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ABSTRACT 

r\ new class of non-stoichiometric crystalline inclusion conlpo~lnds has been discovered, 
having the general formula 

(CH30)3B. (amine), . (solvent),, 

where 0.5 < n < 1.0 and 0 < x < 3 depending on the method of preparation and on the 
nature of the amine and sol\ ent. Such co~npounds have been prepared with ammonia and a 
variety of primary and secondary amines. Among the solvents which can be incorporated 
into the crystals are alcohols, ketones, ethers, esters, nitriles, nitroparaffins, and hydrocarbons. 
Such co~~~pouncls  are also formed by triphenyl orthoborate, with 1.7 < 12 < 2.4 and 1.2 < x 
< 1.6. 

The incorporated solvent has been shown to exert a definite vapor pressure. Furthermore, 
many of the compounds sublime a t  room temperature to form large transparent crystals 
which also contain incorporated solvent. The mechanism probably involves dissociation, 
followed by reassociation on the walls of the vessel. Preliminary X-ray diffraction ineasure- 
lnents suggest that the trimethyl orthoborate - anllllonia inclusion compounds have essentially 
the same crystal lattice as pure trimethyl orthoborate - a~nrnonia. 

INTRODUCTION 

In a discussio~l of various methods for preparing the co~npound (C1130)3B, Schechter 
(1) reported that treatment of the trimethpl orthoborate - methanol azeotrope with 
ammonia afforded crystals with incorporated methanol. The present work was undertalcell 
to determine whether this phenomenon is a general one and, if so, to make a preliminary 
study of the properties of these inclusion compounds. 

The literature on adducts of orthoboric acid esters and amines is scant. As recently as 
1950, these esters were thought (2) to be i~lsufficiently acidic (in the Lewis sense) to 
form such compouncls. 

In a series of papers on the reaction of trilnethyl orthoborate with ammonia and 
amines, Goubeau et al. (3-5) described the preparation of (CH30)3B.NI-13 and its 
reactions with excess anl~no~lia  and with excess orthoborate. They also prepared and 
characterized the 1 : l  addition co~npounds of trimethpl orthoborate with mono-, 
di-, and tri-methylanline (5). Urs and Gould (6) reported the formation of solid 
addition compounds 011 mixing trimethyl orthoborate with dimethyl-, diethyl-, di-n- 
propyl-, di-n-butyl-, di-n-arnyl-, triethyl-, and tri-12-butyl-amine. The con~pounds forlned 
with ethylenediamine, piperidine, methylamine, and t-butylamine were stable enough 
to be purified by sublimation in vac~ io ;  melting points and analytical results were given 
for these 1 :1 addition compounds. The addition reactiolls were strongly catalyzed by the 
lower aliphatic alcol~ols. No solids separated on mixing amines with triethyl, tri-n-butyl, 
and tri-n-amyl orthoborates, although considerable heat evolution was noted with the 
ethyl ester. Urs and Gould (6) found no evidence of interaction between trinlethyl 
orthoborate and pyridine or quinoline, but a stable 1: l  adduct of tris(l,l,l-trifluoroethyl) 
orthoborate and pyridine has since been characterized by Gerrard et al. (7). 

I-Iorn and Gould (8) studied the interaction of triillethyl orthoborate with 19 aliphatic 
and 5 heterocyclic an~ines, by measuring partial vapor pressures of the borate over 
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equimolar borate-amine mixtures. Departures froill ideality, which were greatest for 
ethylenediarnine, piperidine, and trietlia~~olamine and least for trin~ethylainine, di-i- 
propylamine, and pyridine, afforded a measure of the degree of interaction. As found 
previously (G) ,  methanol marliedly increased the borate-amine interaction. 

Addition compounds between triaryl orthoborates and amines have been prepared and 
characterized by Colclough, Gerrard, and Lappert (9, 10). Stable 1 :I adducts were 
obtained i11 most cases, but  where steric hindrance was severe the adducts were found to 
be deficient ill amine. Ammonia formed 3: l  and 2:l adducts respectively with tris(2,4,6- 
trichlorophenyl) and triphenyl orthoborates. 

EXPERIMENTAL 

Mc~tcria Is 
Trimethyl orthoborate - methanol azeotrope was prepared by f r ac t io~~a t i~ lg  orthoboric acid and methanol 

(1:4 mole ratio) a t  a 10:l reflux ratio. Trimethyl orthoborate was separated by shaking the azeotrope with 
an11)drous lithium chloride (11) and purified by fractionation. The p ~ ~ r i t y  \vas checked by titrating a weighed 
sample wit11 0.1 N sodium hydroxide to the pher1olphthalei11 end point in the presence of mannitol. 

Triphenyl orthoborate was prepared by distilling orthoboric acid and phenol (1:5.3 nlole ratio), the water 
fornled being removed azeotropically \vith the excess phenol (I)). The  c r ~ ~ d e  product was purified by vacuun~ 
distillation, the fraction boiling a t  154-lGTo a t  0.2 mrn being used for subseq~~en t  experiments. 

The ammonia n.as Dow refrigeration grade. The gaseous amines were supplied by the hfatheson Company 
and the liquid a r n i ~ ~ e s  and solve~lts were Eastman ICodak "byhite Label" quality. 

P r e p a ~ t i o n  0.f Inclusion Con~poirnds 
(i) Trirrlethyl Orthoborate plus Gaseoz~s Alltines 
Trimethyl orthoborate (5 ml) and the solvent to be incorporated (10 ml) were mixed in a 50-1111 Erlen- 

meyer flask and saturated with the amine under slight excess pressure. Cooling the mixture in an ice bath 
helped to  initiate crystallization and mas nseful in controlling the subsequer~t temperature rise. The crystals 
were separated by filtratior~ on a sintered-glass funnel, in a dry box, washed with the same solvent if suf- 
ficientl!. \-olatile, otherwise with methanol, acetone, or n-pentane. After drying by suction, samples of the 
solid were transferred to tared weighing bottles for analysis. A small quantity was crushed on a porous 
plate and placed ill a ~lieltillg point tube \\,hich was sealed immediately after removal from the dry box. 

Cii) Trinletltyl Ortltoborate plus Liquid Allline 
Trimethyl orthoborate, solvent, and amir~e (5 1111 of each) were added in turn to a 50-ml Erlenmeyer flask 

cooled in an ice bath. The r e su l t a~~ t  crystals were liltered ill the dry box as described above. 
(ii'i) Tritirethyl Orthoborate pdi~s Liquid ilwznlonia 
i\ few inclusio~~ compounds \\.ere formed using liquid a m ~ n o ~ ~ i a ,  i r ~  an attempt to obtain an exactly 1:l 

ratio of B:N. X mixture of trimethyl orthoborate, solvent, and ammonia in the mole ratio 1:8:5 was found 
to provide a sufficient excess of ammonia and enough solvent to prevent the trimethyl orthoborate from 
freezing. One part of trimethyl orthoborate and four parts of solvent were cooled to -28" C (boiling CI??CI:) 
and a mixture of five parts of liquid a~nmonia and f o ~ ~ r  parts of solve~lt added cautiously with stirrir~g. i\ 
soda lime trap \\,as attached to the flask and the contents were allowed to \\.arm to room temperature. 
Fltration was carried out in a dry box, as ~rsual. 

Cii') Tripltenyl Ortltoborate 
Triphenyl orthoborate- am~nonia compounds were made by dissolving the ester in the solvent to be 

incorporated (using a slight excess of sol\.ent over that required to effect solution) and saturating the soliltion 
with a~nmonia. 

Analysis  0.f I?tcl~~sio?t Cotrrpor~nds 
\\.eighed samples of the inclusion compounds were dissolved in water and titrated against 0.1 N hvdro- 

chloric acid to the methyl red end point. Mannitol was added and the solution then titrated against 0.1 iV 
sodi~rnl hydroxide to the phenolphthalein end point. The first titration gives the amount of anline, the second 
gi\;es the amount of boric acid liberated on hydrolysis. 

The methanolpsis procedure of Thomas (12) was used to  determine the boron content of the tripllenyl 
orthoborate inclusio11 compour~ds. Later experiments, however, showed that direct titration gives the correct 
answer despite the presence of free phenol. 

All inclusion co~l~pounds  were ass~rmed to correspond to the formula 

(R0)sB.  (amine),, . (solvent),. 

The values of 12 and x cot~ld be calculated from the above analytical results, 
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YOUKG AND .4hrDERSON: INCLUSION COMPOUNDS 

RESULTS 

Trimethyl Ortl~oborate - -~lmnzo~zia Compoz~nds 
Analytical and other data  for inclusion compounds involving trimethyl orthoborate, 

ammonia, and a series of alcohols are given in Table I. The  solvents usecl to wash the 

TABLE I 
(CHz0)aB. (XI-IB),, . (alcohol), 

(l'repared by saturating an alcoholic solution of trimethyl orthoborate with ammonia gas) 

\Vashed Crystal 
Alcohol <y o y (7; B n T with Appearance prowth 

Methyl 8 .  $15 5.98 1.16 I .79 
8.04 5.73 1.09 2.09 

Ethyl 4.55 4.23 0.83 2. (39 
72-Propyl 6 . 92 5.15 1.04 1.47 
i-Propyl 7.57 6.33 0.92 0.85 
n-Butyl 5 .94 8.52 0.54 0.19 
i-But!-I 7 .76 6.53 0.92 0.62 
s-Bu tj.1 7.86 7.60 0.80 0.34 

71-Pentane 
Col. 1 

Col. 1 
coi: 1 
Col. 1 
Col. I 
Acetone 
- 

Acetone 
Acetone 

M'e t 
\\;e t 
\\'e t 
\\let 
Wet 
\Vet 

R'e t 
\Vet 
Dry 
\Vet 
\Vet 
L\!e t 
Dry 
iflet 

XSS 

S X S  

S X X  

SS 

SS S  

SS 

SSS 
XXX 

9 

'Prepared using liquici  amlnollia. 

crystals are listecl in c o l u ~ ~ i n  G ("col. 1" means that the crystals were washecl with the 
same alcohol). The appearance of the crystals is noted in column 7. These compounds 
were generally quite wet ancl sticky, so that  it was not possible to measure melting points. 
TIILIS the compound containing ethanol became practically liquid on storage. Many of 
the compounds sho\ved a marlied tendency to sublime a t  room temperature. After a 
few weelcs' storage in weighing bottles, large transparent crystals were deposited on the 
upper surfaces of the bottles. In some cases, such crystals were found buried i l l  the 
original powder a t  the botlom of the bottles. The tendency for crystal growth by sub- 
lilnation is indicated in column 8 (x = slight, xx = moderate, xxx = pronounced). 
The  compountls with t-am).l and n-decyl alcohols formed large, dry crystals, which were 
removed with tweezers and analyzed (see Table IX).  

In Table I1 are listed the results obtained for inclusion compounds contailling trimethyl 
orthoborate, amnlonia, and a series of saturated and ~111saturated hydrocarbons. All these 
compounds were fine, dry powders. For all the allianes except neopentane and c j ~ l o -  
hexane, x is equal to zero witllirl the experimental error. In contrast, significant values of x 
were fou~icl for all the u~lsaturatecl hpdrocarbons except isoprene. Benzene and cyclo- 
hexane gave almost identical s values. Melting points (sealed tube) for some of these 
compounds are recorded in the last column. 

R e s ~ ~ l t s  for compounds containing trimethyl orthoborate, ammonia, and a variety of 
organic solvents are given in Table 111. Some of these compounds were prepared usi~ig 
liquid ammonia and are designated "liq." in column 6. Crystals of the compouncl con- 
taining 1,1-dimetl1oxyetl1ane, which had sublimed on storage, were removed ant1 analyzed 
(Table I S ) .  The  compound containing CF?CI? (b.p. -28' C) was prepared as  follows. 
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TABLE I1 

(CHs0)aB. (.\'I-Ia)n. (hydrocarbon), 
(Prepared by saturating a hydrocarbon solution of trimethyl orthoborate with ammonia gas) 

Washed Crystal M.p. 
Hydrocarbon G/oN % B  7t I with growth ("C) 

Alkanes 
10.38 9.26 0.87 
10.51 8.79 0.92 

2-Me-butane 10.37 9.48 0.85 
Neopentane 9.46 8.31 0.87 
72-Hexane 11.17 9.35 0.92 
2-Me-pentane 11.11 9.08 0.95 
3-Me-pentane 11.09 9.25 0.93 
2,3-DiMe-butane 11.28 9.00 0.97 
2,2-DiMe-butane 11.30 8.90 0.98 
n-Heptane 10.05 8.72 0.89 
Cyclohexane 7.98 7.34 0.84 

Col. 1 
Col. 1 
Col. 1 SSS 

Col. 1 S 

Col. 1 67.5-69 
Col. 1 
Col. 1 60-63 
Col. 1 
Col. 1 68-77 
Col. 1 XSX 

Col. 1 X 

2-i\;1e-l-~entene 9.51 8.55 0.86 0.10 -- 

1-I-Ieptene 8.27 7.82 0.82 0.21 - 

3-Et-2-pentene 9.97 8.29 0.93 0.11 Col. 1 Y 

Aro~natic hydrocarbons 
Benzene 7.89 7.65 0.81 0.31 Col. I 

TABLE I11 

(CH30),B . (SH,),, . (solvent), 
(Prepared with gaseous or liquid ammonia) 

Washed Crystal h1.p. 
Solvent N % B  n x Method with growth (OC) 

C112Cl~ 5.92 G.65 0.69 0.55 Gas Col. 1 
7.53 8.20 0 7 1  0.19 Liq. - 62-64 

CFICIJ 7.94 7.79 0.79 0.18 I iq .  - 
CCI,, 5.36 5.G5 0.73 0.49 Gas Col. I x 

-- --.- 
Et?O 8.32 7.99 0.81 0.24 1,iq. - 
n-PrnO 7.15 G.46 0.8G 0.48 Gas Col. 1 xss 
l.l-(CFI30)?CrH.i 6.19 6.13 0.78 0.66 Gas Col. 1 xss 
~ I ~ C O E ~  6.07 8.91 0.53 0.12 Lio. - 
MeCOOEt 8.82 8.30 0.82 0.14 ~ a ' s  Col. 1 
MeNO? 8.13 6.87 0.91 0.62 Gas Col. 1 x 
HCONH, 7.64 8.33 0.71 0.31 Gas Acetone x 
iLIeCN 8.72 7.80 0.86 0.49 Gas - Y 

EtCN 7.55 7.48 0.78 0.50 Gas - xx 

A mixture of approximately equal volumes of trimethyl orthoborate and liquicl CF2Cl2 
(they are not completely miscible) was held a t  -28' C in a boiling-CFzClz bath ancl 
saturated with an~monia gas. Extensive precipitation was observed in both gas and 
liquid phases. The mixture was warmed to room temperature, whereupon all the uncom- 
bined CFzClz and ammonia evaporated. The weight of the residual solid was measured 
as a function of tiine; the sa~nple lost weight contiriuously over a period of 24 hours. The 
same results were obtained in a subsequent experiment in which (CI-130),B. NI-I, (1.785 g) 
was treated with excess liquid CFzClz a t  its boiling point. After warming to room tempera- 
ture and allowing the excess CFzClz to boil off, the solid was reweighed and found to 
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YOUNG .AND ANDERSON: INCLUSION COMPOUNDS 1809 

have occluded 0.172 g of CF2Cl2 (x = 0.096). This sample also lost weight slowly a t  
room temperature. 

Trimethyl Orthoborate - iVetlzylamine Compou~zds 
Results for coinpounds of trimethyl orthoborate, monoinethylamine, and alcohols are 

shown in Table IV. Under the conditions used, no crystals could be obtained in the 

TABLE IV 
(CH30)SB. (CHINH?),,. (alcohol), 

(Prepared by saturating an alcoholic solution of trimethyl orthoborate with methylarnine gas) 

Washed Crystal M.p. 
Alcohol %N % B  7 1  x with Appearance growth (OC) 

i\iIethyl 
Ethyl 
71-Propyl 
i-Propyl 
71-Butyl 
i-Butyl 
s-Butyl 
t-Butyl 
n-Amy1 
i-Am yl 
t-Amy1 
12-Hexyl 
a-Decyl 
71-Dodecyl 

8.29 6.58 0.97 0.95 - xx 
Could not be formed 
Could not be formed 
6.93 5.89 0.91 0.86 - Dry x 78-82 
Could not be formed 
Could not be formed 
7.24 6.24 0.90 0.56 - Wet xx 74 
7.22 5.95 0.94 0.66 - Wet x 73-74 
6.24 5.76 0.84 0.66 Col. 1 \Vet xx 
Unstable 
6.93 .5.78 0.93 0.62 Col. 1 Dry Y 
5.85 5.45 0.83 0.67 Col. 1 Mod. dry x 
Unstable 
Unstable 

presence of ethanol, n-propanol, n- and iso-butanol; with isoanlyl alcohol, n-decanol, 
and n-dodecanol, the crystals were not stable enough to perinit filtration. The remaining 
alcohols in Table IV formed stable compounds having substailtial values of x, conlparable 
(excepting methanol) to those found for the corresponding ammonia adducts (Table I). 
Values of n showed far less variation than those in Table I. In the case of methanol and 
n-hexanol, the crystals formed by sublimation during storage were hand-picked and 
ailalyzed (Table IX).  

The results shown in Table V, for co~llpounds involving trimethyl orthoborate, mono- 
methylamine, and hydrocarbons, are remarkably siinilar to those for the corresponding 

TABLE V 
(CHZO)~B.  (CH3NH?),, . (hydrocarbon), 

(Prepared by saturating a hydrocarbon solution of trimethyl orthoborate with methylamine gas. 
Crystals washed with the same hydrocarbon) 

Crystal M.p. 
I-Iydrocarbon yo X % B  ?I x growth ("c)  

12-Pentane 8.90 8.54 0.81 -0.03 73.5-76 
Neopentane 7.36 7.88 0.72 0.15 x 
2-Me-butane 8.07 7.41 0.84 0.39 xxx 
n-Heptane 8.51 8.56 0.77 -0.01 
Cyclohexane 8.84 8.39 0.81 0.00 73.5-74 
Benzene 7.90 6.88 0.89 0.33 71.5-72 

CI-I,CI? 7.75 8.26 0.73 0.05 
CCI, 8.06 7.65 0.81 0.08 

compo~~nds  nlade with aill~llonia (Table 11). The values of x are ali~lost identical except 
for %-methylbutane, which is occluded with inetl~ylainine but not with ammonia, and 
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for cyclohexane, for which the reverse is true. With methylamine, the values of n are 
slightly lower than with ammonia. Results for CI-12C12 and CCll are also included in 
Table V. These solvents give very low x values, in contrast to their behavior with 
ammonia (cf. Table 111). 

Trimethyl Orthoborate - Higher Amine  - iMetlzanol Compo~inds 
In Table VI are given the results for compounds involving trimethyl orthoborate and 

higher amines, methanol being the incorporated solvent in each case. The first five 

TABLE VI 
(CH30)ZB. (amine),,. (MeOH). 

(Prepared by treating a ~llethanolic solution of trimethyl orthoborate \\lit11 
gaseous or liquid amine) 

-- - 
Crystal Y1.p. 

A4ppearance growth ("C) 

Ammonia 
Monomethyl 
Di~llethyl 
Trimethyl 
Monoethyl 
Diethyl 
Triethyl 
71-Butyl 
Tri-n-butyl 
t-Butj-l 
n-An1 y 1 
71-Heptyl 
Piperidine 

8.95 5.98 1.16 1.79 Wet sss 
8.21) 6.58 0.97 0.95 iV10d. wet ss 
Unstable a t  room temperature 
Unstable a t  room temperature 
7.50 5.52 1.05 1.40 Mod. dry xss 56-60 
6.53 4.08 1.01 1.23 Wet sss -15-50 
No crystals formed 
5.99 4.66 0.99 1.71 SVe t 
Yo crystals forrnecl 
Unstable a t  room tenlperature 
6.21 4.86 0.99 1.02 \Yet ss Decomp. 
No crystals fornled 
5.93 1.76 0.96 1.29 Mod. dry ss 65-69 

anlines were added as gases. The data for ammonia and methylamine (from Tables I and 
IV) are listed for the salie of completeness. All the compouncls analyzed contained sub- 
stantial amounts of includecl nlethanol (0.05 < x < 1.79) and exhibited U:S ratios 
close to unity (0.06 < n < 1.16). The trimethyl orthoborate - diethylalnine - methanol 
compouncl showecl a pronounced tendency to sublime, producing spectacular clusters of 
large crystals on the walls of the weighing bottle in which it was stored. 4 photograph of 
the crystals is shown in Fig. 1; the blaclr strip on the outside of the weighing bottle is 
1 cm in length. These crystals were hand-piclied and analyzed (Table I S ) .  

In orcler to determine the effect of solvent concentration on the value of x, a number of 
preparations of the inethyl borate - piperidiile - methanol col~lpound were made, by 
adding 5 ml of piperidine to 5 ml of methyl borate dissolved in 1-10 ml of nzethai~ol. 
The results, given in Table VIII,  will be discussed later. 

S~iblimed Crystals 
The n and .z: values for large sublimed crystals, which were hand-piclced and analyzed, 

are compared in Table I X  with the corresponding values for the fine crystals from which 
they were grown. 

Triphenyl Ortkoborate - Ammonia Compoz~nds 
Results for compounds involving triphenyl orthoborate, ammonia, and solveilt are 

summarized in Table VII. The amounts of pentane, benzene, and methylene chloride 
incorporated are much larger than with the trimethyl orthoborate - amine compounds. 
Furthermore, n is nearer 2 than 1, in accord with the work of Colclough, Gerrard, and 
Lappert (lo), who found n = 2 for the pure conlpound triphenyl orthoborate - ammonia. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

M
IC

H
IG

A
N

 o
n 

11
/1

0/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



I 1. Sublimctl cr)  shls  of t h c  t r imethyl  or thoborate  - tlimetli) Inmine - methanol  compound.  'The 
I)lacl< s tr ip  is 1 cm long. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

M
IC

H
IG

A
N

 o
n 

11
/1

0/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

M
IC

H
IG

A
N

 o
n 

11
/1

0/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



YOUNG AND ANDERSON: INCLCSION COMPOUNDS 

TABLE VII  

(CoHiO)3B. (NH3),, . (solve~lt), 
(Prepared by saturating a solution of triphenyl orthoborate with ammonia gas. 

Crystals washed with same solvent) 

A1.p 
Solvent %I'.' 'k B IZ 'i ("c) 

In the absence of any detailed plmysicochemical or crystallographic information on the 
pure inclusion-free borate-amine compounds, there is little hope of being able to  give a 
satisfactory interpretation of the mass of results obtained in this work. I t  may be worth- 
while, holvever, to  asse~nble tlme facts which theory ~mmust e v e ~ ~ t u a l l y  explain. 

The  most strilcing feature of the co~npounds is that  they are non-stoicl~iometric with 
respect to  the B :N ratio. Thus with trimethyl orthoborate - ammonia - lmeptanol, .iz is 
a s  low as  0.35, while with the first member of the same series, trimethyl orthoborate - 
ammonia - methanol, n = 1.16. Triphenyl orthoborate - ammonia inclusion compounds 
also exhibit wide variations in n. 

Considering now the values of x, it must be borne in mind tha t  this parameter is 
sensitive to the method of preparation and time of drying with suctio~m on the filter. 111 
a nu~mmber of instances, x and n have been determined as a function of time of dl-1-ing. In  
all cases, long drying causes a decrease in x, bu t  n remains constant. Care was therefore 
taliell to  prepare the compounds under similar conditions; indeed, duplicate preparations 
have shown .t- and n to be fairly reproducible. 

T h e  series trimetl~yl orthoborate - ammonia - alcohol (Table I )  merits detailed 
examination, because i t  is the largest group and  exhibits the \videst range ol x and 
values. The  results indicate a rough correlation between x and n, as  shown in Fig. 2. 
Excluded from this graph are tlme da ta  for ethanol, which exhibits an abnormally high 
affinity for trimethyl orthoborate - ammonia, the results for the methanol compound 
prepared using liquid a ~ n ~ n o n i a ,  and those for the resublimed compounds. I t  should be 
emphasized that  in all cases a constant volu~mme of solvent was used. If the value of x is a 
function of the lmmole fraction of the solvent in the mixture during precipitation, more 
meaningful values of x might have obtained if in all preparations a constant initial mole 
fraction of solvent had been used. 

In order to  determine the dependence of x on the mole fraction of solvent in the mixture 
a t  the s tar t  of the reaction, a series of preparations of the compound (CF130)aB. (pipe- 
ridine),L. (methanol), was made, using varying amounts of methanol. This systenl was 
selected because liquid amines form adducts more rapidly than gaseous amines and 
because moderately dry crystals with high x values could be obtained. T h e  variation 
of x lvitll the amount of methanol used followed no regular pattern in this case (Table 
VIII) .  Ilowever, the results are of unusual interest in that  they show very clearly the 
relation between x and n (see Fig. 3) and confimm tlme correlation inferred from Fig. 2. 

If the incorporated solve~lt  molecules occupy holes in the trimethyl orthoborate - 
amine crystal lattice, one would expect x to be high for small molecules and zero for 
large ones. This general behavior is found in the series trimethyl orthoborate - ammonia - 
alcohol. I n  Fig. 4, the value of x is plotted against the  number of carbon atoms in the 
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FIG. 2. Plot of n versus x for the series of compounds (CHjO)$B. (NH8),. (alcohol),. 

TABLE VIII  

(CH30)3B. (piperidine),. (MeOH), 
(Prepared by adding 5 ml of piperidine to 5 ml of trimethyl 

orthoborate dissolved in methanol) 

MeOH 
(ml) % N  % B  n 'L' 

alcohol, for primary straight-chain alcohols. Since i t  has been shown that x does not 
exhibit a systenlatic variation with the mole fraction of alcohol in the mixture (see 
above), the results in Fig. 4 may be cited as partial evidence for this iimolecular sieve" 
effect. Ir -' 

The marked tendency of the triinethyl orthoborate - amine inclusion compouilds to 
sublime is most probably due to dissociation, migration of the volatile components through 
the vapor space, and reassociation on the cooler parts of the vessel. The same behavior 
has been found with pure trimethyl orthoborate - ammonia. I t  is interesting to note 
(Table IX) that the sublimed crystals have substantially higher values of n and x than 
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0.96-w 

FIG. 3. Plot of n versus z. for the series of compounds (CH30)3B. (piperidine),,. (CHBOH),. 

TABLE IX 

Original crystals Large sublinled crystals 
Incorporated 

Amine solvent n x n T 

Ammonia t-Amy1 alcohol 0.77 0.29 1.03 0.80 
n-Decanol 0.72 0.16 0.03 0.24 
1,1-(CH30)?C2H4 0.78 0 .  66 0.00 0.71 

Monomethvl Methanol 0.83 0.67 0.78 0.60 
n-Hexanol 0.97 0.05 0.97 0.05 

Diethyl NIethanol 1 .01 1.23 0.08 1.02 

the original crystals, when ammonia is the ainine, whereas with inethylanline and 
diethylanline n and x are unchanged or lower than in the original crystals. 

Fronl the behavior of the CFzClz inclusion conlpound it is clear that CFsClz is incor- 
porated into the crystal lattice of trimethyl orthoborate - anlino~lia in such a way that 
it is in equilibrium with a definite partial pressure of CF2C12, as i f  it were adsorbed on 
charcoal, for example. The same undoubtedly holds true for the other incorporated 
solvents. The problem of measuring this equilibrium partial pressure is complicated, 
however, by the fact that tri~nethyl orthoborate ancl the ainine also exert appreciable 
equilibrium partial pressures. If a compound could be prepared from an involatile ortho- 
borate ester and an involatile amine, this solid could be treated as the sorbent and the 
solvent to be incorporated as the sorbate, sorption isotherms could be measured, ancl 
the thermodynalnic functions for the system calculated in the usual way. 

The nleltiilg points of the inclusion coinpounds are thought to be dissociation tempera- 
tures rather than true melting points; therefore little significance is attached to the fact 
that those for the trirnethyl orthoborate - anlmonia compounds lie close to that ('72" C) 
reported by Goubeau and Link (5) for the pure compound trimethyl orthoborate- 
ammonia. In contrast, the melting point of the ~nethylene chloride inclusion conlpound 
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NO. OF CARBON ATOMS IN ALCOHOL 

Dependence of x on 
. (alcohol),. 

the number carbon in  the alcohol, for the series of 

of triphenyl orthoborate - ammonia (84-88') is much lower than the value (125') 
reported for the pure adduct (10). 

The finding tha t  allcanes are not occluded by trimethyl orthoborate - ammonia and 
trimethyl orthoborate - methylamine forlns the basis for a proposed method (13) for 
making these compounds, free from incorporated solvent, avoiding the disadvantages 
of the vapor phase method (I ) .  I t  is interesting to  note that ,  although the alkanes are 
110t incorporated, the crystal growth of the pure amine compounds prepared from alkane 
solutions depends on the nature of the alkane. Thus  (Table 11), crystals of trimethyl 
orthoborate - ammonia prepared in 2-methylbutane or n-heptane show a pronounced 
tendency for crystal growth, whereas those prepared in other alkanes do  not. In  all 
these cases x = 0 within experimental error. The same general behavior is exhibited 
with trimethyl orthoborate - methylamine compounds prepared from alkane solutions 
(Table V). 

Preliminary X-ray diffraction measurements on some trimethyl orthoborate - a~nmonia  
inclusion compounds have indicated that  the crystal lattice is essentially the same as 
that  of pure trimethyl orthoborate - arninonia, confirming the idea tha t  the included 
solvent molecules occupy holes in the crystal lattice. 
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