, Ro =  resistance at To, A//latent heat of fusion of the solvent and Tq =  freezing 
point of pure solvent. Since the benzene/naphthalene system is ideal to almost eutectic concen
trations*̂ "' it is legitimate to use the experimental value of C  in computing molecular weights, 
cryoscopically determined in benzene.

Values of the cryoscopic constant K̂ , derived from the equation =  nhCTî fR̂ B were: 5123 ±  
100 for benzene (Lit.*̂ '̂ 5120), and 7161 i  100 for nitrobenzene (lit.*'̂' 7200). Test runs over the 
concentration range 0 Ol-O 6 M  on phenyl boron dichloride and tri-n-butyl borate were made, 
giving molecular weights of 161 (calculated 158-8) and 226 (calculated 232-2) respectively. The 
reproducibility of individual runs was ca. 0-3 per cent.

The reproducibility of runs on the compounds studied varied between d 0-3 and d:2  per cent, 
dependent on their stability. The approximations involved in using the standard colligative depression 
equation were estimated for a hypothetical compound of molecular weight 150 ideally dissolved in 
benzene and amounted to 0-4, T5 and 3-7 percent at the concentrations 0-05, 0 2 and 0-5 M  respec
tively. The accuracy of the experimental data hence depends largely on the purity and stability of the 
compounds, rather than the precision or accuracy of the experimental method.

R E S U L T S  A N D  D I S C U S S I O N  
Molecular weights at 0-5M, 0-2M and 0-5M concentrations are listed in the Table 

and the variation o f cryoscopic depression with concentration fo r several compounds 
is shown in Fig. 1.

20a

m

OB 0-80-7 0-90-5
M olarity

0-60-40-2 0-3

F ig . 1.— Graphs of degree of association (a) vs.
Molarity III Phenyl boron dichloride IV Tri-n-butyl borate

V  2-(2'-chloroethoxy) 1,3,2-dioxaborolan VI 2-(n-butoxy) 1,3,2-dioxaborolan 
VII 2-(2"-chloroethoxy) 1,3,2-dioxaborinan 

(experimental points for III, IV and VII are omitted between 0-0 and 0-45 molar)
*”' J. A. B e c k e r , C. B. G r e e n  and G. L. P e a rs o n , Bell Syst. Tech. J. 26, 170 (1947).
**" H. A. S k in n e r  (Editor), Experhnental Thermochemistry, Vol. 2, p. 168, Interscience, New York 

(1962).
*̂"' R. K. M c K u l l a n  and J. D. C o r b e t t ,  J. Chem. Educ. 33, 313 (1956).
*11) W e is s b e rg e r (Editor) Techniques of Organic Chemistry Vol. 7. Organic Solvents. Interscience, 

New York (1955).
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The acyclic compounds phenyl boron dichloride and tribu ty l borate (111, IV) and 
the sulphur compounds (V III,  X , X I)  are monomeric at all concentrations studied. 
A ll others show association, the effect being especially marked and concentration- 
dependent in the five-membered (olan) structures. Considering these first, four models 
fo r association may be examined:

( I)  Boron-oxygen bridging:

CL.

(X = cl)

-0 B.'CL

(2) Four-centre interaction: CL ( X = cl)

(3) Chlorine bridging (X  =  C l):

'CL

r - O  Cl OV
-o/ "" c(" \

(4) Ten-membered ring form ation:
(X =  Cl)

Cl— B B— Cl

o
or combinations o f these.

Large-ring formation (4) may be dismissed, since, as seen in the Figure, the degree 
o f association is strongly concentration-dependent, and the energy required fo r break
ing a B— O bond {ca. 110 kcal./mole^^^O is not available on dilution. In  this model 
alone the boron retains the sp̂  (trigonal) configuration, hence nuclear magnetic reso
nance measurements m ight be o f value. Molecular models show that the ten-mem- 
bered system is strain-free; hence its independent existence is not precluded.

Since the olan esters (V) and (V I), like the parent compound (I), show sim ilar 
strongly concentration-dependent association, it  is reasonable to ascribe this prim arily 
to (1). From  the physical properties, e.g. viscosity, vapour-pressure, boiling point, o f 
the pure phases, as well as by extrapolation o f the molecular weight vs. concentration 
data, it  is obvious that these compounds are associated considerably beyond the dimer 
(a =  2) stage. However, the inapplicability o f colligative-property equations to these

*̂3' T. Charnley, FI. A. Skinner and N. B. Smith, /. Chem. Soc. 2288 (1952).
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conditions prevents the precise estimation by the usual techniques. This suggests that 
some form  o f stacking, as in (1), is operative. As expected from  its higher dielectric 
constant, the use o f nitrobenzene as solvent reduced the degree o f association.

Compound ( II)  is o f special interest since the six-membered (inan) skeleton, unlike 
the olan analogue, is relatively strain-free, and hence less tendency for change to the 
tetrahedral sjf̂ configuration {sp̂  ->  sp"̂) would be predicted. The comparatively small 
association observed (a =  M  in both benzene and nitrobenzene) is well outside experi
mental error and independent o f concentration; this is in direct contrast w ith the 
behaviour o f the olan system. I t  is possible, therefore, that a different mechanism, 
e.g. chlorine bridging (2) is now operative. Similarly, the dithioborinan is also slightly 
associated in a concentration-independent manner. I f  it  is assumed that a degree o f 
association o f M  represents a monomer-dimer equilibrium, 2A ^  Â , it  is difficult to 
understand why this should not be dependent on concentration. This form o f bridging 
is formally similar to the hydrogen bridging proposed in a recent dissertation^^) for
1,3,2-dioxaborolan:

'
(C H ,), B B (C H ,L

W
No evidence for stable chlorine bridging in boron compounds could be found in 

the literature, though the phenomenon is well established fo r other elements. In  this 
connexion the molecular weight o f phenyl boron dichloride was measured under com
parable conditions, and a strictly monomeric solution was found at all concentrations. 
This confirms a previously reported value^^) at a single concentration. This does not 
preclude chlorine bridging in  the inan derivatives. The difference in energy between 
trigonal and tetrahedral boron configurations is very much greater in  the cyclic than 
the acyclic system. Further, the extent o f dimérisation

Cl Cl (/>
\ ./ \ /2 ( iB C L ^  B B
/ \  / \
 ̂ Cl Cl

might be expected to be small under ambient conditions.
Association o f the inan ester (V II)  cannot occur via chlorine bridging: it  is slightly 

concentration-dependent and presumably due to boron-oxygen interaction.
The n-butyl and 2-chlorethyl esters were selected as being o f known stability. 

The apparent high molecular weight o f some esters may be due to disproportionation. (G)

y O \ yO x y O \
3 (CHg)n( ;BOR ^  B(OR)g +  (CH2)n( )BO(CH2)nOB( )(CHg)n

The possibility that solvent-solute interaction, i.e. weak vr-bonding, occurred was 
also considered. The ultraviolet spectrum o f solutions o f benzene, o f ( II)  and o f an 
equimolar m ixture o f both, all in cyclohexane, were measured in the range 220-290 mfi. 
N o changes in  the characteristic B-band at 255 m ^., loss o f fine structure or change in 
band envelope were observed.

(14) A. Finch, P. J. Gardner, J. C. Lockhart and E. J. Pearn, J. Chem. Soc. 1428 (1962).
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In principle this association should be reflected by the appearance in the infra-red 
spectra o f bands associated w ith  (bridge) w ith corresponding changes in the 
frequency o f i 'b - x  the monomeric molecule. However, the assignment o f in 
(1) is equivocab^^) and the region in which boron-oxygen stretching modes are expected 
to absorb (ca. 1300-1440 cm~^.) is complex. Hence as yet this method has not been 
successful in distinguishing between the two forms o f association.

Acknowledgments— \i is a pleasure to thank Dr. J. C. Lockhart for helpful discussion, Messrs. B. 
Smethurst and R. Lane for technical assistance and the Petroleum Research Foundation (American 
Chemical Society) for the award of a pre-doctoral Fellowship (P. J. G.). The recording platinum 
resistance thermometer was purchased with a grant from the Central Research Fund (University of 
London), to whom sincere thanks are due.

A. F in c h ,  P . J. H e n d r a  and E. J. P e a rn , Spectroclum. Acta, 18, 51 (1962 ).


