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SUMMARY

It has been found that the gas chromatography of ammonia
on certain fixed phases containing salts yields chromatograms
consisting of a peak followed by a plateau or a succession of
plateaux of progressively decreasing height. Such chroﬁatograms
have been interpreted in terms of ammine formation in the columm,
and methods have been theoretically elaborated.for using
measurements on the chromatograms to find the dissociation pressures
of the ammines and the ratios of ammonia taken up to silver in the
fixed phase., These methods require the calibration of thé detector,
80 th;t ammonia partial pressures can be found from chromatogram
heights, and this has beeﬁ done by a chromatographic method. . In
most cases, the ratio of ammonia to silver in the fixed phase does
notbyield conclusive information on ammine composition, because there
is usually evidence that the salt is present in different forms or
is only partially converted to ammine.

Most attention has been devoted. to packings céntaining
silver salts dissolved in organic liquids, Solutions of silver
nitrate in Benzyl cyanide ahd benzonitrile, and of silver per-
chlorate in benzyl cyanide, bengonitrile, fenchone and tetralin
have been found to yield chromatograms with plateaux, and a study -
of these has shown that both the anion and the solvent influence
ammine formation. All these solutions react with ammonia to
form a white precipitate and therefore act as heteroggneous
fixed phases., New packings absorb some ammonia, but this is
sJowly removed by é current of carrier gas; the absorption is
ascribed to the formation of lower'émmines having dissociation
pressures too low to be registered by the detector. The
apparent compositions of the lower ammines have been determined by

measuring the initial absorption, and their dissociation pressures



have been found for some packings by measuring the rate bf removal
of ammonia by a current of carrier gas. Complicated ageing
processes take place in columns containing silver nitrate and
silsér perchlorate in benzyl cyanide,

A survey of all the dissociafion pressures determined
shows that these fall into three groups, at rowghly 107*, 107
and 107 atm, The higheét and lowest groups are shown by all
the systems studied, but the middle group only by solutions in
benzyl cyanide, A more detailed comparison of pressures in the
highest group shows that silver nitrate in a given solvent forms an
amnine with a dissociation pressure higher than that of the ammine
formed by silver perchlorate in the same solvent. Altﬁough the
stoichiometric data obtained are very rbugh, there is some in-
dication that ammines of similar composition are formed in
different solutions, \(

Iﬁ contrast to the solutions enumerated above,‘silver
nitrate and silver perchlorate in m~toluidine form no precipitate
with ammowmis, do not absorb ammonia initially and do not give
plateau chromatograms. On these solutions, ammonia heas a final
retention volume that is independent of Sample size,

Experiments with silver perchlorate in mixtures of
fenchone and benzyl cyanide, silver nitrate in mixtures of
benzonitrile and m-toluidine, énd silver nitrate and silver
perchlorate together in benzonitrile have shown that these three-
componeht systems produce chromatograms having some plateaux in
common with the chramatograms of the corresponding two-component
systems, but also showing plateaux not ocdurring in the latter.

A few tensimetric éxperiments have been performed with
ammonia and solutions of silver nitrate in benzonitrile, and have
produced results in rough agreement with the gas-chromatographic

results.,



Plateau chromatograms have also been dbtained with granuler
lead bromide and lead chloride; it appears thét aﬁmine formation
is confined to the surface of these salts.

Some packings containing salts have been found to give
ammonia chromatograﬁs showing two peaks, of which the first
increases in size with increasing humidity of the carrier gas, .
and is ascribed to moi;ture taken up by the packing from the

carrier and later displaced by the ammonia sample,
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INTRODUCTION

The.teghniqpe known éémgas»chromatogfaphy has proved
to be a}very effective method of separating closely similar
substances, and work was started in this Department in an
attempt to use it for the separation of M* H; and N'°H, ,

This work showed that ammonia, because of its high polarity

and ability to form complexes, has unusual gas-chromatographio
characteristicss The elucidation of these characteristics
was considefed a neceésary'preliminary for the separation of
N'“Hy and MP®H, and has provided the main theme of this tﬁesis;

Most of the results described here were obtained with
;Solufions of silver salts in high-boiling qrganic solvents as
-the fixed phase., VWhen an ammonis sample is chromatographed on
such a fixed phase, it usually emérges in a way that can be
explained by the formation of a solid ammine precipitated from
the solution. It will be shown that quantitative treatment of
the chromatogram can give the dissociation pressure of the

_énmdne and some information about its oampbsition. |

Section 1 of this thesis is general and introductory,
and provides the background for the present work by describing {
other applications of gas chromatography and other methods bf
studying ammines. Section 2 gives the theory needed for the
Jinterpretation of the experimental results reported in Section
L, while Section 3 describes the apparatus and pfocedureg used.
Correlations of the results and a comparison of gas chroma-
tography with the obher mebhods of studying ammines are

I3

presented in Section 5e



SECTION 1
GENERAL

1.1 The history, variants and applications of

gas chromatography

.Chromatography has been defined! as "a physicsal .
method of separation, in which the components to be separated
are distributed between fwc phases, one of these phases
constituting a stationary bed of large surface area, the
other being a fluid that percolates through the stationary
bed". If the "fluid that percolates" and thev"components to
be separated" are gases, the process'is gas chromatography,'
of which the earlicst known description® was written in’
1512 by a Strasbourg surgeon named Brunschwig, who passed
the vapour from spirit through a layer of sponge soaked in
olive oil. A small amount of pure ethyl alcohol emerged
from the spénge before steam came through as well. This
.tecﬁnique fell into disuse after the 17th century and g;s’
chromatography was not revived till the 20th century.

In 1941 Martin and Syngeg suggested the separation
of a gaseous mixture by sweeping it with an inert carrier
gas through a column containing a liquid solvent supported
on a porous, granular solids The solvent would retard some"
oomponen%s of the mixture more than others and thus bring
about a éeparation. This technique later acquired the name |
of gas-Laquid chromatography and was first realized
experimentally by James and Martin® in 1952, Meanwhile,
Hesse and his co~workers. had in 1941 used a similar method
.with a §olid adsorbent instead‘of the supported liquid. '

~This method is now called gas-solid chromatography and,



together with the method of Martin and Synge, is described
as elution chromatography.

‘ In another variant of gas-solid chromato-
graphy, described és displacement chrématography, a strongly
adsérbed vapour at constant pressure is made to move through
the column behind the mixture to be analysed. The strongly
adsorbed substance diéplaces the mixture from the solid and
each component of the mixture acts as a displacer for the
componenté that are less strongly adsorbed than itself.

A series of adjacent zones of components thus emerges from
the column, the length of each zone.being froportional to
the amount of the corresponding component. After early work
(1943) by Turner® , Glaesson’ published a careful study

of aisplacement chfomatography in 1946,

Glaesson’ alsac describes the fechﬁique of
frontal chromatography, in which a contimiocus stream of the
mixture to be analysed is fed to the column and emérges as
a series of zones. The first of these zones contains only
one éomponent, the second, two components, and so on, till
the last zone, which contains the original mixture.
Brunschwig's purification of alcohol was frontal chromato-
graphye

Chromathermographye is an elaboration of gas
chromatography in which an annular oven with an axial
temperature gradient moves along the column, the axes of
oven and column being coincident. The sample to be analysed
is driven along the colum by the heat of the oven, and each
component occupies the position in the oven where the

temperature is just high enough to expel it from the column



packing.

The pioneering work mentioned in this sub-sgecw
tion has been followed by such tremendous development of
gas chrométography that comprehensive bibliographies on the
subject now contain hundreds of referenceé.

The definition of chromatography quoted above
stresses the purpose fof'which gas chromatography has been
mainly used, viz separation of mixtures. Such separation
my be for analytical purposes, either qualitative or
quantitative, or, on a larger scale, for preparative
purposes. Another important application of gas chromato-
graphy is the determination of distribution functions and
quantities derived from them, such as activity coefficients

and heats of solution or adsorption.

1¢2 The determination of distribution functions

by gas chromatography

Adsorption isotherms are one'class of distri-
bution function and have been determined from frontal
‘chromatograms of single substances7’ s 19 11. Such a
chromatogram is obtained when carrier gas containing vepour
G at known partial pressure P is passed into a colum of

adsorbent, in which G remains at partial pressure P and éach

gram of adsorbent binds w grams of G. At time t after the

flow is started, the vapour front emerges from the downstream -

end of the colurm, Then

- (= -)
w =" \"RT— ~D/,



where W = weight of adsorbent in columm
Vi = volumetric flow-rate of éas enﬁeringrcolumn
M = molecular weight of G
R = gas constant
T = absolute temperature at which V. is measured
D = weight of G in gas phase in column,

Griffiths and Phillips =~ describe the deter—
nﬁnation of vapour pressures of liquids from displacement
chromatograms. Carrier gas is saturated with the vapour (G)
whose pressure (P) is desired and passed through a column
of adsorbent that retains the vapour. A displacer is then
passed through the column and the weight (w)iof.d found from
the length of the displaced zone of G. P is calculated from |

wRT

P = ’
Mt Vt

where R = gas constant

= absolute temperature of Saturatér

molecular weight of G

¢ B 4
1

= time for which saturation of carrier took place

volumetric flow-rate of gas leaving saturator.

d-<
f

The movement of a vapour G through a gas-liquid
chromatographic column is governed by the partition co-

efficient (k), a distribution function defined by

weight of G per unit volume of column liquid
k = Jeight of G per unit volume of carrier gas  °

k is related to easily measurable quantities by the equation

(see 2.2, p. 9 )



where Vro = volune of carrier gas (corrected for pressure
drop) needed. to sweep G through colu@n
§}4~=rvolume-of 1iquid phase in columﬁ' |
, ﬁé .=*voluﬁe of éas phase inlcoluﬁn.
ﬁalues of k (or derived quantities) found from equation (ii)
héie.been reported by several workers® °# %2 2%, 15, 16.
The methods of calculation evolved for obtaining

4

informatlon about armines (2.4, 2.5, 2.6) have some features

)

in common with the methods descrlbed in this sub=-section.

"1.3 Non-chromatographic‘methods of studying ammines and

other complexes of gases and solids

The method.which has been most widely used for

detenm;n;ng the dissociation pressures of oomplexes 13:
direct manometric measurement in a tensimeter 175, 185 19, 20, a

Usuélly the composition of the complex is deter-
mined separately by analysis, but some workers have followed
chéhges of camposition by measuring the amount of gas given
of f Sr absorbed by the complex while in the tensimeterla’ilg.
A feQnrough tensimetric experiments have been performed in
the present Qork to verify gas~chromatographic measurements
’on amminesJ

' In the indirect methaﬂzof'zg’ 2aa the complex
and its dissociation products are allowed to come to
equilibrium with a supernatant llqpld B, in which only the
gaseous product G is soluble and over which the pressure of
G is known as a function of concentration. The pressure of
G over the solution is the dissociation pressure of.the

complex, and is found by determining the concentration of G

in the solution. In a variant of the method, the complex



and liquid B are not in contact, but exchange G through

an intervening gaseous phase; an example is the deter-
mination of the dissociation pressure of a hydrate by
finding the concentration of sulphuric acid in the:pfesence

of which it does not gain or lose Weightlga 23, 24.

The gas~current saturation methodgl'zs
resembles the procedure of Griffiths and Phillips described
in 1.2, p.4. An inert gas is passed for time t at volu-
metric flow-rate Vi through a quantity of dissociating
complex sufficient to saturate it with the gaseous
dissociation product G. The saturated gas is stripped of G
by a suitable reagent, whose inérease in weight (w) is

found, and the dissociation pressure (P) is calculated

from equation (i), p.5 .



SECTION 2 )

THEORETICAL  CONSIDERATIONS

2.1 Symbols used

The symbols adopted in this section are based on
those used by Keulemanszei, with some modifications
necessitafed by differences in subject matter., All symbols
are defined where they aré introduced. The following is

an alphabetical list for easy reference :-

A Area of chromatogram
a Cross=-sectional area of gas phase
c Calibration factor of detector

c Recorder chart speed

F Substance forming fixed phase
f Moles of F in column
G Substance carried through column by moving phase

Gp Moles of G per unit length of fixea phase

’

G% Value of Gf corresponding to complete conversion
of ® to F.G
y
Moles of G per unit length of moving phase

gcorrespond\.ing to P = Py

g
¢ Value of G
g

Height of experimental chromatogram at any instant

G

G

h

K Permeability of packing
k Partition coefficient

L Length of.coluﬁﬁ

L Length of zone II when it starts emerging
mym + 1 Serial numbers of chfomatograms

n Sample size in moles

P Pressure of G in colum



Dissociation pressure of F.Gy

Pressure of carrier gas

Atmospheric pressure

Value of p at column inlet

Value of p at distance Ll from outlet
Value of p at column outlet

Gas constant
Absolute temperature
Time after injection of G

Value of t when zone II starts emerging
Value of t when emergence of zone II is complete
Residence time of carrier gas

Value of t at half plateau height

Time between chromatograms m and m + 1
o

(v, - v )/t

Volume of liquid fixed phase in column

Volume of moving phase in column

Retention volume of G
Retention volume of G corrected for pressure drop
Volumetric flow-rate of carrier gas

Sample volume

Distance from upstream end of column
Molar ratio of G to F in F.Gy
Element of column length

Dynamic viscosity of carrier gas
General

In all ghromatography the substance or mixture being



10

studied is distributed between the fixed and moving
1;hases. This distribution govérns the movement of
substances through a column, and the first step in this
theoretical discussion will be to relate the speed with
which a substancg traverses a column to its distribution
between the phases.

Conside;f,a uniformly packed column of uniform
bore, in which the moving phase occupies a volume of Vg
cn® and is an incompressible fluid flowing at a volu-
metric flow-rate of Vt en® min™, It is evident that-a
small element of the fluid flows through the column in
Vgo/Vy min. Let a small quantity of substance G, having
sone affinity for the fixed phase, be introduced at the
upstream end of the column so-as to occupy uniformly a
volume element of the packing bounded by the walls of the
tube and two cross-sectional planes distant 8L from each
other. Assume that substance G is immediately distri-
buted at e@ilibrium between the two phases, with GpoL
mole in the fixed phase and GgSL mole in the moving
phase;, Gf_ and Gg being linear concentrations. A molecule
, of G spends in each phase a time proportional to the
amount of G in that phase, and thus spends in the moving
phase a fraction G, /(Gp + G g) of each minute, during
which it is carried along by the moving phase at the
speed of the latter. If it be assumed that G does _not
migrate while in the fixed phase, it follows that the
zone of G has an average speed of movement through the
column that is a fraction G, /(Gp + Gg) of the speed of
the moving phase. Therefore G takes (Gr + G g)/Gg

times as long as the moving phase to traverse the column,

’ v Gf + G
iee, it takes Tff . ———(-,:—-g min. During this time a
o ‘

volume V,, em®  of the moving phase, called the retention



volume of substance G, leaves the column, It is evident

v e
that V,, = V, . Jn Gt , or
V' @
Vr=vg<€+1>' e

In gas chromatography the moving phase is not
incompressible and its volumetric flow-rate increases from
the upstream to the downstream end of the column. If the
.ideal-gas equation be assumed to hold for the moving phase,

it can be shown that equation (i) holds when V. is replaced
b Vo = S (P:L/Po)z -1
yor 2 (oy/pg)e -1 ° T ?

pressure of moving phase at column inlet

where p, =
p, = pressure of moving phase at column outlet,
Gp ,
Thus V.° = Vg(:ag + %> I e i (1)

For gas-liquid chromatography, equation (ii) can
be expressed in terms of the partition coefficient k,
defined as

weight of G per unit volume of fixed phase
weight of G per unit volume of moving phase

If the volume of the.liquid fixed phase in the column is Vf »
then, in a uniformly paéked column, Vﬁf/Vé is the volume
ratio of the fixed and moving phases in the small length
8L occupied by the zone of G. It follows fram the defi-
nition of k that

G /G, = ka/vé e m e e e - - (441)
Elimination of G, /9g from (ii) and (iii) gives

o . e e e - o o . o e .
V.o =k, *—Vé . = (iv)

2,2 1 Zone broadening

In practice the zone of G becames broader as it

moves along the column and its boundariés become diffusc.



The reasons for this are that (i) the tortuous channels
thrc;ugha the packing provide many paths of different lengths
for the flowing gas; (ii) molecular diffusion of G along
the column is superimposed on the bulk transport by the
carrier gas; (iii) rates of transfer of G between the phases
are Jf‘ini‘l:e28 « The resulting differential chromatogram
(plot of concentration of G in column effluent against time)
is a peak, which is symetrical if G, /Gg is independent of
G, - It has been found  that V}ofor the peak maximum

obeys equation (iv).

~

2. 2. 2 Effect of varying distribution between

fixed and moving phases

If Gp /Gg depends on Gg; , the chromatogram is
asyrmetrical and Vro for the peak maximua depends on the
amount of G injected. In gas-solid chromtography,‘Gf /Gg
almos*t? always decreases as Gg increases (adsorption
isotherm concave to pressure axis) and Vrodecrea.ses with
Gp /'Grg , according to equation (ii). Thus parts of the
zéne of G where Gg is high move faster than parts where
c;-g is lower, and the chromatogram has a high, steep front
and long "tail". Also, large samples of G emerge sooner

than small ones; since Gg increases with sample size if

injection is rapid.

2. 3 Theoretical prediction of the chromatogram

obtained with a complex~forming fixed phase

In gas chromatography, if the fixed phase is a
solid substance F that reversibly forms a solid complex

with the injected wvapour G:



13

F(s) +y G(g) = F-Gy(s), -------------- (v)

then, at a given temperature, G has a fixed pressure when in
equilibrium with both ¥ and F.Gy. This is the dissociation
pressure (Ph) of F.Gy. The chromatographic behaviour of G can

be predicted by considering how reaction (v) controls Gf and Gg'

2s3.1 Ideal shromatogram

Assume that the zone-~broadening factors mentioned in
2.2.1 are absent and G is introduced in ﬁhé ideal way described
in 2.2. Let the pressure (P) of G be higher than Py, so that
all F in the length 8L is converted to F.Gy. This corresponds
to a fixed value of Gf’ saj Gé. As the region of high P moves
along, it leaves the fixed phase in the for@ F.Gy. Dissociation
of F.Gy results in the presence of both F and F.Gy, which fixes
P at-fa‘and %g at a corresponding value Gé. Thus the original
zone of length 8L separates into two zones: a fastémoving zone
I, shorter than §L, in which P>Py and G, = G%; and a slower
gone II, in which P = Pd and Gf. S.GE.; It is easy to see that
Gf cannot be much less than G% in zone II; for if it were so in
any part of zone II, that part would have a df/Gg ratio iess
than G%/Gé and would move ahead to zone I. Thus G, = G%,
nearly, throughout zone II. As zone I moves a%ong, it gradually
loses its G to zone II, so that I shrinks and II lengthens.
When I has wvanished, IL continues to move unchanged at constant
speed.

Fig. 1 shows P as a function of distance along the
-column and time (t) after injection of G. The cross—hatched.
areas are graphs of P against distance at different times.
Por a fixed point in the column, say M, ‘the corresponding area
MNOPQR is also the graph of P against t, if the axis of
abscissae is reversed in direction and given a suitable scale.

For the column outlet, the graph of P against t is the chromato-~

gram, and shows high and low regions (or the latter only),
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which will be designated I and II according to the corresponding
zones in the column.

It is obvioﬁs that, for a given packing and fixed
sample size, the sequence of cross-hatched areas in Fig; 1
illustrates the change produced in the chromatogram by increasing
the columnvlength. An increase in sample size, with a given
packing and fixed colum length, increcases the area of region I,
but leaves region II unchanged except for the slight encroachment
by region I. ‘An increase in the amount of F in the packing,
other conditions remaining the same, causes region I to shrink
and II to lengthen. Decrease of carrier flow-rate mercly
stretches the chromatogram in the direction of the time axis.

2+ 302 Real chromatogram

The factors mentioned in 2,2,1, p.t1 , may be expected'
vto cause some broadening and rounding of the graphs shéwn in
Fig., 1. 1If, furthermore, F is supported on a solid which
adsorbs G to some extent, the front of the chromatogram will
remain steep and tailing will be accentuated (sece 2.2.2, p.12 ).
_Thus a chromatogram like Fig. 2(a) may be expected. Such
chromatograms have been obtained experimentally and their
regions are conveniently named the "peak", "plateau® ana "tail",
as indicated in Fig. 2(a).

The further deviation from ideality shown in Fig. é(b),
a "valley", has been observed and ascribed to delayed decom-
gosition of F.Gy. If this substance persists in a metastable -
state when P<P, and starts dissociating only when P is consider-

a

ably less than Pd’ there will be an intérmediate zone, in which

G betweén zones I and Il.

2.4 Calibration of the detector

P<Pd and G,.=G!

Although Figs 1 and 2 show P as the ordinate, an experi-
mental chromatogram has as ordinate not P, but some function of

P, The type of detector used in the present work, the
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katharometer, is reported to have a response which is usually

proportional to P. This proportionality can be tested as
follows.
Assume that the chromatogram height, h, at any instant

is proportional to P at that instant, i.ec.

where C is a constant, the calibration factor of the detector.
During a small interval of time, dt, the recorder chart moves

a distance cdt, ¢ being the chart speed, and a volume tht

of gas leaves the column, Vt being measured ét the column
outlet. The amount; dn, of G in this gas is, by the ideal-gas
equation, Ptht/RT mole, where R is the gas constant and T the
absolute temperature. By equation (vi), o

Ptht ChV dt :

il

RT
Chv,at OV, (hedt)

s0'an’s < TR

Now hc at is the element of area, da, added to the chromatogram

durlng dt s0 that

dn = ~—=——— : ’
dRP CV.A
Intebratlon of thls cquatlon UlVCS n= _Eﬁf_ , Where n is the
sample size and A the area of the chromatogram. Rearrangement |
gives
HCRT -
C=57a - - (vii)

If the value of C calculated from this eéuation is independent
of the average: height, of the chromatogram, the assumption (vi)
is valid. -

The valldlty of (vi) has been established within certaln
ranges of the experlmental varlables (see buotllk, p.115 ) and
the numerical valde of‘C-used to calculate Pd’

‘Equation (vii) can be modified %o a more convenient form

when sample injection is by syringe and the coluwan is at room
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temperature. Under these conditions, n = at , Wwhere P,y is
' RT
atmospheric pressure and v the sample volume. Substitution
PV CcRT P Ve
in (vii) gives C = mr° L < i~ - Ihis becomes
ARy -2 -1 A
C = —ﬁ:?f—_-“— X107 atmem T, —--mmmmmm e (viii)

if ¢ is 6 in, hr* (the speed most used in this work) and the

units of the variables are p ., ma Hg; v, cm®; 4, cm®;

' -1
Vs cam’ min” .

2.5 The determination of complex composition

There are two methods of determining y in F.Gy, and they
will be called Method 1 and lethod 2. In 24541 and 2.5.2 these
methods are elaborated for ideal chromatograms, and in 2.5,3
their application to real chromatograms is discussed.

2.5.1 Method 1

Consider the ideal chromatogram shown in Fige. 3., 4t -
instant tb,‘zone I has Jjust left the column and zone II extends
a distance I, upstréam from the outlet. The total amount of

3 { 1 3 n Larea Pqu‘l o
G in zone II, Ii(Gf + Gg)’ is oo The amount of G

in the gas phase in zone II, I,G!, can be calculated from Py

and the volume (Livg/L) of that phase, L being the length of
the column. IiG;, the amount of G in F.Gy in Zonc II, can then
be found by subtraction and divided by the amount of F in zone
IT (viz IifVI,‘Wherc f is the number of moles of F in the whole
column) to find y. /

I, can be found from % and t (see Fig.}); If the
pressure drop is low, so that the linear gas speed is nearly
uniform through the column, then the speed of zone II is
L/te, and I, is traversed in time te - tb and has the value
L(te - tb)/‘teu Where the pressure drop is appreciable, the effect

of compressibility on gas speed can be taken into account by

: 7
means of equations developed byKeulemans2 s+ In the symbols
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used here, his equations (5) and (10) are

- 1 K, 2 __2 ;
Vt PO L -— 2 a ,n (pi PO ) ® & o 9 o © 0 6 © @ (:Lx)
o . - 2¥s (i/po)® -1 (x)
g - 5 V-t 0 65_/130)2 ~ 1 9 ® ® 0 & 0o ¢ 8 @
where a = cross~sectional area -of gas phase, K = permeability

of packing, m = dynamic viscosi'by of carrier gas, tg = residence

time of carrier gas. Division by p ? converts (ix) to

v,.L 1 K . \3
i . ~a = p-—l-\ - 1 |, whence
b, ~ 2 m|\p,)

Pi\2 2n VL
[} = 1 = —————— , Substitution of this cxpression
Po a K p,

in (X) gives

'—b
O
H
ﬂ?,
]
|_L

\

K) o Yo Bl sy
g sz . al * V.7 |_\p, .

‘ a2x: < \2 -
Now V. = aL, sot = p§|:<-p—l-> - 1_’.
Sth P,

. . . ' ' .
Since the speed of zone II is a constant fraction Gg /(}f + Gg )

ot
i

of the carrier speed,

2?Kp, [(p3/p,)° = 1] (Gp' + G ')

e = * 5 8 ° 8 @ (Xi)
BV, 26
a?Kp, [(pr/pp)® ~ 1] (Gf' + Gg')
and £~ % = : & N =1
e tb 5nvt2Gg| 3 )

where p;, = pressure at distance I from‘ outlet,

From (xi) and (xii),

(ZY oo 22 BT L

Keulemans's equation (6) is



3

20

a2 vy /P - (p/p)*
., :

(Pi/Po)? - 1
where & = distance from upstream end of colum to point wherc
éarrier pressurc is e

= P, where & = L~ Ty, so

P
L-L  (py/p,)? - (pr/p,)°

= " Subtraction of cabh side of
L (pi/po)? - 1

this equation from unity gives

L (/o) -1

= e e e (V)
L (s /P02 = 1 =

BEquations (xiii) and (xiv) can be used o find I, , from measured

values of te’ tb, P;s P, and L,

205.2 Mothod 2
If Vr° is the retention volume, corrected for pressure
drop, of the rear end of an ideal plateau (GR in Fig. 3), then

G 1
equation (ii), p. 11, can bo written V.° =" V. < ;S 1>

g\ G
and rearranged to Gf' = Gg' o YE'.?_V_;.'IE . Multiply %o*bh sides
of this cquation by_L/f:‘
mf'-_-mg'.vro-vg-...... ()
£ V‘g £
PV '
LGp'/f is obviously y; IG,' = —%'Tﬁ s b!y the ideal gas law; and

0 -
,."_'IL_%__YE will be designated V,. Equation (xv) thus bocomes

FaVe .
y':'-ﬁ}_-[T_, oooo.-ooo.(XVl)

which can be used to find y from experimental measuremcnts,

Both Method 1 and Method 2 only yicld apparent values of ¥y
if, owing to decomposition of F or any other cause, the amount
of F which reacts with G is less than the amount f placed in

the column and uscd in the calculations.
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2.5.3 The application of Methods 1 and 2 to real chromatograms

The end of a real plateau is not a rectangular step as in
Fig., 3, but is rounded and followed by a tail, In order to find
te and Vrofor use in Methods 1 and 2, it is necessary to recon-
struct the ideal chromatogram from the real, This can be done by
using the two facts that the ideal and real chromatongrams have
the same area and the same height, ILet ABC in Fig, 4 be thc end of
a real plateau and PS its beginning. Construct rectangle PQRS to
- be equal in area to PABCSj theﬁ QR is the end of the ideal plateau,
In Method 1, for finding the amount of G in zone II, the area
PQRS (= PABCS) is taken to be the plateau area,

In many experiments in the present work, the recorder was
switchéd off before the whole tail had been recorded. The result-
ing incomplete chromatograms are not suiteble for area measurement,
but the approximate position of QR (having retention time te) can
be found as follows, It is easy to locate the point on the rear
slope of the chromatogram that lies at half the plateau heighty
lét the retention time of this point be th' For the completely
recorded chromatbgrams obtained.wifh a given salt-solvent system,
it is usually found that te/fh is approximately constant if the
salt concentration does not vary widely; the average value of this
ratio is used to find te from th for chromatograms laéking the
complete tail,

In the calculation by Method 1 of some published .~ values
of y, the rear end of the plateau was taken to be AD(Fig.k4), where
the chromatogram Begins to drop from the plateau, and the plateau
area was takenvto be PADS, This approximation gives low values of
¥, because the part of zone IT corresponding to line AD in the
chromatogram originates (after passage of zonc I) at some distance
fron the upstrean end of the column, Thus the effective column
lengfh producing plateau PADS is less than the total length L,

which was used in the calculations and gave too large an amount of
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salt in zone II,

2.6 Complexes with very low dissociation pressures

If the dissociation pressure (Pd) of F'%y is so low as to
produce no detector response, the packing.absorbs enough G to‘
convert F to }?‘.G-y before G emerges at a detectable pressure,
F,G_slowly decomposes in a current of carrier gas, since G is
eluted at pressure Pd’ and the resulting free F absorbs all or
part of the next sample of G injected, If the carrier gas flows
at rate Vt for time tm between the end of chromatogram m and the
beginning of - the next chromatogram m + 1, the loss of G from
F.Gy is Pthtm/PT mole, by the ideal gas eqqation. This loss is
replenished by the G injected for chromatogram m + 1, so that the
latter is produced by an effective sample of size n-(Pthtm/RT)
mole, where n mole is fhe injected sample, This effective sample
size can be found from the area of chromatogram m + 1; according

to equation (vii), p. 16, it is CVfA/cRT mole, Thus

CV,A Pdvttm y e (xvii)
B e
chRT RT '

from which Pd can be calculated,

If F and G form two complexes, of which one hés a disso-
cilation pressure too low for detection and the other prdduces a
plateau, the effective sample size, CVtA/bRT nole, nust be usgd
instead of the measured size, n mole, in applying Method 1 to the '
plateau,

‘ A packing for which the effective sample sizé is less than
the measured size is unsuitable for determining the calibration
factor of the detector, and gives apparent values of C which are
too high and vary with tm‘

2.7 Successive plateaux

If F and G form two or more complexes with detectable dis-

sociation pressures, the chromatogran has the same number of
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successive plateaux, emerging in order of decreasing height, and
Methods 1 and 2 can be applied to each plateau, A succession of
plateaux is also given by a packing containing more than one

substance forming & complex with G.
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I AP

APPARATUS, MATERIALS AND EXPERIMENTAL PROCEDURES

3,1 The gas-chromatographic apparatus and its operation

Fig, 5 is a block diagram of the éas—chromatographic appas=
ratus, of which fhe following components were supplied by Messrs,
Griffin and George, Ltd.ﬁ air thermostat, katharometer, bridge‘
circuit and some column tubes,

3.1.1 The column

The column was a packed glass U-tube of 6,2 * 0.2 mm
internal diaméter, or consisted of several such tubes joined by
netal capillary tubing, Each U-tube took from 81 to 94 cm
length of packing and the upstream end of the first tube was
adapted to take a rubber serumn-bottle cap for sample injection
(see Fig., 6).

A tube was filled by pouring in the packing through a
Punnel and vibrating it to a compact state by holding the tube
against the slightly eccentric axle of an electric motor, Each
U~-tube was graduated near its ends for easy measurement of the
packing length, The weight of packing in a column was found by
weighing the container from which the tube was filled., Packings
-consisting of a liquid supported on a non-porous solid did not
flow freely and were pushed down the filling funnel with a glass
rodg'small quantities of such packings adhered to the funnel and
rod, which were weighed with the container,

The volume of gas in a packing (Vg) was caloulated from the
column dimensions and the weights and densities of the packing
constituents, (Note : If a volume Vd between the sample in-
jector and the detector is not occupied by packing, the term
V. nmust be added to the right-hand side of equation (i), p. 11,

d
and a corresponding correction to the right-hand side of
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Figure 5..Block diagram of gas-chromatographic appordtus. A,gas cylinder: B,two-stage

regulator; C,flow-control; D,tube containing silica gel; £,tube containing phosphorus pentoxide;

F,cold trap; G buffer vessel, H tap to atmosphere: |, mercury manometer; J, katharometer,
K,sample injector; L, column; M, flow-meter; N air thermostat; O,bridge circuit; P,recorder.
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equation (ii), p. 11, In this work Vd is neglected, since it was
kept small by the use of capillary tﬁbing for column connections.)

Prolonged use of a column containing a liquid fixed phase
resulted in the removal of the liquid by evaporation from a small
length at the upstrecam end of the packing, Where this was obser-
ved, the denuded packing was replaced by a fresh portion,

3,1,2 The air thermostat

The column was mounted in an air thermostat of which the
. ©
temperature could be set at any chosen value between about 70 C
©
and 180 C and read on a mercury thermometer, The temperature
. P [« '
remained constant to within i.O.B C and tests with a thermo-
o
couple probe showed it to be spatially uniform to within : 0,5 ¢C
[o] + o (]
at 93 C and - 0,8 C at 155 C,

3.1.3 The detcctor and recorder

The detector, a metal-block katharometcr héving platinun fila—.
ments in the nain gas stream, was mounted in the air thormostat,
Carrier gas passed from a pre-heating loop in the thermostat to
the first cell of the katharometer, then via the sémple injector
" to the columﬁ and from there to the second céll of the katharo-
neter,

The katharometer filaments were included in a bridge
circuit (Fig, 7) of which the off-balance potential was fed to
a recording potentiometer. Rheostat A served to regulate the
bridge current and B aqd C to adjust the recorder base-line,
while potential divider D was used to attenuate the output,

The recorder (Honeywell-Bréwn Model No, 153X12V-X-6A8R)
‘had a range of 3 mv, pen speed of 5% sec for full-scale travel
and Ehart speeds of 6, 7,2, 12, 20 and 24 in,hr Y,

3.,1.4 The carrier gas

The carrier gas, usually nitrogen, was drawn from a cylin~

der  through a two-stage regulator, Its flow-rate was con-

3
trolled by means of a device described by James and Phillips 1,
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Figure 7. Detector bridge circuit. The diagram
s from manufacturer’s literature, which does
not give the resistances of the components.
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modified for high pressures as described by Littlewood, Fhillips
and Price 1 . Flow-rates of 6 to 120 cm min™ were used, the
inconstancy (drift) being p 1% at the lower of these limits and

+ %% at the upper. Oscillations of pressurebaue to the operation
of the flow-contrél were smoothed out by the buffer vessel G
(Fig. 5), a 4-litre bulb. The carrier gas was dried by passage
over siliéa gel and phosphorus pehtoxide‘and, if required very
dry, by cooling trap F.iﬂ liquid oxygen. Tap H was used to
adjust the pressure at the column inlet, while manometer I

served to measure that pressure. The flow-meter M was of the

%2 and discharged fo atmosphere.

soap-film type

Carbon dioxide from dry ice was used for a few experi-
ments, The dfy ice was contained in a 3-litre bottle fitted
with a mercury bubbler, which served as a safety-valve and could
be adjusted to obtain a pressure high enough to maintain the

required flow.

3.1le5 Sample injection

In the earlier work an injector using mercury, similar
to that described by Harrisonaa, was used. The operation of
this injector and the preparation of ammonia for it were
tedious, and it could not inject samples larger than 5 cms;
these disadvantages were avoided by using a hypodermic syringe
for injection, although some precision in the measurement of
larger samples was thereby sacrificed.

(a) Injection by syringe

- The syringes used had the following capacities and
smallest graduations, am® : 1,0.01; 2,0.1; 5,0.2; 10,0.5.
Immediately before injection, a small quantity of ammonia was
‘drawn into the syringe andlexpelled to sweep air out of the
small dead volume of the nozzle and needle. The sample

dccupied‘the syringe at room temperature and atmospheric

pressure, which were noted.. Samples larger than 10 an® were
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introduced by several injections in quick succession.

A punctured serum-bottle cap leaked at column inlet
pressures more than 150 mm above atmospheric and for such pres-
sures it was replaced by a rubber bung modified as shown in Fige
8. The needle penetrated such a bung without difficulty when
lubricated with silicone grease, and the punctures were sealed
by the pressure of the metal band. Preséures of 450 mm above
atmospheric caused no leakage.

(b) The mercury injector

Figs 9 and 10 show the injector. The volume of a portion
of dry ammonia, drawn from reservoir E (Fig, 10) was measured
in gas burette J, in which it was confined by mercury which
could be exposed to atmospheric pressure in limb K., By raising
the mercury, the measured amount of ammonia could be expelled
into injector L, shown in detail in Fig. 9. Rapid and com-
plete injection of the sample necessitated injection of some
mercury into space M ana this was drained through tep T, and
returned to flask I through tap Ty e Sample volumes of 0.6 to
5 cma could be measured to the nearest 0.01 cm3 » A thermé—
meter was clamped beside the gas burette,

3,2 The preparation of ammonia

" The two methods of injection required different mnethods

of ammonia preparation. .

302+1 Ammonia for injection by syringe

Ammonia expelled by warming from concentrated ammonia
solution in flask H (Fig. 11) was dried by passage over sodium
hydroxide pellets in tube G and escaped to atmosphere through
mercury bubbler A, When all the air had been swept out of
the apparatus, screw-clips B and E were closed and bubbler I,
having a greater head -of mercury-than A, acted as a safety-

valve for flask He The rubber tubing was detached at F and
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Figure I1. Apparatus for the preparation and
‘storage of ammonia to be injected by

syringe. 1/5 full size.
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fitted to bulb J, which was then half-filled with mercury.
Screw-clip E was opened and the mercury ran down the rubber tﬁbe
and served to manipulate the ammonia in tube D, from which the
syringe was filied through the serum-bottle cap C. Gas chromato-
graphy showed that the ammonia so prepared sometimes contained
traces of impurities.

3.2.2 Ammonia for the mercury injector

The stock of ammonia in reservoir E (Fig. 10) was prepared
as follows. A suitable amount of ammonium nitrate was weighed
intO»flésk B and dissolved in the minimum smount of weater. The
mercury in flask F was raised to f£ill the bore of tap Ty ; and
that in flask I raised through tap T, to £ill the bore of T,.
Teps T, , T4 » T, and Tg were turned to provide an open passage
from point A to point H; trap G, containing calcium oxide, was
cooled in liquid oxygen, concentrated sodium hydroxide solution
introduced through tap T,, and nitrogen bubbled through the
liquid in flask B at about 1 litre min™to sweep the ammonia
evolved through the calcium oxide desiccant in tube D to trap
G, where it solidified. The passage of nitrogen was continued
for % hr, with gentle warming of flask B towards the end of />‘
this period. Tap T, was then closed and the apparatus eva-/-
cuated through tap Tq up.to tap T, « Taps Tg and T, were
dlosed, the liquid oxygen removed from trap G and about a day
allowed for the calcium oxide to absorb the small quantity of |
water detained with the ammonia. Then reservoir & was cooled
in liquid oiygen and tap T, opened to connect it to trap Ge
Several hours were allowed for the ammonia to condense in
rescrvoir B, tap T, was closed, the liquid oxygen removed and
mercury raised through tap T, to confine the ammonia in the
réservoir. Gas chromatography showed that ammonia so prepared

sometimes contained traces of impuritices.
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3{2.3 Explosion Danger

Mercury and ammonia react in the presence of iron and mois-
1
. . .84 . , 3B
ture or air to form an explosive compound © . It is reported
that pure mercury and pure ammonia in glass vessels do not react,

so that the apparatus herc described seems to be safe.

343 The prcparation of packings

Most of the work was done with solutions of silver salts
supported on fine glass beads (0.1 mm diameter). In earlier
experiments, the solution was diluted with a volatile solvent
and made into a slurry with the beads, after which the volatile
solvent was evaporated with agitation of the slurry’to leave a
uniform coating on the beads., ILater it was found that thorough
shaking coated the beads effectively, aﬁd the volatile solvent
was dispensed with. For the preparation of the solutions used
as fixed phases, the solvenf volumes were measured with pipettes
calibrated for water, and small differences in delivery due to
viscosity differcences were neglected.

A few solid fixed phases were testea; they were prepared by
crushing the solids and screening to the required particle size,
these operations being performed as quickly as possible for
hygroscopic salts. The lead halldes were available only as
fine powders, and were first consolidated to'lump form by
moisténing and baking,.

Details of the preparation of individual packings are given
in Section L.

3e3.1 Materials used

Table 1 shows the origin, purity and other specifications
of the materials used for preparing packings. For most silver-—
salt packings the solvents were purified by distillation at

reduced pressure.

-~
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dithio~
phosphate

Cyanamid Co.

Table 1 Materials used for packings
Substance or{ Manufacturer Grade or Specifi-
material manufacturer's cations
description
Benzonitrile| British Drug | Laboratory -
Houses Reagent
Benzyl British Drug | Laboratory -
‘cyanide Houses Reagent
" Calcium British Drug | Laboratory Assay, ex Cl,
chloride Hpuses Reagent £ 907
Charcoal Merck Blocks for blow -
pipe analysis
Copper, British Drug | Laboratory -
granular Houses Reagent
Ethyl ether Riedel-de Analytical -
Haen Quality -
Fenchone Kodak Technical -
Firebrick, Sterchamol- | Backfilling 0.2 - 0.4 m
crushed werke material diam,
Glass beads English Glass { "Ballotini", - 0,1 mm diam,
Co. grade 15
"Ballotini", - O.4 mm diam,
grade 8a :
Iead bromide | British Drug | Laboratory -
Houses Reagent
Iead chloridsg British Drug | Leboratory -
Houses Reagent
Tetralin L. Light and |} Purified -
: Co.
Riedel~de - -
Haén '
m-Toluidine L. Light and |Purified -
Co. v
Silver ni- May and Baker | Laboratory 4+ 99.8%
trate Chemical
Hopkin and Analar % 99, %%
_ Williams
Zinc dialkyl-] American "Accolube 93 C" 80% zinc dial-

kyldithio-
phosphate, 20%

- nineral oil

(92% Zn)
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3.3.2 The preparation of soaps

Heavy-metal soaps were prepared by double decomposition
of sodium soaps and heavy-metal salts in aqueous solution,
Copper oleate, for instance, was obtained by dissolving a
known weight of sodium oleate in water and adding a solution
of somewhat more than the equivalent amount of copper sulphate.
The resulting precipitate of copper olgate was washed with water
till the washings gave no precipitate with barium chlorid¢
solution, and then dried on a steam bath, Other soaps were
prepared by similar procedures, the products being hydrated
to an unknown degree.

3.3.3 The preparation of silver perchlorate

Silver perchlorate was prepared byiadding silver carbonate
to a few millilitres of 60% perchloric acid till a little
remained undissolved, The solution was filtered, acidified
with a drop of perchloric acid to prevent possible decomposition
and evaporated nearly to drymess, The residue of moist
monohydrate was transferred to a weighing bottle which was
placed, without its 1id, in the copper bucket showﬁ in Fig. 12,
Three hours of evacuation and warming (110°C) rendered the
salt anhydrous (found : Ag, 52.0%; Ag Cl0, requires
Ag, 52.1%). The bucket facilitated rapid transfer of the
weighing bottle from the dehydrating tube to a desiccator,

A weighing bottle with a female 1id was used to avoid fouling
of the ground jaint by silver perchlorate being tipped out

for weighing.

3 The tensimeter

The tensimeter shown in Fig., 13 was used in a thermo-
statted room with a thermometer mounted near tube A. Its
volume was found as a fuhction of the mercury level in the

manometer by introducing measured volumes of water, A known

weight and yolume of ammine—forming material was placed in
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Figure 12. Dehydrating tube.

—7—Rubber bung

)
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—Mercury -
10 cm - SR manometer
t . A
A\

Figure 13 . Tensimeter.
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tube A, the latter was partly evacuated and the tap closed.

The volume, pressure and temperature of the residusl sir were
noted and a known amount of ammonia was injected by syringe
through the bung. When the manometer had become steady, the
pressure ahd volu?e of the gases and the temperature Qere again
noted and used to calculate the pressure and amount of ammonia
remaining in the gas phase and, by difference, the amount
absorbed by the ammine, Successive injections of ammonia

gave points on a graph of ammonia pressure against amount

absorbed,
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SECTION /4
EXPERIMENTAL RESULTS

This section presents the experimental results obtained
and their interpretation. The first sub-section explains
the presentation of data; the second and third descriﬁe the
preliminary search for a solid support and tests on the
solvents used in fixed phases. Then follows the main part
of the work in a series of sub-sections éf which each is
devoted to one salt~solvent system. Finally, some miscellaneous

earlier results are reported,

4,1 ' The presentation of data
Tables of certain data occur repeatedly in L.l to 4.1k
and are generally drawn up according to the following three
7

schemes 3

Tables_showing characteristics of packings

Colurm 1., Designation of packing. The first 1étter
indicates the solute (N for silver nitrate, P fof silver
perchlorate); succeeding letters indicate the solvent (BC for
benzyl cyanide, BN for benéonitrile, P for fenchone, T for
tetralin, X for mixtures of benzonitrile and m~toluidine),

Column 2. Concentration of silver salt in solution
acting as fixed phase.

Colum 3. Ratio (s) of fixed phase to support.

Tables of experimental conditions and results

Colum 1l. Experiment nuiber.  Each experiment is given
a number for reference in the text, figures and other tables.

Colum 2. Carrier flow~rate., Expressed as flow-rate
of dry gas (i.e. corrected for water vapour from flowmeter) at
atmospheric pressure and column temperature.

Colum 3. Sample sige, Expressed in ymole for come

venient comparison with amcunt of salt in columm.



Column 4. Column temperature.

Colum 5, Dissociation pressure (Pa) of ammine responsible
for plateau. Calculated from calibration factor,

C = 2.2(3) x10° atmad’ (4.14.4, p.115). Pressures
are designated as explained in 5.1, p.129 .

Colum 6., Vc for end of plateau, calculated from
approximate value of te’ found as described in second paragraph
of 2.5.3, p.21.

Column 7. ¥y calculated by Method 2 from v, in colum 6,

Tables of this kind are divided into sections for
different gas-chromatographic columns, each section being
headed by the packing designation, packing length, amount of
‘silver salt in colwm and linear concentration of silver salt.

Tables conparing Methods 1 and 2

Colum 1, Experiment number.

Column 2, Calibration factor.

Colum 3, y by Method 1,-from measured sample size,

Colum 4. ¥y by Method 1, from effective sample size
calculated by equation (vii), p.16.

Colum 5.  t_/t_ (see 2.5.3, p.21).

Column 6., y by Method 2,,from.réconstructed ideal
plateau (see 2.5.3, p.21).

Colum 7. Approximate value of y by Method é, from
average value of te/thv(see 2.5.3, p.21).

These schemes of tabulation are not used in 4.2, 4.3,
4415, 4.16 and 4.17, but data in these sub-sections ore
expressed asvdescfibed in the schemes.

Except where otherwise stated, the carrier gas was

- nitrogen dried with phosphoric oxide, and the bridge current

was 150 ma.,
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L.2 The solid support

The solid support in gas—liéuid chromatography should
(1) heve a large surface area over which the liquid phase
can be spread in a thin layer; (ii) ﬁave a large particle
size; so as to present little resistance to gas flow;
(iii) not be a strohg/adsorbent for the substances being
chromatographed, since retentibn by the support is superimposed
on that due to the liquid phase., Requirements (i) and (ii)
are compatible only when the sclid is porous, sd that surface
area is little affected by changes in particle size., For the
chromatography of highly'polaf substances like ammoﬁia, it is
particularly important that the solid support should be a
weak ddsorbent,

4.2.1 Materials tested for their suitability as solid supports

in the chromatography of ammonia

Crushed fire~brick, a porous solid of large particle
size, is widely used as a support. The following fire-brick
packings were tested, some of them after treatment with alkali
to reduce their affinity for ammonia.
Bl. Washed with water to remove dust, dried at 200°C for 6 hr.
B2. Washed with water to remove dﬁst, impregnated with 5%

aqueous sodium hydroxide, dried at 200~-230°¢C forAj hr.
B3. Impregﬁated with 10% aqueous sodium hydroxide, washed

7 times with water (carbon dioxide bubbled through at

6th washing; neutral to litmus at 7th washing), dried

at 200-225°C for 6 hr,

Fine glass beads have been used in gas-solid chromatography
as a weak adsorbent}zand were tested, after various treaﬁmenté,
'for low egdsorption of ammonia,

AN
Gl1. 0.1 mm diam, No preliminary treatment.



G2,

G3.

Gl

G5,

G7.

G8.

and

L3

0.1 mm diam. Washed 5 times with distiiled water, dried
at 200-220°C. .

C.1 mm diam, Treated with dilute hydrochloric acid
(unknown strength), washed well with water, dried in
ovén.

0.1 mm diam, Simmered gently for & min. with 3C%
aqueous sodium hydroxide, washed with water till neutral
to litmus; dried in oven.

0.1 mm diam, Boiled vigorously for 2 min. with 307
aqueous sodium hydroxide, washed with water till neutral
to litmus, dried in oven.

0.1 rm diam, Same treatment as G5.

C.4 mm diam, No preliminary treatiment.

0;4 mm diam, Same treatment as G5.

Particles of granular copper are very irregular in shape,

therefore have a larger surface area than glass beads of

the same mesh size, A packing of 36-60 mesh was tested.

4.2.2 Results of tests on supports

The packings described in 4.2,1 were not tested in a

planned series of experiments with standardized operatiﬁg

conditions, and the results obtained (Table 2) can therefcre

be only roughly compared. Tailiné of the peaks (see 2.2.2;

P12 ) occurred in a1l cases.



Lk

Table 2 Results of tests on supports

o T i
} Flow- Vy . for S
Golurm rate |Sample Column! peak Peak |Bridge |Pressure
Packing |length o umole temp.| maxi-| height|current| drop
cm T deg C| mmum cm ma mn
mn | Cma

Bl 96.0{101.(3)| 95 | 18.7 | 92(0) o.5of_ 120*| (210)*

B2 | 82.0l108.(3) 205 | 20.7 | 4(5)|>26.55'| 150 | 58
B3 88.3(109. (3)| 200 22.1 | 10(4)| 7.80 150 6.
Gl 93.4| 29.6 | 129 | 24,0 | 275 1.13| 150 | 237
G2 | 89.2] 39.6 | 73 | 17.6 | 241 1.64%| 150 | 31
G3 90.0{ 41.5 | 72 | 17.1 | 33 | 10.38% 150 | 297
G4 92.9| 37.5 37 22.1 28 15.90 150 32l
G5 92.71 40.2 | 37 | 22.0] 23 >26.52T 150 | 374
66 | 91.4| 9.6(8 38 {18.3| 18 | 30.,10| 150 | 103

66 1 91.4] 9:6(8|1emair 18.3 | 16 - 150 | 103
¢7 | 9.0| 8.1 | 38 | 21.0| 16 [>26.04 | 150 | 25.0
8 90.0| 38.5 | 38 | 21.0| 16 26,81 | 150 | 26.4 |

Copper | 95.7{ 99.(5){ 107 { 19.3 | &4(12)| 11.83* 120"} 199

N

Obtained with an uncalibrated katharometer of sensitivity

similar to that of the calibrated one,

* Recorder deflection at 120 ma. about 73% of that at 150 ma,

% Capillary connection to injector blocked. Pressure drop
of 60 mm assumed for calculation of V}?.

f .

,Peaks off-scale.

Fire-brick untreated with alkeli (Bl) is too retentive
to be useful as a support. Inpregnation with sodium
hydroxide (B2) reduces ammonia retention markedly, but is
objectionable when the fixed phase contains a salt which may
. react with the alkali. Removal of the sodiumkhydroxide by
washing and neutralization with carbon dioxide (B3) producesb
a moderate increase in retentivity, but this may be télerablei
when the porosity of the fire-brick and its low resistance
to gas flow are important (long column and high liquid/support

ratio)
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The finer glass beeds (0,1 mm diam.) are very reténfive
when untreated (Gl).or washed with water only (G2), but sre
much improved by treatment with hydrochloric acid (G3) or
sodium hydroxide solution (G4, G5, G6). The latter produces
its full effect only when boiled vigorously (compare G4 and G5).
Comparison of the two results for G6 shows that the ammonia-
peek maximum travels with nearly the speed of the carrier over
alkali~treated beads. The coarser beads (0.4 rm diam) require
no treatment (compare G7 and G8) and offer much less resistance
to gas flow (compare G8 and G2) but because of their small
specific area are suitable only for packings with a low
liguid/support ratio. |

The‘granuiar copper is non-retentive and permeeble
enough to be used as a support,

Of the possible supports, those selected for use were the
copper, coarse glass beads and fine beads treated ﬁith sodium
hydroxide. In all the packings described in 4.3 to 4.14 the
support Was fine glass beads boiled with 30% aqueous sodium
hydroxide, washed and dried.

Le3 The solvents used in packings containiﬁg}silver salts

The experiments describéd in 4.4 to 4.14 were carried v
out with packings containing silver salts dissolved in benzyl
cyanide, benzonitrile, fenchone, tetralin and m-toluidine,

To estiméte their affinity for ammonia, these liquids wefe
tested in packings resembling those of 4.4 to 4.14 but con~
taining no silver salt.

Each packing was made by coating 50.00 g of glass beads
with 1,50 cm’ of the redistilled liquid. Experimental

conditions were as follows
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Packing weight, g 47.39 -~ 48,65

Packing length, cm 92.2 - 9.8
9.6(0) - 9.9(8)

17.2° - 17.6° C for m~toluidine

Carrier flow-rate, cm’ min
Column temperature
21,1° - 22.4° C for other liquids.
The retention volume éf the peak maximum per unit volume
of fixed phase, (V;? - Vé)/Vf, is useful fdr comparing different
solvents and is recorded in Table 3. (When adsorption is
negligible, which is not the case here, (V;? - Vé)/Vf is the

partition coefficient. See equation (iv), p.1l,)

Teble 3. Retention volumes of solvents®
siﬁﬁii i;giz;e‘ Bénzonitrika Fenchone | Tetralin{mTdluidine
78-80 | 16.(4) | 17.(9) | 10.(4) | 26.(5) | (D)
37 - 38 | 18.(2) 19.(7) 11.(8) | 35.(3) | 45.(9)
17 20.(0) . 21.(4) | 12.(9) | 44.(3) | 47.(6)

Values for m-toluidine are single determinations;

those for

the other solvents are averages of duplicate determinations

differing by not more than 0.6.

In all cases, (V;? - Vg)/Vf increcases with decrease in

sample size, in accordance with the observation that the peaks

showed tailing (see 2.2.2, p.12).

(v,

The increases in

- Vg)/Vf from largest to smallest sample are similar in

magnitude for benzyl cyanide [3.(6)J, benzonitrile [3.(5)7,

- fenchone [2,(5) ]| and m~toluidine [2,(9)], and are probably due to

adsorption on the support.,

For tetralin, however, the increase

is much larger [17.(8)], and indicates that the partition

coefficient decreases with increase in ammonia concentration,

i.e, Henry's law is not obeyed.

The high solubility of ammonia

in m~toluidine may be due to hydrogen,Bonding between the nitrogen

atoms of the two compounds,
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Since glass beads are not absorbent, packings made by
coating them with liquid are not free—flowing\and cannot be
packed perfectly uniformly, Small variations in column
diameter also contribute to non-uniformity of the linear
packing density. |

For the packings and experimental conditions described
in 4.3 to 4.1k, thé pressure drop is about 0.03 mm per cm
column length and per unit flow-rate (em® min '), corresponding’

to a packing permesbility of 2 x 10 ' ocx.

Lol Silver nitrate in benzyl cyanide

| Solutions of silver nitrate in benzyl cyanide have been
used for the gas-chromatographic separation of olef'ins36 .
Experiments in the chromatography of ammonia on such solutions
led to the discovery of plateau chromatograms,

A new packing absorbs some ammonis (see 2,6, p.22 ) and
then; under suitable cohditions, éives chromatograms having two
plateaux, A slow ageing process is evident ‘in chromatograms.
obtained over a long period, particularly with a packing
containing a concentrated solution.

Ammonia reacts with silver nitrate in benzyl cyanide to
form a white precipitate, so that subh a solution behaves as a
heterogeneous fixed phase.

L.l The packings

In the prepafation of the earlier packings, dry ethyl
ether was used as a volatile solvent (see 3.3, p.35 ) and
evaporated in a stream of dry nitrogen. Addition of ether to
the more concentrated solutions { ~70 pmole cﬁra) caused some
precipitation of the silver nitrate. -

Table 4 shows the characteristics of the packings used.
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Teble 4  Packings containing silver nitrate in benzyl cyanide

. o Silver Benzyl
distilled
NBC1 I | 3.33 Mé&B No Yes
NEC2 46.9 | 3.33| U&B No Yes
NBC3 63.3 3,03 M& 3B No Yes
NBCL 70.1 3,33 M&B No Yes
NBC5 93.(3) 3.60] H&W Yes | No
NBC6 394 3.00 H& W Yes No
NBC7 395 3,00 H& W Yes No
NBC8 296 2,00 H& W Yes No

The packings turned pale mauve soon after preparation,
before injection of ammonia, but showed no further colour change.

4.4.2 The initial absorption

The following valuesof the initial absorption (moles of
ammonia per mole of silver nitrate) were found :
Packing NBCH 1.4
Packing NBO7 $ 1.8
Packing NBC8 1.7
Further slight absorption may occur during the ageing
described in 4.4.6, P.59 , but was not detected.

L.4.3 The lower plateau

When the initial absorption has taken place, samples
be%ow a certain size produce chromatograms showing one plateau
only, the lower of the two in Fig. 18.

Af'ter preiiminaryvexperiments with Packing NBC3,
Péckings NBCl,.NBCZIand NBC4 were prefared to investigate the
effect of changes in sample size, column length and silver
nitrate concentration. Tests on the leaner packings NBC1

and NBC2 were started within a day of their preparation, but

NBC3 and NBCL4 were found to give ill-defined plateaux
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immediately after preparation. It seemed possible that this
might be due to slow re-solution of silver nitrate préciiitated
by the ether used as a volatile solvent, but it was later found
that packings prepared without ether also change on ageing
(%446, D.59 }); the colums were allowed to age for a week,
after which they gave definite plateaux and showed no further
change during the time of their use,

. Figs. 14=17 show a selection of chromatograms illustrat-
ing the influence of the variables studied, the resultsbeing in
accordance with the predictions made in the last paragfaph of
2.3.1, p.15 . A low peak results from a sample too small to
produce a plateau (Fig. 14, Expt. 6).

| Some details éf the chromatograms call for comment.
Injection is always marked by a vertical line (4, Fig. 14.lv’
Expt. 13) caused by the pressure disturbance. In’éoma of the
chromatograms, one or two small positive peaks (C, Fig. 1,
Expt. 13) precede the ammonia peak and these are ascribed to u
traces of impurities in the ammonia, which was introduced with
the mercury injector. The small negative peak B (Fig. 1i,
Expt.113).a1Ways starts immediately after injection, irrespective
of column length, and its érea decreasgs with increasing salt
concentration (12, 9, 6 mm® for Expts. 13, 22, 52, Fig. 16); it
may be due to diffusion of ammonia into the upstream cell of the
katharometer, and an increase in salt concentration may perhaps
reduce such diffusion by mbré rapid removal of the sample from
lthe gas space upstream from the paéking. The chromatograms of
Fig. 18 were obtained with larger samples (iﬁjected by syringe)
than those used for the chromatograms shown in Figs, l4=~17;
injection is marked by a negative deflection, followed by a
gradual return to the base-line. This is ascribed to a surge of

the sample into the upstream cell of the katharometer,
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s st i

Expt 6 Expt 7 Expt 8 Cxpt 12
A5 pumole  ~67 pmole 76 pmole 89 mole

C

-2
I\ ' 10 atm
B Expt 13 B/ M
112 wmole
20 min

T t

Expt 14 Expt 15 * Expt 16
134 Lmole 156 L mole 179 pmole

Figure 14 . Silver nitrate in benzy! cyanide —effect
of sample size. chckmg NBC1, column length
254.0 cm, flow- rate 343 34.8cm*min”, column
temp. 17.4- 19 8°C.
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-7;;;T;}—W%— Expt 22 - | Expt 23

89 pumole 112 pmole 122 pmole
N 20min
10 atm e

Expt 26 Exot 27 | Expt 28 }'

134 pmole 156 pmole 179 pmole

Figure 15 . Silver nitrate in benzyl cyanide —effect
of sample size. Packing NBCZ2, column length
254 O cm, ﬂow rate 33.8- 348cm mm , column

temp. 18.2- 201°C.
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AMA MA
-2
10 atm -
MA
20min
- Expt 2  Expt 4 Expt 13

30.0cm 1710 cm . 254.0cm
244 )L mole cm 24 4 pumole »cm3 244 L mole cm

Expt 17 \{»Expt 19 | Expt 22 |

900 cm 171.0cm 254.0cm
469 pLmole cm’ 469 Lmole cm® 469 pLmole cm’

Expt 49 Expt 52

Expt 45 +

90.0cm 171.0cm 254.0cm
701 wmole cm® 701 umole e 701umole cm”

Figure 16. Silver nitrate in benzyl cyanide—effect
of column length and s:lver nitrate concentration.
~ Flow-rate 341- 348cm min', sample 112 L mole,
column temp. 17.7-20.7 °C.
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20 minJ

10" atm

Expt 47
7.8@) cm?*min”

Expt 43
34 Acm?min’

Figure 17. Silver nitrate in benzyl cyanide
—effect of carrier flow-rate. Packing NBC4,

column length 90.0cm, sample 68 pmole,
column temp. 20.1-206°C.

'2 X 1O—Zc1tm
: : 5 min
Expt 60 \J Expt 62 \’
Age Oday Age 39 days

Figure 18. Silver nitrate in benzyl cyanide

_effect of packing age. Packing NBCE,
colurn length 913cm, sample 33(5)-33(9) pmale,
flow-rate 34.4-345 cm’min’, column temp.

172-185°C.



(a) Numerical results

Sh

In Table 5 are listed velue of Py (called P, according

to the classification proposed in 5.1, p.129 ), V, and y for

the lower plateau;

packings for comparison with ages in Tables 8-10.

the last column shows the age of the

Table 5 - Silver nitrate in benzyl cyanide - experimental
conditions and results for the lower plateau
: Column | | ,
Expt.| toce [Semple | tomp. | 10° Fe ’ 10 v Age
- mo, |8 o o=tfumole | geg G atm om® mole v days
|
Packing NBC1, 90.0 cm, 38 pmole silver nitrate, 0.42 umole e
1 34.5 45 18,3 | 4.9(7)" A.zéog 0.87 | 5
2 3.3 | 112 17.7 | 4.9(7) | &.9(&) | 2,03 | 5
31 342 |179 17.9 | 5.1(1) | 5.0(6) }1.08 { 5 .
Packing NBC1l, 171.0 cm, 72 pmole silver nitrate, 0.42 pmole cin
I 3.6 112 19.6 5.6(2§ .3.8€8; 0.91 I
5 1 3b7 {179 19.0 { 5.4(2) | 4.1(0) | 0.93 | &
Packing NBC1, 254.0 cm, 106 pmole silver nitrate, 0,42 pmolecmi
6 | 3.8 L5 19.8 - - - 3
7 321—-8 67 1908 - = .= 3
8 . 3.3 76 19.2 | 4.5(3) | 3.5(5) | 0.67 { 3
9 { 34.8 82 19,6 4.629 3.6(6 0.71 3
10 3.3 89 17.9 | 4.0(8) { 4.2(6 0.73 1
11 34.5 89 17.7 | be2(4) | 4.0g9 0.73 1
12 3l 6 89 17.4 | 4.2(6 6 0.73 1
13 34.8 | 112 19.7 § 5.3(1 go 0.86 | 3
Ly 34.8 113 19.3 | 5.3(1 0(2) | 0.89 | &4
15 " 34.8 | 156 19.8 6.0(5§ 3 8(1 0.96 L
6 § 34,8 {179 19.8 | 5.9(1) | 3.7(6 0,92 { &
Packing NBC2, 90.0 cm, 72 ‘umole silver nitrate 5 Q.SO umole cmﬂi
17 3,2 | 112 19.7 6.2(9; 1 3.8(03 0.99 | &
18 b 179 | 2n.2 | 6.5(8) | 3.7(6 1,02 | 4
Packing NBC2, 171.0lcm, 134 pmole silve;‘f____n:‘_gtrate, 0.78 umole cm-1
19 1 3.8 [112 20,7 15. 5(13 3. 2(73 lo.75 | 2
20 .2 179 20.0 {5.7(3) | 3.5(3) 0.8 | 2
Packing NBC2, 254.0 cm, 201 p.mole silver nitrate, 0.79 pmole cm
21 | 3.6 89 | 19.5 {3.7(9) | 2.7(2) }0.43 | 1
22 34.6 112 18.2 {3.9(5) | 3.1(8) 10.53 | 1
23 33.8 122 20.0 4;624 12.9(6) 1o0.57 1
24 by 134 19.6 | 4.4(6) | 3,1(8 0.59 { O
25 a3 | 134 19.0 |4.6(4) | 3.3(2 0.64 | O
26 3.5 13 18.4 |4.2(2) | 3.3(0) |0.58 [ O
27 3.8 {156 20,1 {5.0(2) 13.3(8) {0.71 | 2
28 3,1 179 19.3 14.6(8) {3.6(8 0.72 1




Table 5 (continued)

Expt.

no.

3 . e
cmomn

Flow

rate
1

Sample
pmolie

Column
temp,
deg C

10° P,
atm

10'°Vb
em’mole™t

A
£330
Gays3

Packing NBC3: 9.9

29 3.3 112 | 18.8

30 39 112 17.7

31 29,6 112 | 18,0

32 2,0 111 | 18.2

33 18,8 112 | 18,7

3 13.5(7; 111 | 18.7

-3 7.2(4){ 112 | 18,1
Packing NBC3; 175.9 cm, 173 umole

36 3449 112 | 18.0

37 3.8 155 18,0

38 35,3 155 18.4

-39 19,4 156 18.7
Packing NBC3; 257.9 cm, 253 umole

40 3.9 155 17.0

41 33 257 17.5
Packing NBCL4, 90,0 cm, 105 umole s:

42 3.2 | 54 | 20.4

43 Bhods 68 20,1

IV 3ol 89 19.3

45 3.1 112 20,3

L6 3.5 179 | 19.0

L7 7.8(4) 68 20.6
Packing NBC4, 171.0 cm, 198 umole

48 3,2 101 | 20.1

49 341 112 20,2

50 34.5 179 18,2

51 16,2 9 | 20.5
Pa.d{j-ng NBCZF’ 25&-00 cIn, 293 “.mole

52 .| 34.3 112 17.7

53 3.2 w1 20.2

1 3.3 154 19.3

55 3.0 167 18.6

56 3.5 171 19.2

57 343 179 18.8

58 3.8 22, | 18.8

cm, 93 umole silver nitrate, 0,98 umole cu™?

ayh‘l 5g
.

3,2(8
Lo1(9

4.1(7
I 3(7)

5.0(9§ 2.9(0)
4.8(9)| 3.1(1)
5.0(9)] 3.0(2
5, 153 3.0(5
5.0 9$ 3.0(6)
5.3(6 3.2(03‘
5.3(6$ 3.1(4
‘silver nitrate, O,
4-3§5 2.5(4
4.7(5)1 2.8(2
5.0(6 2.6&6
5.3(1)| 2.8(0
silver nitrate, O,
3.8(63_ 3.oé13
L,6(4)] 3.1
ilver nitrate, 1.
4~4§ 2.7(3
4.6(8) | 3.3(0
Lol (6 4.2§7
5.2(9) | &e3(3
5.2(0) | 4.5(8
L.6(8)1 3.2(9
silver nitrate, 1,
4.329 2,9(0
4.6(2 3.025
4o3(3) 1 4e2(5
4.5(9) | 2.7(1

silver nitrate, 1,

2.7(5
2.9(8

3.1§9
34300

2.8(9§

3.228
3.503

0.62 |

7
0,64 9
0.6L, 9
0,661 9
0.65{ 9
0.72 9
0.70 9
98 umole cm
0.48 7
0.56 7
0.56 §{ 10
0.62| 10
99 umole cm
0,49 7
0.60 7
17 umole cnrl
0,561 12
0.64 | 12
0.79 | 12
0,95 | 11
0.99 | 11
0.64 | 12
16 umole cm
0,53 ] 10
0,59 | 10
0.77 t 10
0.52 | 1,
15 pmole‘cm-1
0.40 9
0.48 9
0.52 9
0.53 8
0.58 8
0.57 7
0.6k | 7

* Experiments with Packing NBC3 were made with an uncalibrated R

katharometer exactly similer to the calibrated one,

The

calibration factor determined for the latter is assumed to be

} valid for the other,

(i) P,

The following trends are noticeable :

increases with increase in sample size;

(ii) V, end y increase with decreese in colurm length;
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(iii) VC and y increase with decrease in silvei‘ nitrate
concentration;
(iv) V, and y increase with increase in sample size,
(i) and (ii) are possibly dus to decay of zone II (see 2,3.1,
P, 13 ) as it passes through the column, this decay resulting -
from the peak-broadening (and pea:k—flattening) factors
mentioned in 2,2,1, p.11 . . (iii) is discussed in 4.4.6,
P.59 . (iv) may be the effect shown to a much more. marked
degree by silver perchlorate in fenchone and ascribed to in-
‘cc‘nmplete' conversion of the salt in zone I to ammine s the dégree
of conversion increasing with increase in the ammonia pressure
in zone I (see L4.9.4, p. 84 ); this cause may also contribute
to (ii), since the ammonia pressure in zone I falls with |
increasing distance from the column inlet,
The stoichiometric significance of the values of y
recorded in Table 5 is discussed in l;.l;.?,. p. 60,
| The average and standard deviation of the values of By
recorded in Tables 5 end 9 (p.60 ), obtained at 17.0 to 21.2°C,
are 4,66 x 10 ° atm and 0.66 x 10 ° atm,

(b) Comparison of Methods 1 and 2 .

In the experiments listed in Table 6, the complete
chromatogram, including the whole tail, was lrecorded. The high
and variable values of C and the discrepancies between colums
2 and 4 show that the effective sample size is less than the
measured size (see 2,6, p.22). There is fair agreement |
between Methods 1 and 2 if tﬁe effective sample size is used in
Method 1, The average .valu'e of te/th is 1.13 and provides a
good approximation of t, for use in Method 2, as shown by a

comparison of colums 7 and 8,
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Table 6 Silver nitrate in benzyl cyanide ~ comparison of .

Methods 1 and 2

s ¥y by Method 1 , 'y by Method 2
Expt.,y 10 C
No. {atm cr™?{Measured| Effective] Pub- te/th Ideal {Approxi-
sample sample | 1ished plateau| mation
8 3,0(5 1.09 0.78 | 0.74 | 1.13 0,68 0,67
9 2.9(8 1.14 0.85 | 0.77 | 1.16 0.74 0.71
23 2,7(6 0.82 0.65 | 0.53 | 1.18 0.60 0.57
40 3,1 6% 0.80 0.56 | 0.53 | 1,10 0.48 0.49
47 2o T 4 0.87 0.63 | 0.60 | 1,12 0.63 0.6
48 2.9(5 0.73 0.54 | 0.48 | 1,09 0.51 0.53
51 3,0(2 0.75 0.54 | 0.51 | 1.18 0.54 0.52
53 2,8(1 0.68 0.54 | 043 | 1.14 0.49 0.48
5l 2,8(5)| 0.72 0.55 | 0.45 | 1.08 | 0.50 0.52
55 2,8(9 0,73 0.56 | 0.45 | 1,07 0.50 0.53

In colum 5 are listed values of y that were published®’
before the refinements of Method 1 described in 2.5.3, p.21 ,
and 2.6, p.22, had been devised, The measured sample size was
used in calculating these values, while the end of the plateau
and the plateau area were chosen as described in the last para-
graph of 2,5.3, p.21. The errors introduced by éhese two
faulty procedures tend to cancel and produce some agfeement
between columns 4 and 5, However, this agreement is
fortuitéus, since the discrepancy between the measured and
effective sample sizes depends on the time of sweeping‘between
experiments, whereas the error arising from incorrect choice of
the rear end of the plateau does not.

boholf The dissociation pressure of the ammine respdnsible for

initial absorption

Table 7 shows values of Py (called P,) for the ammine
responsible for initial absorption; calculated by the method

Of 2.6, p.22 ‘e
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Tabla 7 Silver nitrate in benzyl cyanide-dissociation pressure

of ammine responsible for initial absorption

| Expt. Vi tm 10° P,
no, (m + 1) on® min~? min atm
8 a3 92 0.15
23 .33.8 132 0.13
L8 32 130 0.14
" 53 3.2 180 0.11
54 3.3 190 0.13
55 ' 34.0 240 0.12

The approximate constancy of P, over the range of t; provides
support for the view that a portion of.each sample is sbsorbed
in replenishment of ammonia lost by the ammine whose formation
causes the initial absorption., The values of P, were obtained
at 18.6 to 20,2° C, and have an average and standard deviatibn
of 0.13 x 10~° atm and 0,01 x 10~ atm,

Lelte® The higher plateau

Chromatograms obtained with concentrated solutions and
larger samples show two plateaux (Fig, 18) and some valley
formation (see 2.3.2, p.l5) in the higher plateau. The
characteristics of the latter are recorded in Table 8, Pd
being called B . Since the plateau has a steep rear
boundary, th is probably a good approximation for tg and is
used in the calculation of VE.

y is discussed in 4.4.6 and 4,4.7. The values of R,
obtained at 17.2 to 18.5°C; have an average'ahd standard

deviation of 67.6 x 1072 atm and 3.5 x 1072 atm,
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Table 8 Silver nitrate in benzyl cyanide-experimental

conditions and results for the higher plateau

Expt.| Loon [Sample igipwm 10° B | 107 V_ Age
. nc, Cmai min"l pmole deg ‘C atm ) cma mole~ y days

Packing NBC6, 91.3.cm, 564 umole silver nitrate, 6.18 umole cm
.59 33.9 3359 17.3 |67.(7) | 1.7(6) 0.50 0
60 | 345 |33(9) [ 17.2 |[68.(4 1.7(7; 0.51 0

61 3.2 .3355 18.2 |71.(3) 0.43 | 39

_ 3 1.4%5
62 34 | 33(5) | 18.5 |72.(5) | 1.4(4) |0.44 | 39

Packing NBC7, 92.2 cm, 566 umole silver nitrate, 6,13 umole cm -

70 1 345 33583 17.2 _63.23§ 1-2(93, 0.3k | 33
71 3.3 | 33(8) | 17.3 [63.(6) | 1.4(1). |0.38 | 33

Packing NBC8, 90.9 cm, 566 pumole .silver nitrate, 6,23 umole ot

72 3.3 3.3g7§ 17.8 66.§6g 1.723§ 0.48 0
73 4.3 |'33(7) | 17.8 [67.(2) | 1.7(5) [0.49 0

4.4.6 Changes on ageing

Table 9 presents some data on the lower plateau for
immature packings, Vé being cal;ulated by using the value 1.13
for te/th.  Although these data are‘fragmentary, they clearly
show two properties of the lower plateau @ j has small
,ffactional values for an immature packing and increases with
lapse of time. From Table 8 it is evident that y for the
higher plateau decreases with lapse of time. In Table 10
are listed experiments giving values of y for both plateaux
(yL for lower plateau, y for higher). The quantities Y/,
and‘yH + yp, are listed for discussion in 4.4.7.

The increase of ¥y, with age and the higher rate of this
increase for lower silver nitrate concentrations are a possible
explanation of the trend (iii) of 4.4.3 (a), viz increase of
Vé and ¥y, with decrease in silver nitrate concentration,

No packing &as tested over a long enough period to en-

sure that the ageing process was completed, and it is therefore

not known whether Packings NBCl, NBC2, NBC3 and NBC4 were
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Table 9 Silver nitrate in benzyl cyanide - the lower
plateau with immature packings
Expt. fiﬁ;‘;" Sample Cziungm 10" B, | 1005 v Age
no. | &7 -1 umole dog é atn |em® mole days
Pécking NBC6, 91.3 cm, 56 umole éilver nitrate, 6,18 umole an ]
59 33.9 33(9) | 17.3 a.o(zg 3.6(2) | 0.061| o
60 3.5 33(9) | 17.2| 4.3(7 3,7(0) | 0,068 o
61 3.2 3325; 18.2 4.6(4; 8.0(2) { 0.156 | 39
62 LA 33(5 18.5| 4.7(7) | 8.3(9) | 0.167| 39
Packing NBC7, 92.2 cm, 566 umole silver nitrate, 6.13 pmole an
63 3.6 13 17.3¥4.1(7) | 3.0(2) | 0.053] O
64 3.6 143 17.3 | 4.2(2 3.1(6).1 0,05 | ©
65 343 13 17.1{ 3.6(4) 1 3.6(4) | 0.056| 8 -
66 | 3.3 13 17.5( 3.7(9) | 3.7(0) | 0.059| 8
67 1 3.5 SN 17.3 | 3.7(5) | 6.9(3) | 0.109 | 24
68 345 Ly 17.3 1 2.8(6) { 7.5(5) {0.122 | 2,
69 3.7 14, 17.0{ 3.6(1) } 8.5(1) | 0.129 | 33
70 34.5 33(8§ 17.2 1§ 3.8(4) { 11.2(9) { 0,182 { 33
71 3.3 33(8 17.3 1| 3.8(8) { 11.8(0) { 0.192 | 33
Packing NBC8, 90.9 cm, 566 umole silver nitrate, 6,23 umole ot
72 3.3 33(7% 17.8 4-4(6% 5.9(03 0.110| ©
73 343 33(7 17.8 { 4.5(1) | 5.9(5) [0.112| O
Table 10 Silver nitrate in benzyl cyanide - comparison of
Elateaux
E;fgt Packing | gi;s yL YH YWYL | YH * YL
59 NBC6 . 0 0.061 0.50 8.2 0.56
60 " 0 0.068 0.51 { 7.5 0.58
61 t 39 0.156 0.43 2.8 0.59
62 n 39 0.167 0.4 2.6 0.61
70 NEC7 33 0.182 0. 34 1.9 0.52
71 n 33 0.192 0.38 2.0 0.57
72 NEC8 0 0.110 0.48 L.b 0.59
73 " 0 0.112 0,49 bod 0.60
L.4.7 Stoichiometric interpretation

In the absence of quantitative data on ¥, and Yyp the

obvious interpretation of the initial absorption and chromato=

grams like those shown in Fig, 18 would be that all or some of
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the silver nitrate in the columm reacted as follows ¢

i
g
~3

AgNO, + xNH, :AgNoa(mia)x, P, _.
AgNoa(NHa)x + yNHa :'AgNoa(NHa)x+y, i PNHé
AgNO, (NH?):Hy + zNH, = AgNO, (NH, )

Xs; ¥, 2 being integersvor simple fractions.

coevess (i)

1"
d
]

]
o

x+y+z, PNH, ".......n(ii)
That this interpretation is incorrect is shown by the

inconstancy of yu/y (see Table 10); for eéuations (1) and (ii)

require this ratio to be constant. - Thus different portions

(and different forms) of the silver salt must be responsible

for the two plateaux :

AgW + wiNH,4 :AgW(NHa)W, = P, .....'..(iii)

. PNHa
| AgZ + zNH, ;ﬁAgZ(NHs)Z’ Py, ° P, eeseess {(iv)
Either Al or AgZ, or both, may contain some or all of the

initially absorbed ammonia, as well as benzyl cyanide (see 5,1,
' p.129).  AgZ changes into AgW with passage of time.

The higher values of y in Table 5 suggest the value of
1 for w in equation (iii). The comparatively low values of
Yg * ¥y, in Table 10 may perhaps mean that somé of the silver salt
is present in a form other than AgW or AgZ, that forms no
plateau observeble under the experimental conditions used, If
this is not the case, the valuve 0.5 is indicated for z in
equation (iv).

Some support for the view that the silver salt exists
in different forms in the column is pro&ided by the resu;ts of
attempts to extract the silver from Packing NBC5 after tﬁe injtial
absorption of ammonia had taken place. A portion of  the =
packing was agitated with the extracting ligquid, which was then
decanted and titrated with'sfandard potassium thiocyanate
solution; extraction was repeated till the extract contained no

silver. Dilute nitric acid (15%) removed all the silver from

the packing, leaving it white, but extraction of three portions
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with water removed only 58%, 58% and 54% of the silver, leaving the
packing grey. These results may mean that the silver salt is
present in differeﬁt forms, of which not all are soluble in water;
It is; however; also possible that some of the salt is decomposed
by the extracting water, for the percentage of silver extractsble
by water (average 57%) is not related to the initial absorption by
Packing NBC5 (1.4 mole ammonia per mole of salt) in & way that
permits a simple stoichiometric interpretation.

4.5 Silver perchlorate in benzyl cyanide

]

Packings containing silver perchlorate in benzyl
cyanide have not been exhaustively studied, but enough results have

been obtained to esteblish the following properties of such

packings @
(1) initial absorption of ammonia takes place;
(ii) at least three plateaux are present in the chromatograms;

(iii) the chromatograms are influenced both by the age of the
| packing and by the age of the éolution used to prepare
the packing.
" A white precipitate is formed on treating a solution of’
silver perchlorate in benzyl cyanide with ammonia, so that such a
solution acts as a heterogeneous fixed phase,

4.5,1 The packings

Table 11 shows the characteristics of the packings; in
colum L4 -is given the age of the solution when it was mixed with the
glass beads. Packings PBCl, PBC2 and PBC3 turned pale mauve soon
af'ter preparation and before injection of ammoniz, but showed no

further colour change, while Packing PBC4 remained almost white,

4.5.2 The initial absorption

Packing PBCL showed an initial absorption of 1l.4 mole

of ammonia per mole of silver perchlorate.
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Table 11  Packings containing silver perchlorate in benzyl cyanide

. .3 ; Age of | Benzyl
Packing Coggizt‘z::;on Cm,:,L ° fl solution cyanide
H g ' days redistilled
FBC1 64.7 3,00 o 0 No
PBC2*% 138,3 | 300 - 6 Yes
PBC3* 138.3 3,00 | 13 -Yes
PBOL* 138.3 3.00 69 Yes

* Packings PBC2, PBC3 and PBCL were prepared from the same
solution,

4.5.3 - The chromatograms

The chfomatograms in Figs. 19 and 20 show the three
plateaux observed and the effect of solution age and packing age.
The plateaux‘ are marked I, II and ITITI in order of decreasing
height end have pressures P,, B;and B respectively.

L.5.4 Numerical results

The results in Tablé 12 are listed in chronological
order for each packing. te/th is assumed to be 1 for plateau I;
for the other plateaux, the averages found in 4.5.5 are used.,

Table 12 Silver perchlorate in benzyl cyanide = experimental

conditions and results

Flovw- . 3 8
Expt.] rate Sai‘qﬂeio‘-"um 10 Py 1,0; V.c:_:L y
no. 3 umole | coPs atm . cm” mole Age
- cm deg C . Saans- days

min | B |B, |PlatII|PlatIT|[PatT|Plat |

; ‘

Packing PBCl, 90.3 cm, 92umole- silver perchlorate, 1.02 umole cm-l
1 31.9 | 202 | 22,4 8.3(8) |- | 3.2(5)] - }1l.12f - | 1
2 3,2 (120 | 20.8 7.3(6) | - | 3.2(4} - [0.99 =~ 31
3 .01 99 | 22,7 [7.8(1){ - | 3.0(5) =~ 0.98 - 31
A 3,04 78 | 23,1(7.8(1)} -~ | 2.9(9 - 0.96f = 31
5 34,01 58 | 23.0{7.1(4) 1 - | 2.5(2 , Ou74f = 3

Packing PBC2, 90,0 cm, 194 umole silver perchlorate, 2.16umole an

6 9,6(8) 32(2) 23.718.3(5) | - | 2.6(6 - 0.91 -~ 3
7 9.7%31 200 | 23.719.0(5) | - 2.328 - 0.88 - 3.
8 9.6(8) 160 | 22.17.9(4) | = | 2.4(8)] - 10.8Y - L
9 32,4 1159 | 22.1 8.2(3; - | 2.4(9)) - |o0.85 =~ 6
10 32.5 {12 | 20.716.7(6) | - | 2.4(8] -~ 0.6 = 6
11 32,5133 | 21.5{7.3(6) | = | 2.2(3)] - 0,68 ~ 7
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10 atm

Expt 15 T Expt 16

Sample 28(©) pmole Sample 24(3) pumole

Age of Packing PBC3 Age of Packing PBC?3
- 2days | 3 days |

Figure 19. Silver perchlorate in benzyl cyanide.
Packing PBC2 followed by Packing PBC3,
column Iength 171.0 cm, flow-rate 351- 366
cm’ mm column temp. 20.8- 220°C.
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2 x10 atm

Expt 6

Packing PBC2 \l Expt 23—/
‘Solution age © days Packing PBC4
Packing age 3 days Solution age 69 days. -
, Packing age 2 days
i A
Expt 25J | \]
Packing PBC4.

Solution age 69 days
Packing age 23 days

Expt 28
X'Pockmg PBC4

Solution age 69 days
. Packing age 105 days

| m

Figure 20. Silver perchlorate in benzyl cyanide
—effect - of solution age and packing age.Column
length 90.0cm (PBC2) and 819cm (PBC4), flow-rate
0.6(8)-9.80Q) crm’min’, sample 32(2)-33©@)umole,
column temp. 17.1-237°C. | -
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l Flov- 3 6
Expt. rate [Sample C{?:;gm lot P 12- V‘il .
no. op® jumole dop O atm cr”mole™* . Age
min-l eg C! Bl T 'days
Py Ps PlatIl Plut IITjFlatTPlat IIT{
12| 33,1]112 119.7; =~ 15.3(1) -~ 2.6(3){ - 10.58 |41
90.0 cm Packing PBC2, followed by 81.0 cm Packing EBCB; 352 umole
silver perchlorate :
13| 35.7 (121(0) | 21.7{7.8(1%6.6(7)] 1.0(9){ 1. 829) 0.3510.52 o
L} 36.6 28(7§ 20.3{7.2(0)5.3(6)11.2(4){1.9(9)| 0.37|0.44 1%
15| 36.6128(6) | 20.8{7.0(3)|5.1(3)] 1.2(4}{1.9(2)| 0.36[0.41 2%
116 35.1 24(3% 22,0{7.2(3)5.8(9)1 1.3(4)11.7(2)| 0.40}0.42 3%
171 33.7132(7) | 21.8/6.8(7)5.3(1)] 1.6(5 1.8(73 0.47]0.41 g -
18| 34.9)205 }18.2] - |4.0(8 - 2.650 -~ 10.45 30% | -
19} 34.2121(8) | 18.9 - .7(5 - 2.4(5 - 10.49 3]
20| 3.2 23§o 18.8 - 14.9(3 - 2.4(8 - Jo.51 32
21 | 3h.1022(4) | 19.0 = [4.9(9)] - [2.3(5)] - 10.49 | 32%
P,| B Hatl {Plat IIT PlatI|Flat Il
Packing PBCL, 81.9 cm, 194 umole silver perchlorate, 2,37 umole an
22 | 3oy 82(4% 18.4{45. (2)5.0(2){ 0.47 11.0(6)]0.9(7){0.22 2
23 9.6(9332? 182504 (45.0(4)| 0,42 0.9(5g o.8(9g 0,20 | 2
2 1 9.7(9)24(4). | 18,6151, (5)4e 9(5)| 0.46 |0.9(0) 0.9§9 0.19 | 2
25 1 9.8(9)32(8) | 18.0149.(1)*5.1(3)1 0.40 [2.2(5)}0.8 ; 0.8 | 23
26 | 9.7(5 33§3 17,3146, (4 bi(6)] 0.40 | 2,6(1)10.7(8)]0.49 | 30
27 | 9.8(5)(33(6) | 17.5] = (5.2(6)] - |3.4(2)] = [0.75 |60
28 | 9,7(0)(33(9) | 17.1} = |&.0(2)] - |&.2(7)] - |0.72 {105
29 | 33.6{127 |17.3 - 4.5(3; - |32 zg - 10.61 105
30| 33.6(106 |17.3] - [4.3(7)] - 3,0(8)] - (0.56 [105

*  pge of Packing PBC3.

+

I£ appears that plateaux II and III in Expts.

Plateau vestigial, P,

not used in calculation of average.

1317

are due to Packings FBC2 and FBC3 respectivély, for Expts, 11

(PBC2 alone) and 13 (PBC2 + FPEC3)

plateau III did not appear in Expt., 11,

Expts.

. for comparison only.,

were made on the same day, and
" Therefore VC and y for

13~-17 do not have their usual significance and are given

The temperature ranges within which P,, B and Py were

determined and the averages and standard deviations of these

~ pressures arce as follows :
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P, 18.2 - 18.6°C, 50.4 x 10”° atm, 1.2 x 10 ° atm
Ps 20.3 - 23.7°C, 7.65 x 10°° atm, 0.64 x 10 ° atm
Py 17.1 - 22,0%, 5.01 x 107" atm, 0.60 x 10°° atm

45,5 Conparison of Methods 1 and 2

Table 13 shows values of y for plateaux II and 111,
calculated by different methods.

Table 13 Silver perchlorate in benzyl cysnide - comparisoﬁ of

Methods 1 and 2

s "y by Method 1 .. y by Method 2
Expt. 10 ¢ :

ﬁi, Plateau| , ° o | MeasuwredBffective | Yo/% | Tdeal |Approxi-
' sample | sample rlateau! mation

10 I {2.9(7) 0.95 | 0.71 |1.26 0.68 | 0.69

11 " 2.9(2) 1.01 | 0.77 1.35 0.70 | 0.68
12 11T |2.7(6 0.75 | 0.59 1,17 0.55 0.58

18 " 3.6(3 0.77 | 0.47 |1.17 0.42 | 0.45

19 " 3,1(2 0.83 | 0.58 [1.33 0.53 | 0.49

20 " 2.5(3) 0.76 0.64 1.41 0.60 { 0.51

21 " 2.7(#3 0.74. | 0.60 }1.33 0,54 | 0.49

29 " 2.2(9 0.64 0.57 1.08 0.54 0.61

30 " 2.3(6) 0.59 0.55 1.1y 0.52 0.56

The high and variable values of C and the diécrgpapcies between
colums 3 and 5 indicate impermanence of the initial absorption
(see 2.6, p.22) and the agreement between Methods 1 and 2 is much
improved by using the effective sample size in Method 1.  The
average values of te/th for plateaux II and III are 1,31 and 1.23

respectively.

L.5.6 The dissociation pressure of the ammine responsible for

initial absorption

Application of the method described in 2,6, p.22 , gives
the &alues in Table 14'fpr the dissociation pressure (P7) of the
ammine responsible for initial absorption. P; was determined at
18.8 to 21.5°C and has an average and standard deviation of

0.1 x 107® atm and 0.03 x 10°° atm.
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Table 14  Silver perchlorate in benzyl cyanide - dissociation

pressure of ammine responsible for initial absorption

Expt. Vi oty 10" B,
no, (m+l)|cn® min™ | min atm
1 32,5 180 0.13
.19 3.2 380 0,12
- 20 3.2 200 0,13
21 3.1 163 0,18
fe5e7 Changes on ageing

The existence gf prolonged and complicated ageing effects
was not suspected when the study of silver perchlorate in benzyl
cyanide was started, and the data on these effects are therefore
unsystematic and very incomplete, ‘When not in use, the columms
were stoppered aﬁd stored in a dark cupboard, so the ageing took
place at room temperature,

The lean packing, PBCl, shows no replacemenf of one
plateau by another up to an age of 31 dajs (Expts. 1~5). In the
chromatograms obtained with Packing PBC2, only plateau II is
present at ages of 3 to 7 days (Expts. 6-11), but at 41 days has
been replaced by plateau III (Expt. 12). There is no record of
plateau I for Expts., 1-5 and 921, because with the unattenuated
bridge output used, this flateau is off the recorder scale.
Packing PBC4 shows plateaux I and III initially, but plateau III
gradually lengthens while plateau I shrinks‘and finally disappears
(Expts. 22-30 and Fig. 20).

Not only a used packing, but aléo an unused solution
changes on ageing., Packings PBC2 and PBC} were prepared from the
same solution at ages of 6 and 13 days respectively; in Expt. 131,
Packing PBC2 shows only plateau II, whereas on the same day,
Packing FBC3 shows plateau III in Expt. 13, Expts. 6 and 23

(see Fig., 20) were made with packings having the similar ages of
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3 and 2 days, but prepared from the same sclution at the widely
differing ages of 6 and 69 days; in Expt. 6 only plateau II is
present, while in Expt. 23 ohly'I and IIT are present,

The foregoing results suggest that the solution, Whefher.
unused orqin a used ‘packing, undergoes changes that first cause
replacement of plateau II by plateaux I and IIT and then growth of
IIT at the expense of I, Expts. 13-17 seem to show an exception
to this generalization, since y for plateau II increases and y for
plateau IIT decreases with time. Comparison of the results of
these experiments is however hampered by the inconstanéy of
sample size, a variable whi@h generally has some infiuence on y. '

4.5.8 Stoichiometric.interpretation

The simultaneous growth of plateau ITIT and disappearance
of plateau I in Expts. 22-28 show that these plateaux are due to
two different forms of the silver salt (cf. 4.4.7, P. 60 );
probably plateau II is due to a third form.

The higher values of y in Table 12 suggest that each of
the three ammines responsible fbr the thrée plateaux dissociates

with the loss of 1 mole of ammonia per mole of silver perchlorate,

4.5.9 The effect of moisture

| Since silver perchlorate is deliquescent, it was thought
that absorption of moisture might influence the behaviour of a
packing. This possibility was investigated for Packing FBC1
af'ter completion of Expts. 1~5; a drop of water was placed on tﬁe
packing at its upstream end and evaporated by the flowing carrier
gas, When all the moisture had been eluted, an ammonia chroma-
togram still showed plateau II (8.10 x 10" %atm at 24.400), proving
that the moisture had passed through without affecting the packing.
This indicates that the structural positions normally taken up by
water are occupied by the initially absorbed ammonia or by benzyl

cyanide (see 5.1, p.129).
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L6 - Silver nitrate in benzonitrile

Packings containing silver nitrate in benzonitrile
absorb ammonia initially, then give chromatograms with one
plateau (EE) and show no changes on ageing.  The results of two
tensimetric experimen{s agree roughly with the gas-chromatographic
results,

Silver nitrate in benzonitrile reacts with ammonia to
form a white precipitate and therefore acts as a heterogeneous
fixed phase.

Le6.1 The packings

The packings (Table 15) were prepared from May and Baker
silver nitrate and redistilled benzonitrile; they turned dark
grey soon after preparation, before ammonia was injected, and
showed no further colour change,

Table 15 Packings containing silver nitrate in benzonitrile

. Concentration 10a s
Packing umole cmr3 en® g3
NBN1 : 365 - 3,00
NBN2 449 3,00

L.6.2 The initial sbsorption

Packings NBN1 and NBN2 showed initial absorptions of 1,7
and 1.4'mole of ammonia per mole_of silver nitrate respectively.

4,6.3 The chromatograms

The chromatograms in Fig., 21 show the effect of sample
size and column length, and the presence of slight valley
formation (see 2,3.2, p.15 ).

4.6.4  Numerical results

In Table 16 are listied the experimental conditions and
results., The values of Vc and y are probably less accurate "than

those for the lower plateaux given by solutions in benzyl cyanide,
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Expt 2 Expt 3 |
Sample 82(7)Lmole Sample 123(7) wmole
Column length 1739cm Column length 173.9¢cm

/20 min

—

4x10 atm

* e
EXpt S

Sample 125(O)p.mo!e
Column length 255.6cm

Figure 21. Silver nitrate in benzonitrile —effect
of sample size and column length. Packing NBN1,

flow-rate 9.9(6)-10.06) c’min’', column temp.
16.7-18.2°C.
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because the flow-rate used in calculating these quantities is
less accurately known for the following reasons @
(1) The measured flow-rate (measured before injection)
_ ‘ N
is that of the carrier gas alone, and is nearly equal to
the total flow-rate (which should be used fof caleulating
Vc) only when P, is low; here P, is the apprecisble
fraction 0.07 of the total effluent pressuie. The total
flow-rate cannot be measured with a soap~-film flowmeter,
because the ammonia dissolves in the flowmeter liguid.
(ii) The flow-rate varies during an experiment, because
a large ammonia sample changes the viscosity of the gas
passing throuéh the colwm appreciably (viscosities at
18°¢C : N,, l?S.upoise; NHg, 106 upoise). These remarks
apply to all high plateaux.
¥ increases withlsample size, and this may be the
effect.shown to a more marked degree by silver perchlorate in
fenéhone and ascribed to incomplete conversion of the salt in
zone I tb ammine, the degree of conversion increasing with
increase in the emmonia pressure in zone I (see 4.9.4, p. 8&).
P, was determined at 16.7 to 19.3°C and has an

“average and standard deviation of 73.0 x 10°° atm and

2,0 x 10°2 atm.-
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Table 16 Silver nitrate in bengonitrile - experimental

conditions and results

. i | Column 3 -5
Expt.| Flow-rate| Sample temp, lgthl 10 " v, | -

no. | cm® mip~| umole | 4. c C crn®mole~?

Packing NBN1, 173.9 om, 947 pmole silver nitrate, 5.45 umole cm>

1 9.7(2 61(4) | 17.9 74.(1) 1 1.8(6) 0.58
2 1o.o§1 82é7 17.3 72.53§ 2.3(5g 0,71
3 10,0 6 123(7 18,2 76.(5 2.8(4 0.91

Packing NEN1, 255.6 cm, 1375 umole silver nitrate, 5.38 umole cm Y
4 9.5(8 102§7 18.9 74.§1§ 2.0(3 g 0.63
5 9.9(6 125(0) | 16.7 69.(8) | 2.5(5 0.75
6 9.7(9 133(3) | 19.3 71.(1) | 2.4(9 0.7k

Packing NBN2, 93,0 cm, 638 umole silver nitrate, 6,86 p.méle cm?

i

7 9.8(23 41(2 18.1 72.§3 1.8§8 | 0,57
8 9.9(0 41(3 18,0 71. (4 1.8(6 0.56
9 9.6§4§ 83(0) | 17.7 74.51 2.4§o 0.7k
10 9.7(3 124(9 17.3 The(3 2,6(0 0.81

L.6.5 Comparison of liethods 1 and 2

Table 17 shows values of y calculated by different
methods, The high and variable véxiues of C and th.e discrepancies
between columns 3 and 4 indicate impermanence of the initial
absorption (see 2,6, p.22); good agreement between Methods 1 and
2 results from using the eff"ective sample size in Method 1.
te/th has an average value of 1,05,

Table 17 Silver nitrate in benzonitrile - comparison of

Methods 1 and 2

T
s ¥y by Method 1 y by Method 2
Expt.,; 10 C t /.t.h
‘no, |atm cit"! | Measured | Effective| © Ideal | Approxi-~
sample sample plateau | mation
1 3.2(0; 0.90 0.60 | 1.06 0.59 |, 0,58
2 3.2(5 1.08 0.72 1.03 0.70 | 0.71
3 3.3(7 1.40 0.90 1.01 0.87 0.91
L 3.2(9 0.99 0.64 1.03 0.61 0.63
5 3.0(1 1,09 0.79 1.04 0.74 0.75
7 3.0(6 0.83 0459 1,08 . 0.59 0.57
8 3.1(5 0.8 0,58 | 1.09 0.58 0,56
9 3,6(4 1.32 0.80 1.08 0.77 0.74
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L4.6,6 The dissocisation pressure of the armine responsible for .

initial absorption

The data necessary for calculating the dissociation
pressure of the amminé responsible for initial absorption were
not recorded, but this pressure must lie below 0.4 x 1Q-3 atm,
the lowest pressure that can be detected by the katharometer

(see 4.14.L, p.115),

L4.6.7 Tensimetric experiments

Fig. 22 shows the tensimetric curve obtained at 17.5°C
for 613 pmolé of silver nitrate (Hopkin and Williams) in 0,50 cm ?
of benzonitrile (redistilled), using the apparatus of 3.4, p.37 .
The ammonia absorption per mole of silver nitrate is 1,7(9) mole
at low pressures (3 0,016 atm) and 0.9(7) mole at 0,11(6) atm.
From a similar curve for 515 umole of silver nitrate (Hopkin and
Williams) in O.Aﬁzcmp of benzonitrile (redistilled) on 13.1 g
of glass beads at 17350(L the aﬂsorption per mole of silver
nitrate is 1.4(4) mole at low pressures (} 0,011 atm) and 0.7(1)
mole at 0,11(1) atﬁ. Both the unsupported and the supported
solutions turned dark grey before inJjection of ammonia.

The following correlation of these results with tﬁe gas-
chromafographic behaviour of silver nitrate in benzonitrile is
suggested: the tensimetric absorptioh at low pressures
(<C.02 atm) corresponds to the initial absorption by a colum
packing, the absorption at 0.11 = 0,12 atm is due to the formation
of the ammine responsible for the chromatogram pldteau, and
0.11 - 0.12 atm is the pressure corresponding to the plateau (EE)

Numerically the tensimetric results agree roughly with
the gas-chromatographic results, but are of low accuracy because

(i) even though it took 11 and 3 days to obtain the curves
for the unsupported and the. supported solutions respectively,

enough time was probably not allowed for the attainment of

.
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Figure 22. Silver nitrate in benzonitrile
— tensimetric curve.



. equilibrium = this would explain the initial pressure rise
to 0,016 atm and 0.011 atm and the high values of B, ;

(ii) absorption of ammonia by the rubber bung, adsorpticn
on the glass and solution in the benzénitrile are not
allowed for; these factors probably explain why the slopes
of the steep parts of the tensimetric curves are not

- infinite.
The long duration of tensimetric experiments renders

them unsuitable for investigating systems that change on ageing,

4.6,8 Stoichiometric interpretation

The stoichiometric interpretation of the foregoing
results is uncertain because it is not known whether the
darkening of the packings is due to decomposition of the silver
nitrate and, if so, to what extent such decomposition takes
place.

If there is no appreciable decomposition, the values of
the initial absorption and the higher values of y in Table 16
indicate the following equations for the column reactions :

AgX + 1,5NH; = AEX(NHa);-s PNHS < Ok :{ 10" %atm

ApX(NHg); e + NHy = AgX(NHj) 5.5 Py, = 73 % 107%atm

If about 30% of the silver nitrate decomposes to an

inert product, the equétions may be

hgX + MHy = AgK(NH,) o Py, < Ok x 107 atm
AgX(NHg) 5 + 1.5y = AgX(NH,) 5e Py, = Bx 10 2atm
L.7 Silver perchlorate in benzonitrile

The chromatography of ammonia on silver perchlorate in
benzonitrile closely resembles that on silver nitrate in the same
solvent (4.6, p.70), but the plateau is lower.

Lao7.1 The packings

The packings were prepared from redistilled benzonitrile

and their characteristics are shown in Table 18; they turned
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dark grey soon after preparation, before ammonia was injected, and

showed no further colour change.

Table 18 Packings containing silver perchlorate in benzonitrile
) Concentration 10% s
Packing umole cnr3 em® gl
FBN1 138 3.00
PBN2 524 3.00
4.7.2 The initial absorption
Packings PBN1 and PBN2 showed initial sbsorptions of 1.4
and 1.5 mole of ammonia per mole of silver perchlorate '
respectively.
La7.3 The chromatograms

The series of typical chromatograms in Fig, 23

illustrates the effect of sample size,

Numerical results

L.7.4
In Table 19 are listed the experimental conditions and
results; Ea being called b,
Table 19 Silver perchlorate in benzonitrile - experimental
conditions and results
- Colurn 3 -5 [
Expt, | Flow~rate | Sample te 10 P} 10" Vg
no. cmrin~! umole de§p°c atm em®mole™l i y
Paéking FBN1, 90.3 cm, 183 umole silver perchlorate, 2,03 unolecﬁfi
1 0 9.7(5) | 203 18.9 |48.(5) | 5.2(4) | 1.0%
Packing PBNl, 95.3 cm, 196 umole silver perchlorate, 2. O6Lunohacn1
2 9.7(6) 79 18,9 -t - -
3 9.7(1) 121 19.1 - - -
4 94 8(4) 162 19.3 |48, (4 3.9(4) | 0.79
5 9.8(7). 20l 19,2 {50.(0 4.4$2) 0,92
6 9 725 24(6; 18,9 |50.(0 L7 2; 0.99
7 9.7(8 32(9 18.8 |50.(0 5.3(1 1.11
Packing PEN1, 172.6 cm, 345 pmole silver perchlorate,»2.Qmeﬂe c‘:m.-1
8 i 9.8(7% 28(63 18.8 48.(5§ 4.#283 0.91
9 | %81 32(7 18.6 148.(6) | k.5(2 0.92
Packing FBN1, 252, 6 cm, 507 umolo silver perchlorate, 2, Ol;unokacm
10§ 9.8@) ! 41(2) | 19.0 146.(9) | 4.0(1) | 0.78
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Expt 2 . Expt 3 | Expt 4 ’

79 umole 121pmole - 182umole

4310 atm

204 umole - 24(8) L mole 32(9) Lmole

Figure 23 . Silver pe'rchlorate in benzonitrile
—effect of sample size. Packing PBN1, flow-

Expt 5 l Expt 6. 1 Expt 7 u '

rate 97(1)-9.8(7 cm’min’', packing length 9»5,3cm', |

column temp. 18.849.3°C.
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Table 19 (continued)

Expt. ' Flow-rate | Sample ?G:;U‘m 10° Py i 107° v, |
no. ‘ crPrin~? pmole | degp.C atm icmamole‘l y
;
1L 9.8(5) |49(3) | 18.8 47.(1)’ 4.3(9) | 0.3
Packing PBNZ, 91,2 cia, 716 umole silver perchlorate, 7.85 umole cm
12 | .9.8(4) | 61(6) 17.1 | 46.(6); 3.6(6) ’ 0.72
Packing‘EBNZ, 93.2 cm, 732 umole silver perchlorate, 7.85umole am *
B 95 16 | 17.5 | us.()] 2.5(7) | 0.49
Ly P 9.8553 61553' ¢ 18,4 | 49-(53‘ 3-3(7; 0.70
15 g 9.8(0 83(7) | 17.6 | 45.(7 | h.2(2 0,81
! | ! !

¥y increases with sample size,band this may be the effect
shown to a more marked degree by silver perchlorate in fenchone
and ascribed to incomplete‘conversion of the salt in zone I to
ammine, the degree of conversion increasing with increase in the
emnonia pressure in zone I (see 4.9.4, p.8% ).

P, was determined at 17.1 to 19.300 and has an average
and standard deviation of 48.1 x 107% atm and 1.7 x 10~% atm,

Lals5 Comparison of Methods 1 and 2

Table 20 shows values of y calculated by different methods.
The high and variasble values of C and the discrepancies between
colums 4 and 5 indicate impermanence of the initial absorption

Table 20 Silver perchlorate in bengonitrile -~ comparison of

Methods 1 and 2

Pt 1 10 6 ¥y by Method 1 | y by Method 2
no. |FPONIP8| i onl| Measured| Effective| o th | Ideal Approxi-
sample sample plateau| mation
1 PBN1 3.5(4; 1.80 1,09 | 1.17 | 1,06 1.06
8 " 3.0(7 1.33 0.9, 1.18 0.93 0.91"
9 " 3.2(7) 1.51 0.98 1.20 0.9 0.92
10 " 4.1(6 1.60 |- 0.81 1.16 0.79 0.79
11 " 3.851 1.58 0.88 1.13 0., 84 0.86
13 PBN2 3.0(6 0.73 0.52 1,09 0450 0.49
1 " 2.9é23 0.95 0.72 1.07 0.71 0,70
15 " 3.2(0 1.15 10,80 1.00 0.77 0.81




80

(see 2.6, p.22); good agreement between Methods 1 and 2 results
from using the effective sample size in Method 1. t e/th has an
average value of 1,17 for Packing PBN1 and 1.05 for the richer

Packing PRN2.

L4e7.6 The dissociation pressure of the ammine responsible for

initial absorption

The data necessary for calculafing the dissociation
pressure of the ammine responsible for initial absorption were not
recorded, but this pressuré must lie below 0.4 x 107° atm, the
lowest pressure that can be detepted by the katharometer (see

hollly, p.115).

he7.7 Stoichiometric interpretation

N The stoichiometric interpretation given in 4.6.8, p.76,
for silver nitrate in benzonitrile applies also to the foregoing
results for silver perchlorate in the same solvent. If there is
no decomposition of the silver salt to an inert form, the

following column reactions are indicated :

Ool+- X lO..S atm

A

AgX + 1.5MH; = AgX(NHg);es  Pym,

AgX(NH3)1,5_+ NH; =« AgX(NHg) zo s PNHa 48 x 107% atm

If decomposition takes place to the extent of about 30%, the
equations may be

AgX + 2NHg = AgX(NH,), Py, 0wk x 107% atm
AgX(NHg)g+ 1.5MH, = AgX(NHg)gep pNHa =48 x 10°° atm

4eo7.8 The effect of moisture

A drop of water was placed on the upstream end of
Packing PEN1 (95.3 cm) after Expts. 2-7 and evaporated and eluted
by the carrier gas. After this treatment the packing still
gave an ammonia chromatogram with the usual plateau
[48.(2) x 107 atm at 18,9°C], and it did therefore not contain

silver perchlorate in the usual hygroscopic form.
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,_IHB Silver nitrate and silver perchlorate in benzonitrile

Packings NBN2 and PRN2 were mixed and a column was
packed with 92.2 cm length of the mixture, containing 435 umole
of silver nitrate and 248 umole of silver perchlorate.

Initially the chromatograms showed three plateaux
(P, Pgy, Py) marked I, II, IIT in Fig., 24, Expt. 1, but after 13
days plateau III had disappeared (Fig., 24, Expt. 4). Table 21
shows the experimental conditions and results, the ages in column

Table 21  Silver nitrate and silver perchlorate in benzonitrile -

experimental conditions and results

s - o i
Flow- 10 Pd V. - Vg
Expt. rate Sample (iolwm"l atm e Age
no., cm® umole d:gmpé > ] days
min™ ‘B | B | B Plat IiPlatIIj{FlatIII
1 19.7(8)} 83(2)|16.6 70.(7; 37.(5)27.(7){ 123 {159 {197 | O
2 19.7(8)] 83(2)[16.6 170.(2)|37. (4 27.(33 121 1154, {197 | O
3 19.8(2 84%2 16.3167. (5136, (L)26. (&)} 125 |162 1197 | 1
L 9.6§1 83(0)117.7175.(2){39.(6)| = 102 {171 - 13
5 19.7(7)| 83(3){16.9 72.(2)40.(1‘ - 109 {171 - |2
11 being times after mixing of Packings NEN2 and PEN2, v - v, -

for the steepest part of the rear boundary of each plateau is
reported instead of VC and y, because it is doubtful what
guantity of silver salt should be used for calculating VC and y.
The terperature ranges within which B , P;and P¢ were determined
and the averages and standard deviations of these pressures are
as follows ¢ '
B 16,3 = 17.7°C, 71.2 x 10" atm, 2,8 x 107 atm
B, 16.3 - 17.7°C, 38.2 x 107 atm, 1.6 x 1072 atm
By 16,3 = 16.6°G 27.1 x 107° atm, 0.7 x 10°° atm

'fhe above value of B, is equal within the limits of

experimental error to B for silver nitrate in benzonitrile » but

both plateaux II and III are lower then the plateau given by
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l4x10%atm

\r | Expt 4 T

Expt 1
O ddy . 13 days

Figure 24. Silver nitrate cmd silver perchlo-
rate in benzonitrile —effect of packing age.
Column _length 92.2cm, flow-rate 9.6(1)-2.7(8)
cm’min , sample 83(0)-83(2) umole, column
temp. 166 17.7°C.
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silver perchlorate in benzonitrile,

A possible explaﬁation of these results is that a part
of the précipitate present in Packing NBN2 persisted when the ,
packings were @ixed, while anofher part formed mixed crystals
with the precipitate in Packing PBEN2, and these then underwent
further change.

4.9 Silver perchlorate in fenchone

After absorbing some ammonia initially, packings céntaining
silver perchlorate in fenchone under certain conditions yield
chromatograms having two plateaux, and show no changes on ageing,

Silver perchiorate in fenchone forms a white precipitate
with ammonia and therefore acts as a heterogencous fixed phase,

4e9,1 The packings

Table 22 gives details of the packings used, The leaner
packings remained white, while the richer turned pale grey when the

initial absorption of ammonia took place.

Table 22 Packings containing silver perchlorate in fenchone

Packi Concentration |- 10° s Fenchone
ne umole cmr3 cm® g=1 | redistilled
PFl 125 3.00 Yes
PF2 127 3.00 No
PR3 138 3,00 Yes
FFy. 601 3,00 Yes
FF5 810 3.00 Yes

L.9.2 The initial absorption

The following initial absorptions (moles of ammonia per
mole of silver perchlorate) -were measured :
Packing FF2 > 1.1
" FF 1.9
" PF5 2.1

4.9.3 The chromatograms

The chromatograms in Figs., 25 and 26 were obtained with

the leanest packing (PF1l) and show a single plateau (P,), deformed



by valley formation and rounding of the rear escarpment. They
illustrate the effects of increasing sample size - conspicuous
growth of the peak and moderate lengthening of the plateau.

The chromatograms shown in Figs. 27 énd 28 were obtained
with the richest packing (PF5) and differ in three respects from
those in Figs. 25 and 26. Pirstly, an increase in sample size
has littie effect on the peak but causes pronounced lengthening
of the plateau., Secondly, a higher plateau (P, marked I)
appears with laréer samples, Thirdly, the P, plateau divides
into two "plateaux" (marked II and III) of closely similar height.
It is doubtful whether these two "plateaux" are aue to different
ammines - the division of the P, platcau is possibly a rate effect
related to those described in 4.9.4. The P, plateau shows a
marked slope and valley formation is pronéunced in some chromato-
grams,

The effect of column length may be seen by comparing
Expts. 4, 5, 6 (Fig. 25) with Expts. 9, 10, 11 (Fig. 26) and
Expts. 25, 26, 29, 31, 34, 3 (Fig. 27) with Expts. 47, 49, 50,
51, 52, 53 (Fig. 28); that of silver perchlorate concentration by
comparing Expts. 2, 6 (Fig. 25) with Expts. 24, 25 (Fig. 27) and
Expts. 11, 12, 13, 15 (Fig. 26) with Expts. 47, 48, 49, 50
i
(Fig. 28). The influence of these variables is qualitatively in
accordance with the predictions of 2.3, p.l2.

i

Le9.4 Numerical results

In Table 23 are listed the experimental conditions and
results for the P, plateau; where two values of P, are reported
for an experiment, the first is for "plateau" II and the second

for III.



Expt 1 [ Expt2 [ Expt 3
57 Lmole /78 mole ©98 L mole

-2
2x10 atm

Expt 4 l Expt b | Expt 6

18 Lmole 139 pLmole 160 1L mole

Figure 25. Silver perchlorate in fenchone
—effect of sample size . Packing PF1, column
length 9C.0cm, flow-rate 9.7(1)- 9.8(0) cm’ min -
column temp. 23.0-24.0°C. v

85
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| Expt 7 l Expt 8 l Expt 9 ]

57, L mole 78 limole 118pmole

2x10 atm

Expt 10 = l Expt 11 ! Expt 12 l

138 Lmole 159 lLmole 199}.Lmole |

Figure 26. Silver perchlorate in fenchone
—effect of sample size. Packing PF1, column
~length 171.0cm, flow-rate 9.6(3)- 97(7) cm*min”

column temp. 23 8-249°C.

Continued



2x10 atm

Expt 13 . U '
24(0) pmole

10mirj

Expt 14

87

__“'__

28(1) KL mole

Expt 15 \J

32(2) pmole

Figure 26, contin

ued.



210 atm .

Expt 23 T Expt 24 T Expt 25 I |

38 mole 78 mole 161 L mole

_J

Expt 26 i Expt 29 ]1 Expt 31 W

24(2)pLmole 32(7)mole 40(7)Lmole

Figure 27 .Silver perchlorate in fenchone
—effect of sdmple size.Packing PFDS, coiumn
length 901cm, flow-rate 95(5) 97(8)cm min~'
column temp 20.3- 227C

Continued

88
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_

Expt 34 \f Expt 36 \]—
48(8)Lmole . 60®)mole

I

12x10 7 atm

20min

-

Expt 40 [

102(7)umole

" Figure 27, continued.
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Expt 47 ‘ ' Expt 48 , - Expt 49 T

161 Lmole 202 umole . 244) umole

2x10 atm

Expt 50 ‘ : A Expt 51 \{

32(5)mole 40(7) )L mole

Figure 28. Silver perchlorate in fenchone
—effect of sample size. Packing PFDS, |

" column length 1711cm, flow-rate 9.6(7)-9.84)
cm’min' column temp. 183-204°C.

Continued



Expt 52 \] , Expt 53
48©) Lmole 611 mole
ox10 atm - 20min_

Expt 54 . \‘
82(8)Lmole

Figure 28, continued.

9L
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2%  Silver perchlorate in fenchone ~ experimental
conditions and results for the lower plateau
' - . Column 3 5
Expt. BIGWhrate ~ Sample 10" P, | 1075 v,
no., Cm min’ -1 pmole temp' atm Cma mo]_e"‘l Y
] deg C ’
Packing PF1l, 90.0 cm, 178 umole silver perchlorate, 1,98 pmole et
1 9.7(63 57 23,), - - 1 -
2 9.7(6 78 23,7 1 50.(1) 2.8(%) 1 0.58
3 9.7(1; 98 23,9 | 52.(1 3.1E1 0,67
L 9.7(1 118 2.0 | 51.(6 3.4(8) | 0.7k
5 2.7(5 139 23.9 | 52.(7 3.7(6) | 0.81
6 9,8(0 160 23.0 49. (6 4,1(8 0.85
Paclking PF1, 171.0 cm, 337 pnole silver perchlorate, 1,97 umole cni™
7 9.7(4§ 57 2.9 - ~ -
8 9'6(3 78 214-07 - had -
9 9.7 (L 118 24,2 - - -
10 9.6(3 138 4.7 - - -
11 | 9.7(1 159 2L | 50.(3 2.9(2) | 0.60
12 9.6(6 199 2.7 53'§6 3.2(1) | 0.70
13 9.7(0 24.(0 24,9 | 55.(2 3.5(2) | 0.80
1 9.7E5 28(1 24.8 54.242 3,7(8) | 0.8L4
15 9.7(7 32(2 23,8 | 49.(7 4.0(8) | 0.83
Packing PF2, 88.6 cm, 178 umole silver perchlorate, 2,01 pmole cm
16 8.2(2 99 23.2 | 42. 32 3.3§8 0.59
17 8.2(8 99 23.5 |- 4 (3 3.8(0 0.69
18 8.4(8) 119 23,2 L, 9§ 3,8§6 0,71
19 8.7(5 161 22,6 43.(9 4.8(8) | 0.89
Packing PF3, 90.0 cm, 196 umole silver perchlorate, 2,18 umole cm™
20 9.7(6 160 22.9 | 45.(6) 4.2(5) | 0.80
22 9.7(4 32(2) 23.7 | 47.(6) | . 6.8(9 1.34
Paclking FF5, 90.1 cm, 105(0) umole silver perchlorate, 11.7 umolean =
23 9.7{5% 38 20.9 - - -
2l 9.7(5 78 21.1 - - -
25 9.,7(8 161 20.3 | 40.(6§ 0.9(2) 10.16
26 9.6(5) 24(2) 21.7 48.(0) | 1.0(2) !0.20
27 9,6(6) 2 (2 23,1 5h.. (L 0.9(3) yo0.21
28 9.7(4 32(6 21.1 52.§6 1.2(2 0.27
29 9.6(2 32(7 21,1 51.(1 1.2(4 0.26
30 2.7(8 L0(6 22,7 | 5L.(7 1.4(0 0,32
31 9.8(3 40(7 21,7 1§ 53.(5 1.4(6 0,32
32 9.6 o; 40(8 21.0 51.(2 1.5(1 0.32
033 | 9.6(5) | 40(8 22,7 | 55.(0 1.4(1; 0. 32
3 9.5(53 48(8 21.3 | 52.(3 1.7(1) |{0.37
35 2.7(7 48(8 22,2 | 55.(6 1.6(5) | 0.38
36 9.6Eo§ 6o§6 22,7 53.(3 2.1(5 0.47
57 9.7(5 60(9 21.6 54.(2 2.1(6 0.48
38 9.8(0 61(2 20,4 50.(5 2.2(5 0.47
39 9.5(8 6153 20,8 | 52.(2 2,3(4) |0.51
40 9.5(8 102(7 20.8 | 49. 29
47.(7 3.9(8) |0.79
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Table 23 (continued)

. 3 .
Expt. | Flow-rate| Sample Colum™| 5, Py | 107% Vg l .

no. cem® min™!| wumole gzgpé. atm cn® mole~l
Packing PF5, 90.0 cm, 108(5) umole silver perchlorate, 12.1pmoilec:rzi.m:'L
41 19.5§8§ 162 19,2 32.(9) 0.8(2 0,11
42 19.4(2 24(43 19,0 39.(43 1.1(3) | 0.19
L3 19,4.(0 32(7 19.3 41.(6 1.4(2 0,25
Ly 19.5(6 40(93 19.2 45.%53 1.6%9 0,32
45 19,4(8 - LB(L 21.7 50. (O 1.7(6) | 0.36
46 19.4(9) 60(7) 21.5 | 51.(0) | 1.9(6) | 0.1
Packlng PF5, 171.1 cm, 202(0) umole silver perchlorate, 11.8;.111)1:)1@c*m"'1
47 9.7(8 161 19,2 - - -
48 9. 8(4§ 202 19.3 | 43.(7) | 0.6( g 0.11
49 9.7(9 24, (1 18.3 | 41.(1) | 0,7(6) | 0.13
50 9.7283 32(5 204 | 4. (9 0.9(0) | 0.17
51 9.7(7 40(7 20,3 43-%6
-1 y2.(6 1.1(3) | 0,20
52 9.6(7) 48(6) 20,3 | 44.§6
: 42.(8 1.3(0) | 0.23
53 9.7(7) 61(1) 19.8 | 4. (3
i2.(2 1.6(9) | 0.30
54 | 9.8(3) 82(8) 19.3 | 42.(8)
| 42.(0 2,3(5) | 0.4l
55 | 19.5(8) 41 (%) 18.4 | 37.(9
35. (7 1.3(0) | 0.19
56 19.5(8) 61(9) 18.3 38.(3
- 35.(2 1.8(3) | 0.27
57 [19.6(3) | 83(2) | 18.2 | 39.(3
i 35. (6 2.6(3) |0.39

P, decreases with increase in flow-rate, an effect which
is possibly due to the slowness of‘decompositioﬁ responsible for
valley formation, the ammonia from the slowly decomposing ammine
. being swept away before its partial pressure builds up to the
equilibrium value of B .

Vc and y increase with increase in sample size and this
effect is pronounced with the richest packing (FPF5), which has
small fractional values of y fur smail samples, This. indicates
that only a fraction of the silver salt in the columm is con-
verted to the P, ammine, and that this fraction increases with the
increase of ammonia pressure in zone I (see 2,3,1, p.13) resulting

from an incrcase in sample size,
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Table 2). shows values of \Pd (called B ), V, and y for

plateau I, the value 1 being assumed for t e/th’

Table 24

Silver perchlorate in fenchone -~ results for the

higher plateau

3

Expt, 10" B 1078 Vg
no, atm em® mole™t M
36 76.(7) 0.11(3) 0.036
37 75.(1 0.12(1 0.038
38 71.(6 o.12§3 0.037
39 74.20 0.11(1 0.034
L0 77.(2 0.11(6 0,037

In the exper.:'unen‘ts with the lower flow-rates

(< 10 em® min™'), P, lies between 40.(6) x 103 atm and

55.(6) x 10™® atm, the range of temperature being 18.3 to 24.9°C,

P, was measured between 20.4. and 22,7°C and has an average and

standard deviation of 74.9 x 10°° atm and 2.3 x 10~ atm.

4.9.5

methods,

Corparison of Methods 1 and 2

Table 25 shows values of y calculated by different

The high and variable wvalues of C and the discrepancies

btetween columns 4 and 5 indicate impermanence of the initial

sbsorption (see 2.6, p.22);

good agreement between lMethods 1 and

_ Table 25 Silver perchlorate in fenchone - comparison of
Methods 1 and 2
by Method 1 by Method 2
Expt. PackinL 10° ¢ . vy . yov e

no, ; atmafl heasured |[Effective e/ *n Ideal |Approxi-
§ sample sample plateau! mation

16 PF2 |3.0(6 0.85 0.59 1.19| 0.59 | 0.59

17 no12.6(7 *0.88 0.72 1,21 0.70 0.69

29 PF5 |2.4(1 0.35 0.27 1,05 0.27 0.26

30 n 2.823 0.40 0.31 1,02 0,31 0.32

31 " 12,8(1 0.42 0. 33 1,03 0.32 0. 32

32 " 12.8(1 0.42 0,33 1.05 0.32 0.32

33 " 2.728 0.43 0. 34 1,04 0.32 0.32

3l " 12.7(9 J 0.48 0.38 1.04 0. 37 0.37

35 "o12,7(6) -1 0.48 0.39 1.03 0.38 0.38

37 " 12,9(0 0.59 0.50 1.05 0.49 | 0.48

38 " 12.8(0 0.59 0.46 1.00 0.46 0.47
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Teble 25 (continued)

3 y by Method 1 y by Method 2
Expte oy aeang] 10 C b /e |
no. 8L atm onMfieasured |Bffective| © h| Ideal Approxi=
sample | sample plateau| mation
48 PF5 | 2,7(2 0,14 0.11 | 1.04 0.11 { 0.11
49 " 2.6(0 0.16 0.13 1.03 0.13 0.13
50 " 2.6(3) . ] 0.20 0.17 1.01 0.16 0.17

2 results from using the effective sample size in Method 1., For
the leaner packing PF2, te/th has an average value of 1:20; this
was used in calculating VC for Packings PFl, FF2 and FF3, For
Packing FPF5, te/th has an average value of 1,03.

4.9.6 The dissociation pressure of the ammine responsible

for initial absorption

The datalnecessary for calculating the dissociation
pressure of the ammine responsible for initial absorption Wefe
not recorded, bgt this pressure must lie below 0.4 x 1072 atm,
the lowest pressure that can be detected by the katharometer

(see holhoh, p.115),

4.9.7 Sfoichiometric interpretation

The values of the initial absorption and the higher
values of y in Table 23 indicate the equations
AgX + 2MH = AgX(NHs), Py, < O-4 x 107%atm
3
AgK(NH, ), + NH, = AgK(VH, ), P, ~ 50 x 10°° atm

for the column reactions; but one value of y, that for Expt. 22,
suggests that the coefficient of NH,; in the second equation may
be too low, Plateau I is too poorly developed to yield any

stoichiometric information.

4.9.,8 . The effect of moisture
A drop of water was placed on the upstream end of
Packing FFl after Expts., 1~15 and evaporated and eluted by the

carrier gas, After this treatment the packing still gave an
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amponia chromatogram with the usual plateau [46,(3) x 1072 atm
a‘t'23.5°C and flowrate 9.8(1) em® min™* 1, and it did therefore
not contain silver perchlorate in the usual hyéroscopic form.

4,10 Silver perchlorate in fenchone and benzyl cyanide

Fenchone and benzyl cyanide are miscible in all
proportions and some experiments were made with packings con-
taining silver perchlorate in mixtures of these solvents., The
salt was dissolved in the separate solvents (138,0 upmole cm™® in
fenchone, 138.3 pmole cm™3 in benzyl cyanide) and the solutions’
were nixed in different proportions for the packings, which had
s = 0,0300 ecm® g™ . All the packings were white when
prepared, but those containing less than 70.1 mole % fenchone
in the solvent turned a‘perma.nent pale mauve soon after prepa~
ration: and before ammonia was ingjected. The initial absorption
was not measured,

Fig., 29 shows the effect of solvent couposition and
Fig. 30 that of sample size for 41.7 mole% fenchone in the
solvent. The chromatograms show a low and a high plateau, of
which the latter changes in shape and height és the solvent com-
' position changes from 100 to 41.7 mole% fenchone.

Table 26 gives the experimental conditions and
numericél results, the value 1 being assuued for t e/ th for both
plateaux; the packings are distinguished by the molar percentage
of fenchone in the solvent. This percentage is followed by the
age of the solutions when the packiﬁg was preparcd, and the age
of the packing is liste;d in columm 1l. These ages are given
because a solution of silver perchlorate in' benzyl cyanide
changes with time (see 4.5.7, p.68). The headings "High" and

"Low" in colums 5-10 refer to the high and low plateaux,
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Expt 3 \r_

100 mole®s
fenchone

Expt 15 v
17.8 mole®/s
fenchone am

2x10 atm

/’V

_

20 min
-

Expt 6 \1‘ Expt 12 d

701 mole®s 417 mole®/o

fenchone

Expt 18
O mole®/o
fenchone

-

fenchone

A

-

Figure 29. Silver perchlorate in fenchone and
benzy! cyanide —effect of solvent composition.
Column length 86.3-900cm, flow-rate 9.7(4)-9.8(3)
cm’min™, sample 32(2)-33(0) pmole | column temp.

10.6-23.7°C.
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- e
Expt 7 Expt 8 Expt O . ] |
37 Lmole 78Lmole 120 mole
f
2 x10 “atm | 20min

Expt 10 T Expt 11 T Expt 12 T

161 umole 201 mole 32B)mole

Figure 30. Silver perchlorate in fenchone. and
benzyl cyanide—effect of sample size. 417 moleo
‘fenchone, column length 86.3cm, flow-rate 97(2)
~9.8(2) cm®min™ column temp. 21.2-23.3°C.



Table 26 Silver perchlorate in fenchone and benzyl cyanide -

experimental conditions and results

Flow ' 10° Py 107% v, ‘ v
Expt, rate o argle (éolw'n atm em® mole™! | Age
no. ncg]ﬁl pmole ' mp . days
1 ‘ High| Iow| High{ Low | High{ Iow
g T

100 moléefh fenchone, 8 days, ‘90,0 cm, 196 pmoie 'silvef perchlorate,
2. 18 pmole cm™!

| 0.63)

1 9,7(63 160] 22,9 |45. (6) 13.3(7)] - - 1
2 19.7(0) 201|22.205.(1) - 13.9(8) - |o.74] - |1
5 19.7() 32(2) 23.7(47.(6) - |5.6(7) - |1.11] - O

70.1 mole% fenchone, 20 days, 9.2 cm; 197 umole silver perchlarate,
2,09 umole cmt

9.7§7 163'20.9 51, 4‘7.1 303.3(5 6.120 0.72]0,18(0)| 1
9.7(0 204 20.4.150.(7)7.0(4 0. 1(1)6.8(5)} 0.87(0.20(0)] 1
9.8(3) 33(0)} 19.6 |45.(0)6.3(3)6.1(0 7.8(7 1.14(0.20(7) 1

41.7 mole% fenchone, 7 days, 86,3 cm, 197 umole silver perchlorate,
2,28 umole cm™

oA+

7 9.7§23 571 23.3¢ = - - - - - 1

8 [9.7(8 78/ 22.8| - 7.8(0)] - 6.6(0)| - [0.21(2)|1

9 9.7§3§ 120] 22,2 - 7.5§3§ 7.3(5)] = 0.22(8){1

10 }9.8(0)f 161) 21.2 [55.(9)7.6(2)2,9(2}%8.2(7)}0.68 o.26§o 1

11 {9.8(0 201 21.8 56.(1§7.5(8 3.35558.62 10.7710.26(9)j O

12 }9.8(2)f 32(5)] 21.7 |56. (3)7.4(4 ). 0(6)}9.4(9) | 0. 9410, 29(1)| O
{17. 8 mole% fenchone, 17 deys, 89.0 cn, 195 pmole silver perch]oxatc',

2.19 umole cm ™

13 |9.70)  161f21.0 .5(3) 18.(3)1 - fo.57 |3
U 19.7(7)]  200] 22,4 8.4(2)| - 17.(4% - lo.60 |2°
15 ]9.7(7 32(2),22.7‘ - [8.3(7 18.(9)| = |0.65 |2

- 0] mole% fenchone, 6 days, 90.0 cm, 194 umole silver perchlorate,
2,16 umole cm™t

16 9,6§ 160[22,1 ) =  7.9(%) - [18.(9)] - "
17 19.7(3)] 200| 23.7| - 9.0(5)| - [18.(2)] - 3
18 |9.6(8) 32(2)| 23.7{ - 8.3(5)| - [20.(3)| -~ 3

It is evident from the values of Pd that the low plateau is
plateau II (7.7' x 107° atm) of the system silver perchlorate =
benzyl cyanidej Vc and y for this plateau increase with
increasing mole fraction of berizyl cyanide in the solvent,
showing that.an increasing fraction of the silver salt is
present in the same form as in pure benzyl cyanide, The
behaviour of the high plateau is more complicated = P(1 increases

and V, and y first increase and then decrease with increase in
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the mole fraction of benzyl cyanide; these changes indicate that
dif'ferent ammines are responsible for the high plateau at
different compositions of the solvent. Plateau I

[50.(4) x 10-® atm] of the silver perchlorate-benzyl cyanide
system is not shown by the packings with O mole% and 17.8 mole %
fenchone {(Fig. 29, Expts, 18, 15) and is therefore not the high
plateau shown by the packings with 41,7 mole% and 70.1 mole %
fenchone (Fig. 29, Expts. 12, 6). -

411 Silver perchlorate in tetralin

After absorbing some ammonia initially, packings con-
taining silvef perchlorate in tetralin produce chromatograms
with a single plateau (B;) end show no changes on ageing.

Silver perchlorate.in tetralin forms a white precipitate
with ammonia and therefore acts as a heterogeneous fixed phase.

4.11,1 The packings

Table 27 gives details of the packings used,

Table 27 Packings containing silver perchlorate in tetralin

‘ . Concentration 10> s Tetralin Tetralin
Packing , 8 - e 3 et
umole crr3 cm® g~ manufacturer | redistilled
Pr1 135 3.00 I,L.%& Co, No
Pr2 151 3.57 L.L.& Co. No
PT3 185 3.00 R.~de H, Yes
PT 1120 1,05 | R.-de H, Yes
PT5 2470 1.00 R.-de H, { . Yes

The colour of a new packing was grey, but this changed to white
or pale cream under the action of ammonia,

4.,11.2 The initial absorption

: The following initial ebsorptions (moles of ammonia per
mole of silver perchlorate) were measured ¢
Packing PT1 2.1
" PO, 1.9

" PT5 > 1.7
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4e11.3 The chromatograms

The chromatograms in Fig. 31 were obtained with one of
the leaner packings (PT3) and show a pla£¢au with a very indefinite
rear boundary, a feature which may be due to the wide departure of
the aﬁmonia—tetralin system from Henry's law (see 4.3, p.L45) and
the consequent tailing of ammonia peaks given by the pure solvent.

In the experiments with a rich pécking (PT4) which géve
the chromatograms of Fig., 32, the retentive effeét of the solveﬁt
was reduced byﬂuéing a low ratio of solvent to support. The
plateau has a steep rear boundary, but slopes somewhat; increase
in samplevsize causes both lengthening of the plateau and growth
of the peak,

4114 Numerical results

In Table 28 the experimental conditions and results are

recorded.

Table 28 Silver perchlorate in tetralin - experimental conditions

and results

H
i
i

Expt. | Flow-rate | Sample igi;mn 10° B,i 107° v,
Nno. em®min™? pmole deé é atm |em® mole™ y

Packing PT1, 88.2 cm, 189 umole silver perchlorate, 2,1} prole cm *

1§ 7.3(7) | 201 | 232 | 40.(2)] 4.5(5) 0.75
Packing PT2, 171.0 cm, 488 pmole silver perchlorate, 2,85umale et
2 9.7(5 160 | 21.6 29, (7) | 2.6(9§ 0.33
) 9.7(1 180 21,0 3.(1)} 2.5(0 0. 35
4 9.4(5 200 | 23.7 35.(4)| 2.7(3) 0.40
5 9.655 200 23,0 34.(3§ 2.7(7 0.39
6 9.6(0 200 22,9 32.(8)] 2.8(3 0.38
7 9.7(1 201 | 24.0 33.(4)| 2.7(3 0.37
Packing PT3, 90,0 cm, 274 umole silver perchlorate, 3.0, umole ot
8 | 9.6(6) | 32(3) | 24.0 | 41.(1)} 6.1(7) 1.04
Packing PT3, 171.0 cm, 505 umole silYer perch}orate, 2. 95 unale cm
9 9.8(2) 21.(2) 22.1 - - -
10 9.6(7 32(4 24,3 39.(1)| 5.9(0 0.95
11 9.7(8 40(7 234 | 40.(6)] 6.3(L 1.06
12 9,7(6 48(7 23,7 39.(6)! 6.6(6 1.08
13 | 9.6(9 60(9) | 24.0 | 38.(8)| 6.9(3 1,10 |
U | 34.0 40(6) | 22.9 30.(3)| 7.0(9) 0.89 |
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Expt © ‘ Expt 10 V Expt 11 v

24(2) pkmole 324) L mole 40(7) L mole
-2 :
2x10 atm  _40min l

Expt 12 N

48(7) umole

Figure 31. Silver perchlorate in tetralin—effect of
sample size. Packing PT3 column length 171.0cm,
flow-rate 9.6(7)-9.8(2)crm’min’,column temp.221-

24.3°C.

4x10 atm

CExpt 17 T . Expt18 r  Expt 19 \[-

266) Lmole 414) Lmole 49(2) pmole

Figure 32. Silver perchlorate in tetralin —effect of
sample size. Packing PT4, column length 816cm,
- flow-rate 97(1)-99(5)cm® min~ column temp.17.0 -

17.8°C.
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Teble 28 (continued)

Expt. | Flow-rate|Sample. %Olumn 10 B{ 107 v,
no. crfmin™! {umole demp. atm cm® mole™? J
eg C

15 | 3.0 40(6) | 22.9 | 31.(5)| 6.9(3) 0. 90

16 1 3.2 40(6) 22,7 | 3.(1)} 7.0(9) 0.91
Packing PT4, 8l.6 cm, 482 pinole silver perchlorate, 5.92 pmole cm™

17 9.7(8; 2656 17.8 32.(8)] 3.7(k 0.51

18 9.7(1 L1(4 17.0 31.(9) 5.4(5 0.73

19 1 9.9(5) 149(2) | 17.2 29.(4)! 6.0(5 0.75
Packing PT5 82.5 cm, 101(4) umole silver perchlorate, 12,3 umole o

20 9.7(3) | 32(9 18.7 35.(8) | 1.9(2, 0.28

21 9.8(0) 62(0 19.4 39.(1 3,1(0 0.51

22 33,0 61(6 19.0 37.(9 3.1(5 0.50

Vc and y increase with increase in sample size, and this
may be due to incomplete conversion of the silver salt in zone I‘
to the plateau-forming emmine (ef. 4.9.4, P.8K ).

F; 5 having an average and standard deviétion of
35.2 x 107 atm and 3.9 x 10~ 2atm for temperatures of 17.0 to
24{30(3, is more variable than most of the values of Pd determined

for othef systems.

4,11,5 Comparison of Methods 1 and 2

Table 29 shows values of y calculated by different
methods, The high values of C and the discrepaﬁcies bétween
colums 3 and L indicate impermanencé of the initial absorption
(see 2,6, p.22); good agreement between Methods 1 and 2 results

Table 29 Silver perchlorate in tetralin - comparison of

Methods 1 and 2

y by Method 1 "y by lethod 2

Expt.| 10° C ¢ /4 d
no. | atm cn™| Measured |Rffective ¢’ 'h Ideal }Approxi-
sample sample plateau| mation
18 2;6(6; Oo 87 0173 | O- 911- 0071 0073
19 .| 2.7(1 0.97 0.78 0.98 0.76 | 0.75
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from using the effective sample size in Me‘lchod 1. t e/ th has an
average velue of 0,96; this is for Packing PT4 only, and for the
other packings, which differ widely from PT4 in silver perchlorate
concentration, the value 1 is assumed for te/th' |

4.11.6 The dissociation pressure of the ammine responsible for

initiel absorption

The data necessary for calculating the dissociation
pressure of the ammine responsible for initial absorption were not
recorded, but this pressure must lie below 0.4 x 10™% atm, tvhe‘
lowest pressure that can be detected b-y the katharometer (see L. Uy,
p.115).

4.11,7 Stoichiometric interpretation

The values of the initial absorption and the higher
values of y in Table 28 indicate the following equations for the
column reactions :

| AgX + NH, = AgX(NH,), PNHa < 0.4 x 10™°% atm
AgX(NHa)? + NH, = AgX(NH,), ' Py, = 35 x 1072 atnm

4,11.8 The effect of moisture

A drop of water wes placed on the upstream end of
Packing PT5 after Expts, 20-22 and evaporated and eluted by the
carrier gas, After this treatment the packing still gave an
ammonia chromatogram with the usual plateau [38,(9) x 10™? atm at
19.7°Cj and it did therefore not contain silver perchlorate in
the usual hygroscopic form,

4.12 " Silver nitrate in m-toluidine

The chromatography of ammonia on m-toluidine containing -
silver nitrate in solution is true gas-liquid chromatography, since
no precipitate is formed., A packing containing such a solution
does not absorb ammonia initially and the chromatograms are there-
fore suitable for determining the calibration Pactor of the detector.,

The chramatograms have no plateau and this, together with the
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absence of initial absorption, shows that the m=toluidine forms a
stable complex with the silver salt, thus preventing ammine
'formation.

| A single packing was tested; it contained a solution
of conceﬁtration 394 umole cm® and hed s = 0.,0300 e’ g-i.

The column was 92,9 cm long and contained 563 umole silver nitrate
at a linear concentration of 6,06 umole om . Originally the
packing was white, but it;slowly turned brown over the course of

weeks,

L.12.1 The chromatograms

The chromatogram is an asymmetrical peak with a steep
front and a rear slope that approaches the base-line without
prolonged tailing (Fig. 33). If the slight tail is eliminated
by producing the rear slope to intersect the base~line, the point
of intersection determines a final retention time (tf in Expt. 13,
Fig. 33) that proves to be independent of sample size. These
results are very similar to those reported for the chromatography

7

. . . 3
of aromatic vapours on an organo-clay derivative® ',

4.12,2 Numerical results

In Table 30 are listed the experimental conditioris,
values of the calibration factor (C), and Vc corresponding to ff.
The age of the packing is also given, because there is some
indication that Vc slowly diminishés with time, an effect that .
may be related to the slow darkening of the packing.

At ages of not greater than 7 days, Vc was determined
at 16.3 to 17.8°C and hes an average and standard deviation of
3,85 x 10° cn® mole™* and 0.06 x 10° cm® mo16™.  In 4.1l
P. 115, the values of C in Table 30 are used, together with
those obtained with packings containing silver nitrate in
mixtures of m-toluidine and benzonitrile, to determine an average

value,
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. Expt6 ckste |
39 mole A 123 pmole

Expt 12 |
29(2) wmole . -t —
Expt 13
41(8) L mole
-2
10 atm

/20 min .

Expt 14 T ~ | E xpt 15. V

62(5) Lmole 83(7) )L mole

Figure 33. Silver nitrate in m—tOIuidme——efféct
of sample size. Flow-rate 98.(1)-98.8) cm®’min™’

column temp.16.7-17.7°C, packing age 7 days.
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Table 30 Silver nitrate in m-toluidine - experimental

conditions and results

| i ; ' .
Expt.|Flow-rate | Sample | SO | 15 ¢ | 1070 v, lage
no, |cm® min™! | umole ;emp. atm c™? | cm® mole-lidays
eg C
1 9.8(1) 33§7 - 17.5 2.29 3.27 73
2 9.9(0) 42(1 17.7 2,31 3.31 73
3 346 28(9 16.8 2.28 3.90 1
4 34,6 2829 16.8 2.20 3.78 1
5 34.5 124.(3 17.8 2.51 3.92 1
6 98.52 39 16.7 2.1€1 3.89 7
7 98.(1 81 16.9 2.0(8 3.85 7
8 98.(5 123 17.0 2.2(3 3.80 7
9 98, (2 12 16.3 2.0(7; 4.01 7
10 98.§1 165 17.2 2.2(4 3.82 7
11 98.(1 208 17.1 2.23 3,8 7
12 98, (5 29(2 17.3 2.21 3,82 7
13 98. (1 11(8 17.7 2.30 3.79 7
1 98.(8 62(5 17.5 2.23 3.82 7
15 8. (5 83(7 17.4 2,36 3.82 7
16 98.(0 166(8 17.3 - 3.47 31
4.13 Silver perchlorate in m-toluidine

A packing coﬁtaining silver perchlqrate in m~toluidine
behaves very similariy to one containing silvéf nitrate in thé
same solvent, but gives a higher value of Vc for the end of the
chromatogrem. Also, the detector response does not fall to the
original base~line, %ut becomes steady at a new and higher base-
line, The cause of this offset is not known; it occurs in every
chromatogram, even when the experiments are made in quick
succession, and can therefore not be a low end incompletely eluted
plateau due to an ammine, since such a plateau would cause an
apparent offset only after the first chromatogram. Purthermore,
the offset increases considerably with increase in éanplg size,
en effect not shown by a plateau due to an emmine. |

A single packing was tested; it contained a solution of
concentration 391 umole cm ° and had s = 0.0300 am® g~'. The
column was 92.3 cm long and contained 559 umole of silver per-

chlorate at & linear concentration of 6,06 umole cm™, The packing



was used on the day of its preparation and was white,
In Table 31 the experimental conditions and results are
reported; no values of C are given, because the offset makes it

Table 31  Silver perchlorate in m~toluidine - experimental

conditions and results

Expt. | Flow-rate | Sample ?comm 10 v* | Offset
no. cm® min™ | umole dzgpé en® mole=? mm
1 99, (0) 122 17.4 L.58 2.3
2 99. (0 122 17.4 4,51 2.3
3 97.(7 28(9 17.6 4. 39 3.2
A 98.56 29(0 17.2 Lo35 3,1
5 98, (6 62(2 17.6 473 6.0
L%

Calculated from intersection of rear slope and final base-line.

-

impossible to determine the chromatogram area, VC was determined
at 17.2 to 17.6°C and has an average and standard deviation of
.51 x 10° cm® mole™ and 0.15 x 10° cm® mole ..

4ol Silver nitrate in benzonitrile and m~toluidine

Benzonitrile and m-toluidine are miscible in all
proportions and packings containing silvef nitrate in mixtures of
these liquids show a gradual transition in chromatographic
behaviour as the.composition of the solvent is varied, An increase
in the mole fraction of m-toluidine is accompanied by an increase
in the dissociation pressure of the ammine responsible for the
injtial ebsorption by silver nitrate in benzonitrile, uﬁfil at
28 moie?% nhtoiuidine this pressure is high enough to produce a
long,'low plateau in the chromatogram.and initial absorption is
absent. PFurther increase in the mole fraction of m-toluidine
causes the plateau to become higher, shorter and more sloping,

I
‘until it is transformed at about 70 moléi% m=toluidine into an
asymmetrical peak similar to that produced by silver nitrate in

. m~toluidine. The plateau given by silver nitrate in benzonitrile

persists unchanged in height to about 60 mole% m-toluidine, beyond
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which the chromstograms are too low to reach this plateau.

Yoll,.1 The packings

In Table 32 are listed the characteristics of the
packings used, the solvent composition being given in colum 2;
for all packings s = 0.,0300 cm® g~%,

Table 32 Packings containing silver nitrate in benzonitrile

and m~toluidine

) Mole%  i.Concentration
Packing | p toluidine | umole cmrs
NX1 28,2 396
NX2 31l.4 394
NX3 29.3 395 ,
NXL 42,6 396
NX5 48,6 358
NX6 48,6 395
NX7 61.3 395
NX8 139 39

The packings containing less than 50 mole% m~toluidine
turned dark grey soon after preparation and before injection of
ammoniaj those richer in m~toluidine were white initially, but
turned light brown over the course of weeks,

4olh,.2 The chromafograms

The plateau marked IIT in Fig., 34 is the one resulting
from increase in the dissociation pressure of the ammine
responsible for initial absorption by silver nitrate in benzonitrile,
and the changes invits length and height with changing solvent
composition are obvious in the series of chromatograms showi.
The shoulder marked II may perhaps be a plateau due to an ammnine,
but is so vestigial that its nature is doubtful. With the un~
attenuated bridge output used for the chroma;ograms in Fig. 34,
the benzonitrile plateau (P1) is off-scale; it is very short
because of the high flow—rate. Fig. 35 shows tﬁe metamorphosis

of plateau III into the m=toluidine peak. The effect of sample

~
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10 atm (

20 min
]

Expt 49
613 mole® d_

m-toluidine

Expt 42
486 mole®l m-toluidine

I

I ¥ ,
A Expt 29 ' U
42 6 mole®lo m-toluidine 10
g S
Expt 25 - | | L[‘
39.3 mole®, m-toluidine :

Figure 34. Silver nitrate in benzonitrile and
m-toluidine—effect of solvent composition.
Column length - 906-934 cm, flow-rate 98.(0)-
- 99.(2)cm’min’', sample size 124(1)- -125(8) wmole,
column temp. 17.0-179°C.
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Exp{ 53
739 mole®le m-tolui

Expt 45
Ine  61.3mole° m-toluidine

107atm 20min_

o
Expt 40 '
48 6 mole®/s m-toluidine

Figure 35. Silver nitrate in benzonitrile and
m-toluidine—effect .of solvent composition.
Column Iength 839-91.3cm, flow-rate 98.(0)-
99.(2) cm’min’', sample size 55(1)-55(9) L mole,
column temp. 17.0417.8 °C.

—1|
mole

)

O

C

vV ,cm3
)
O

-G

10
O

3546 80 60
- Mole®s m-toluidine

Figure 36.Silver nitrate in benzonitrile and
m-toluidine — influence of solvent composmon
on lowest plateau.



112

size may be seen by comparing Expt. 42, Fig., 34, with Expt. 40,

Fig. 35 ond Expt. 49, Fig. 34 with Expt. 45, Fig. 35.

bolh,3

Nunerical results

In Table 33 are listed the experimental conditions,

measurements on plateau IIT and values of the calibration factor.

Table 33 Siiver nitrate in benzonitrile and m-toluidine -~
experimental conditions and results
Expt.| Flow-rate|Sample Column | 44° Pa| 10°% V, 10% ¢
no 3 ip=l 1 temp. + 3 - Y _ =1
e | cm® min~! {umole atm cm® mole atm cn
| deg C v
Packing NX1, 28.2 mole% m-toluidine, 89.6 cm, 565 umole silver
nitrate, 6.31 umole cm !
17 98.§1§ 105533 17.0 o.6(3§ 28.7 0.76 -
18 98.(1 162(0 16.9 | 0.7(&) | 32.5 1.01 -
Packing NX2, 31,4 mole% m-toluidine, 86.3 cm, 565 umole silver
' nitrate, 6.55 umole cm ‘
19 98.(1) 51(9) | 17.1 | 0.8(9) | 18.6(6) | 0.70 2.3
20 98, (2 63(0 17.0 | 1.0(9) | 18.7(0) { 0.86 2,19
21 98, (0 104(3 17.6 - - - -
22 | 98.(1) |167(3) | 17.2 | 1.4(5)| 16.5(9) | 1.01 -
Packing NX3, 39.3 mole% toluidine, 91.4 cm, 563 umole silver
nitrate, 6.16 umole cm™?!
23 98.Eo %9(8 17.3 1.726; 13.7§3 1.01 2.53
2, | 98.(0 83(3 17.3 | 1.3(4) | 14.2(8) | 0.80 2.27
25 98. (0 125(1 17.4 1.4(9§ 13.353 0.83 -
26 97.(8 166(9) | 17.3 | 1.4(1){ 13.7(7) | 0.81 -
Packing NXJ., 42.6 molé% -m—t‘oluic.line R 91.8. cn, 567 pumole silver
nitrate, 6,18 umole cni™?!

27 98.(8 5 41(2 18.0 | 1.8(5 12.2(73 0.95 2.43
28 98.(0 82(7 17.6 | 1.6(1) | 12.7(8) | 0.86 2,29
29 98. (1 125(0) { 17.9 | 1.7(2)| 11.2(5) | 0.81 -

30 | 98.(0) {166(6) | 17.3 | - - | - -
?acking NX5, 48.6 mole% m-toluidine, 71.2 cm, 398 umole silver
‘ nitrate, 5.59 umole cm ®
31 114.(3§ ’ 29(13 17.7 | 2.5(9; 8.47 |0.92 | 2.10
32 |11 (3 57(6) | 17.7 | 2.:(1)| 8.77 |0.89 | =2.20
Packing NX5, 48.6 mole®% m-toluidine, 93.4 cm, 513 umole silver
. nitrate, 5,49 umole cm™
33 | 33.9 |124(9) | 17.8 | - - ; -
3 {117.(7 41(7 17.2 | 2.2(8 8,40 0.80 2,22
35 (117.(7) | 62(3) | 17.2 | 2.3(9)| 7.73 |0.77 | 2.23
36 |1117.(7 83(7 17.2 | 2.3(5 7.73 0.76 2,24
57 |121.(1) |125(7) | 17.3 {2.3(7)] 7.51 |0.75 | -
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43

51
52
53
ok
55
56

Packing NX7, 61.3

98.(6)
98.(6
98.(0
98.%0
98, (8
98.%0
98. (0
97.(9

97.(8)
98.(6
98, (0
98. (6
97.(8
97.(0

205
55(7)
55(7

104(3
124.(1
124.(1

17.7
17.8
1708
17.8
17.5
17.8
17.8

166(7

17.7

i
¢

nitrate, 6.23 umole cm

38 |

L.5(7
4.1(9
h.2(2
4.6k

1

DTN NNNNONO
COOWWLUI O MO

El G RGNl RG  RG RE) |
e s e @

nitrate, 6.73 umole cm?

38
205
55(9;
56(0
82(6§
166(7

18.3
18.0
17.7
17.6
18.0
- 17.4

0.91
0.92
0.93
0.89

33 (continued)
Expt.| Flow-rate|Sample | COTY™ | 10° By | 107 v, | 10% ¢
no 3 mip? {umol temp, tn 8 =1 7 T
¢« | cm” min grole deg C atn cm” mole atm cm
g )
Packing NX6, 48.6 mole% m~toluidine, 91.3 cm, 557 umole silver
nitrate, 6,11 umole cm *
38 98.%9; 207 | 18.1 2.2%23' 8. 38 0.78 | 2.29
39 |99.(0 33(3) | 18.3 | 2.2(8 8.67 0.83 2,13
40 | 99.(2) 55(1) | 17.0 |2.2(3)| 9.9 0.93 | 2,22
41 199.(2) 55(1§ 17.0 2.320 9,53 0.92 | 2,15
L2 199.(2) 125(8 17.0 | 2.2(3 8.99 0.8 -

mole% m-toluidine, 90.6 ‘tm, 565 umole silver

NN NN
« o

Ul

N’

l|||B-.PER

Packing NX8, 73.9 mole% m-toluidine, 83,9 cm, 565 umole silver

The numbers of the experiments continue the sequence started in

Table 30, p.l1l07, because results in both tables are used in 4,14.4.

Plateau III slopes over its whole 1ength, and Pd is measured near

the rear end, as indicated by arrows in Figs. 34 and 35.

final retention volume, corresponding to point A in Fig.

The

3,

Expt. 29, is used to calculate VC, because this volume can be

found for chromatograms like Fig, 35, Ixpts., 53 and 45, that have

no plateau, and values of Vc thus found can be compared for the

whole range of solvent composition,

No better choice than point

A is available for the rear end,; because the sloping of the plateau

mekes it impossible to reconstruct the ideal, undecayed plateau.

The values of y suggest the composition AgX.NHgy for the

lowest ammine, whereas AgX(NHa)l.s or AgX(NHa)2 is postulated for
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the initially absorbing ammine of silver mitrate in benzonitriie
(see 4.6.8, p.76). Perhaps the latter system absorbs ammonia
in two stages;, |

AgX + NHg = AgX. NH,
AgX(NH,), o5
or AgX.NH, + NH, = AgX(MH,),,

and AgX.NH; + 0.5NH,

1+

and the second of these stages produces the vestigial plateau IT

when m-toluidine is present. It is also possible that part of

the initial absorption is prevented even at very low concentrations

of m~-toluidine and the remaining part corresponds to y in Table 33.
The increase in Pd and decrease in‘Vc with increasing mole

fraction of m~toluidine are clearly evident in Table 33; the

averages of these quantities for each solvent composition are

collected in Table 34 and plotted in Fig., 36. The relationship

Table 3, Silver nitrate in benzonitrile and m-toluidine =

average results for lowest plateau

Mole% Temp, 10° By 106 Vg
m-toluidine deg C atm cm® mole™?
28,2 16,9 - 17.0 0.69 30,6
31.4 17.0 - 17.6 1.1, 17.98
39.3 17.3 = 17.4 1.50 _ 13.78
42.6 17.2 - 18.0 1.73 12,10
48.6 17.0 - 18.3 2,33 8.47
61.3 17.5 = 17.8 | 4.k 5.36
73.9 17.4 - 18,3 - Lo 6l

between Pd and solvent composition shows that m-toluidine
loosens the salt-ammonia bond in the ammine (or one of the
ammines) responsible for initial absorption by silver nitrate
in benzonitrile, while the constancy of y shows that the
ammonia content of this ammine is not affected by m-toluidine.

In Table 35 measurements on the vestigial plateau II and

the benzonitrile plateau (called plateau I) are recorded. The
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N

values of'VC and y for plateau I are very rough, because the

Table 35 Silver nitrate in benzonitrile and m~toluidine -

measurenents on the two higher plateaux

-

oled | 10° B 108 v ‘
Expt. Efiiz_ atm a , cm® mole~l J
MO | widine | Plat I | Plat II | Plat I|Plat IT| Plat I Plat IT
17 28.2 - 2.9(9 - 1.4(5 - 0.18
18 " - 2.5éo - |1.3(5 - 0. 14
21 31.4 - | 4.0(2 - 1.4(7 - 0.25
22 "TT.(8) | - 0.3(2)) - | 1.0 | -
25 39.3 - 4.0(2) - 1.5(0) - 0.25
26 "1 75.(9) | - 0.2(4)| - 0.7 -
29 42.6 - 5.0(7) - 1.5(1) - 0.32
30 " 77.27; - 0'2(73 - 0.9 -
33 48.6 |75.(0 - 0.2(9){ - 0.9 -
36 " - 4.725 - 2.0(9 - 0,42
37 " 176.(3) | 5.2(7) |0.2(6) |2.0(5 0.8 | 0.4k
k2 " - [ 4.8(8 - 1.855 - 0.38
L6 61.3 - 7.2(3 - 1.9(6 - 0,59
47 " - 1 7.1(4 - |1.9(8 - 0.59
50 mo179,{6) | - 0.2(7)| - 0.9 -

retention time is very short at the high flow-rates used and the
starting time of the eipefiments is indefinite, owing to the
injection of the.largg samples in'fhree or four portions. Vc
for pléteau IT is calculated from the retention time of the
shoulder.

‘For platéau I, Pd and VC afe'independent'of the solvent’
composition, While for plateau II both théée guantities increase
with increasing mole fraction of m-toluidine. Pd énd Vc should
vary in opposite directions, as;for plateau IIT, and the values
of Véifor ﬁlateau II.are therefore of doubtful significance.

The slope of plateau III makes it unsuitable for

treatment by Method 1.

Lolhk.h  The calibration factor
All the values of C in Tables 30 and 33 are collected
in Table 36, together with values of the carrier flow-rate, column

temperature and maximum chromatogram height.  The values marked
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Table 36 The detector calibration factor
Colum Maxcimum 8 .
o Vi .
Eﬁif iig.ngfi gemp. helgh# ati?cngl
eg C cm

1 9.8&13 17.5 4489 2,29

2 9.9(0 17.7 6.27 2,31

3 3.6 16,8 3.70 2,28

4 3.6 16.8 3,90 2,20

5 345 17.8 5445 2.,51%
19 98.(1 17.1 0.49 2,0.5%
43 98. (6 17.7 0.60 3.,0(5) *
51 97.(8 - 18.3 0.61 2.5(2) *
20 98.(2 17.0 0.78 2,1(9)*
23 98. (0 17.3 0.79 2,5(3) *
6 98. (2 : 16.7 0.80 2,1(1)*
27 98.(8 , 18.0 0,83 2,4 3%
38 98.(9) | 18.1 0.95 2.29

39 99.(0 18.3 1,18 2.13
40 99.(2 17.0 1,30 2,22
41 99, (2 17.0 1,38 2.15

7 98.(1 ' 16.9 1.45 2.0(8)
8 98.(5; 17.0 1,30 2.23
INA 98. (6 17.8 1.81 2,2

9 98. (2 16.3 1.83 2,0(7)
24 98, (0 17.3 2,02 2,27

28 98. (0 17.6 2,06 2.29

52 98. (6 18,0 2.20 2,26

10 98. (1 17.2 2.20 2.2(4)
11 98, (1 17.1 2,60 2.23
45 98. (0 17.8 3,01 2,24
46 98.(0 17.8 3,09 2,22

12 98. (5 17.3 3.29 2,21

13 98.(1 17.7 Lo43 2.30

53 98. (0 17.7 5.0l 2,23

54 98.(6 17.6 5,11 2.22
14 98. (8 17.5 749 2,23

15 98.(5 17.4 13,73 2.3

31 114.(3 17.7 1.42 2,10

32 114.(3 17.7 1,58 2.20
3, 117.(7 17.2 1.39 2.22

35 117.(7 17.2 2.25 2.23

36 117.(7) 17.2 17.68 2.2l

with asterisks are of low accuracy, because they are found from

inaccurate chromatogram areas - in Expt., 5 the accuracy of area

measurement is reduced by high bridge attenuation and for the other

experiments the chromatograms are so low that a small error in

locating the base-line introduces a large error in the area,

The

remaining 30 values were obtained under the following conditions 3

flow=rate

column temperature

16.8 - 18.3°C

9.8 - 118 cm® min™
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maximum chromatogram height 0.95 - 17.68 cm
bridge current 150 ma
and have an average and standard deviation of 2.23 x 1077 atm cmf'l
and 0,07 x 10°° atm am '.
With this calibrafion factor, the lowest ammnonia

pressure that can be detected is about 0,4 x 10”° atm,

4,15 Iead halides

Some early experiments were performed with packings of
solid ammine-forming salts, and lead halides were selected for
such packings because they ére non~hygroscopic and therefore
easily handled, The two halides used, bromide and chloride, were
prepared for the columns as described in 3.3, p.35, and under
certain conditions yielded ammonia chromatograms showing a peak and
a pléteau deformed by a valley,

4.15.1 Iead bromide

The single packing used was a screen fraction of 16-36
mesh and occupied a length of 92,6 cm in the column; it was not
weighed, but its weight is estimated to be 50-60 g,

At room temperature, an 89 umole sample of ammonia did
not emerge at all, while at 17900, the chromatograms were tailing
peaks with low retention times. In experiments at 86° to 125°C,
the chromatograms consisted of a peak followed by a plateau, as
shown in Figs,., 37-39. The scales of ordinates in these figures
are given in cm instead of atm because the katharometer response
depends on témperature and the calibration factor is known for
room temperature only.
| It is evident from the figures that sample size affects
the chromatograms in the way predicted in 2.3.1, p.l},vfor a
complex~-forming fixed phase, The ammonia samples are of the oréer
of 10° umole, while the packing conteins more than 10° umole of.

lead bromide -~ this proves that the reaction between the ammonia
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32 }Lmole 67pmo!e

5cm | 5min

112}Lmo|'e

Figure 37. Lead bromide—effect of sample
size . Flow-rate 1214123 cm’®min™ column temp.
86°C.

5cm 5m]n .
-

o

29 jLmole -6.7pmole

112 jLmole

Figure 38. Lead bromide —effect of sample
size. Flow-rate 125-130 cm®min ', column temp.
99°C.
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5cm
L
o | |
35 umole 45 pwmole 59 pLmole
S5min
67mole 111 Lmole

Figure 39. Lead bromide —effect of sample
size  Flow-rate 136-139 cm®min', column temp.
125°C.

N e

Flow-rate 100 cm’min' Flow-rate 134 cm’min”

Sample 71umole Sample 79 umole
Column temp.16C Column temp. 102 C
10 min
_

5cm . C
» Flow-rate 1770cm’min’

Sample 62 pumole

Column temp. 179°C

Figure 40. Lead chloride—chromatograms ob-
tained with freshly prepared packing.
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5 min

e

27 moie 67 pmole

138cnfnﬂdm
28pmde

120

i

465 cm’min” 477 cm?min®

|

139 cm’min’
67pmom

Figure 41. Lead crnorwde effect of IIOVV rate
and sample size. deﬂntemp 112°C .



121

and the salt is confined to the surface of the latter, otherwise no
peak would precede the plateau.

4.15,2 Iead chloride

The single packing used was a screen fraction of 36-60
mesh, occupied 92,2 cm in the colurm and welzhed 46.4 g.

Up to 2 days after its preparation, the'packing gave
chromatograms of the kind shown in Fig. 40, These are remarkable
for the small influence of column temperature, which was varied
from 16° to 179°C ; in most applications of ggs—solid chromatography,
a temperature variation of this magnitude causes a tremendous
change in retention time. Chromatograms similar to those of
Fig. 4O were also obtained at 70°, 124° and 154° C.

After being tested for 2 days, the packing was transferred
to a stoppered bottle and stored for 39 days, after which it was
repacked in the columm. t néw gave totally different chromato-
grams, which had a plateau in experiments at 79° to 146° .

Examples illustrating the influence of sample size and flow-rate
are shown in Fig, 41; these factors act as predicted in 2.3.1,
P.13, for a complex-forming fixed phase, As for lead bromide, the
sample size and the amount of fixed phase differ by 3 orders of
magnitude, and this shows that ammine formation takes place only on

the surface of the lead chloride.,

bo16 The effect of carrier humidity

It has been reported®® that a rise in the temperature of
a gas-chromatographic colum causes the elution of moisture and
other impurities taken up by the packing fron the.carrier at a
lower temperature., In the present work, evidence has been obtained
that such moisture can also be displaced by an ammonia sample from
packings containing salts, Under certain conditions, the sample
emerges to produce a chromatogram with two peaks or a peak pre-

ceded by a step, and the first peak or step is ascribed to
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displaced moisture; since its size increases with increasing

humidity of the carrier gas.

Particulars of the packings and experimental conditions

that gave such chromatograms are listed in Table 37. The soaps
Table 37 Packings showing moisture displacement
Colum P&ckingi .\ Colum
i - i O
Fixed phase|Solid support s —1 | length | weight ar?ler[ temp,
ng g cm gas Teg C
g weg
Zinc dial- |Glass beads, | 1.678 | 84.9 |48.96 N, 23, 79
kyldithio- |O.l mm diam, 1112,
phosphate
in mineral
oil ‘
Zinc oleate |Granular »
copper;, 32,7 92,0 168,62 Ny. 136, 139,
36=60 mesh 166, 171,
173, 173,
179, 180
| co, |173, 175
Copper Granular 25,3 92,7 |66.46 N, 109, 140,
oleate COpPET, : 172
36-60 mesh
Nickel Gramlar 28.6 92,6 . | 68.12 N, {163, 173
stearate COpPper,
36~60 mesh
Anhydrous | - - 91.3 - N, 109, 167,
calcium 177
chloride
16-36 mesh

were distributed over the solid support by means of a volatile

solvent (carbon tetrachloride for zinc oleate, ethyl ether for

copper oleate) or liquid forming a fine suspension (carbon tetra-

chloride for nickel stearate).

Figs. 42-lJ). show a selection of ammonia chromatograms

having two peaks or a peak preceded by a step.

Fig. 42(c) and

(d) and Fig. 43 (b) and (c) show the effect of varying carrier

humidity;

in alternation.

chromatograms like Fig. 43 (b) and (c) were reproducible

The difference between Fig. 43 (d) and (e) is

consistent with the view that the first peak is due to moisture.in

the carrier, because the low temperature of dry ice reduces the
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(bY412 cmimin

@342 cm’min | .
78 umole, 79 C

200 umole, 23C

Nitrogen dried Nitrogen dried with
with phosphoric - phosphoric oxide
- oxide '
AN A
10min
3cm

B =y

@447cm’min’ d) 451 cm’min”’
78 pumole, 112°C 78 umole,M12°C
Nitrogen dried with Nitrogen scaturated
phosphoric oxide with water vapour
, - at 23°C .

Figure 42. Zinc dialkyldithiophosphate in mine -
ral oll—moisture displacement. Data with chro-
matograms are flow-rate,sample size, column

temp. and carrier.
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@134 cr’min 122 wmole, 139°C
Nitrogen dried with silica gel

T

3cm

5min

(b)130 cm’min” €130 cm’min” .
89 pLmole,180°C - 89pumole ,180C
Nitrogen dried in Nitrogen direct from
cold trap(liquid cylinder "
oxygen)

@139 cm’min™ @136 crimin”™'
79 pLmole, 175°C - 84 Hmole 173°C
Carbon dioxide from Carbon dioxide from
dry ice , cylinder

Figure 43. Zinc oleate—moisture displacement.
Data with chromatograms are flow-rate,
sample size, column temp..and carrier,
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10 min
-_—

(a) Copper oleate
132 cm’min’' 117 wmole, 140°C
Nitrogen dried with silica gel

3cm

(b)Nickel stearate .
146 cm’min”, 128 umole, 16 3°C
Nitrogen dried with silica gel

5minJ

(c)Calcium chloride ’ W
147 cm’min” 68 mole, 177°C
Nitrogen dried in cold trap
(liquid oxygen)

Figure 44 . Copper oleate, nickel stearate

and calcium chloride — moisture displacement.
Data with chromatograms are flow-rate,
sample size,column temp. and carrier.
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vapour pressure of ény moisture impurity. The fact that a step
is present in Fig. 43 (b) and Fig, 44 (c), even though the carrier
was passed through a cold trap, may be due to'incomplete drying in
the latter or recontamination with moisture in short rubber tubes
connecting the sample injector to the column.
Lo17 Charcoal

In the gas chromatography of ammonia on chercoal, it was
found that this adsorbent gives extremely irreproducible rdsults,
even in a single series of experiments with’the same colum.
Usually the chromatograms are the steep-fronted, tailing pcaks
typical of adsorbents, but sometimes a displacement step precedes
the peak. A few examples of such steps are given here for com-
parison with the results reported in 4.16.

The packings were prepared by crushing charcoal blocks,
screening to 36-60 mesh, washing with water to remove dust and A
drying for a few hours in an oven at about 200° ¢,

Fig. 45 (a) shows the most pronounced step observed;
5 days later the same colurn, which had meanwhile been stored stop-
pered at room temperature, gave the chromatograms of Fig. 45 (b)
and (c). In these the step is much smaller and is unaffacted by
the degree of desiccation of the carrier gas; this indicates that
the step is not due to moisture taken up>from the carrier, but no
experiments were made with moister carrier gas to verify this
conclusion. After being rewashed and dried, the packing gave.
the chromatograms of Fig. 45 (d) and (e) which have a long step,
also unaffected by the degree of desiccation of the carrier, The
chromatogram of Fig, 45 (f) was obtained after the packing had been
raised to a dull red heat in a muffle furnace, cooled in a
desiccator and repacked immediately.

If the displacement step is not dvue to moisture, it may

be due to adsorbed oxygen, carbon monoxide or carbon dioxide,
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(@)165 cm’min™ (b)166 cm?min .
78 Lmole, 179°C 78 mole,179C
Nitrogen dried in Nitrogen dried with

cold trap(liquid phosphoric oxide
oxygen) '

©168 cm’min™ @164cm’min™
78 umole, 179°C 80 L mole,178°C
Nitrogen dried in cold Nitrogen dried with
trap (liquid oxygen) phosphoric oxide

@165 cm’min™
81pLmole,178°C
Nitrogen dried in cold
trap (liquid oxygen)

(164 cm’min™
82 pumole,178°C
Nitrogen dried with
phosphoric oxide

Figure 45 Charcoal—displacement step. Data

with chromatograms are flow-rate sample
size,column temp. and carrier,
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These results show that great care is necessary in

_preparing charcoal for the gas chromatography of ammonia,
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SECTION 5
CONCLUSION
In this sectiqn, the results obtained for solutions of
silver salts are correlated and the gas-chromatographic method of
studying ammines ié compared with other methods.

5.1 Correlation of results for solutions of silver salts

Because oﬁly a few salt-solvent systems have been
studied and most of the numerical results are of low accuracy,
only éentative and provisional correlations can be suggested.

Both the solvent and the anion affect ammine formation,
the influence of the solvent being pronounced, This suggests
that solid compoundé precipitated by ammonia from some solutions
contain the solvent as well as ammonia, The nitrogen atoms in
benzonitrile and benzyl cyanide and the oxygen atom in fenchone may
form dative bonds with silver ions; in addition, these substances,
. as well as tetralin, may be structurally bouhd in the crystal, 4
corplete investigation of ammine composition would require not only
fhe.determination of ammonia content, but also the estimation of
any bound solvent, m=Toluidine prevents ammine formation by
itself forming with the silver ion a stable complex that remains in
sclution.

Fig, 46 is a logarithmic plot of all the dissociation
pressures obtained; each pressure being shown as the range
defined by its standard deviation (for fenchone the actual range
of pressures for‘the P, plateau is shown). The salt-solvent
systems are designated according to the code used for packings,
explained in 4.1, p.40. The figures near the bottom of the
diégram are experimental values of the initial absorption (moles of
ammonia per mole of salt), while those higher up are anmine cone
positions (moles of ammonia per mole of salt, excess over next

lower ammine) suggested by values of y. It is evident that the
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pressures fall into three groups : those below 0.4 x 10“a atm, a
small group between 4.0 x 10°° and 8.3 x 10°° atm, and a large
group between 26 x 10 and 77 x 10" atm. It appears that |
certain values of the dissociation pressure are shown by more than
one system, as indicated by the broken lines linking pressure
ranges, These recurring pressures, as well as the isolated values,
have been designated tﬁroughout this thesis by the symbols on the
right of Fig. 46, Table 38 shows averages, followed by standard
deviations; of R, B (exdluding B, for silver perchlorate in
fenchone), Py, P, and Py, the values being pressures in atm,
multiplied by 103; column 9§ shows the overall averages and standard

Table 38 Correlated dissociation pressurecs

NBC | PBC | NBN | FBN | NEN+FEN: FF PT Overall

Pl 67.6 - 7300 - 71.2 74'-9 - 7103
3.5 | - 2,0 - 2.8 2.3 - 3.7

P, - | 50.4 - 48,1 - - - L8.5
- 1.2 - | 1.7 - -1 - 1.8

Ps - - -] - | 38.2 - | 35.2 35.8
- - - 1.6 - 3.9 3.8

Pq 466 5.00| - | - - -] - 473
0.66| 0.60| =~ | - - - - 0.67

P, | 0.13] O.14|<0.4(<0.4] < 0.4 |< 0.4]<0.4 0.13
0.01| 0.03| =~ | = | - -1 - 0.0L

deviations for all the contributing systems., The overall standard
deviations are nearly equal to the largest standard deviations for
individual systems, and this is some Justification for the suggested

correlations.,

There is some indication that for the formation of the

lowest two ammines, the following equations are common @
AgX + 2NH; = AgX(NH,), P €9
AgX(MHs)p + NHy = AgX(NH)s o eeveercnnescnseacnesonnsens (i)

These equations have been postulated in Section 4 for the systems

PP and PT, the equilibrium pressures for equation (ii) being Py



132

-

and Pz respectively. .For NBN and PBN, equation (i) holds if there
is about 30% decomposition of the salt in the column, but then the
ammonia coefficient of unity in equation (ii) is too low. I% the
initial absbrption by NBC is supplemented by further, unobserved
absorption during ageing, then the equafions may also be valid for
this system, the equilibrium pressure for reaction (ii) being Pg .
For a fresh PBC packing, P, and Py are the lowest two pressures; the
Pg ammine decomposes to give one ammonia molecule per silver atom,
in accordance with equation (ii), but the initial absorption is

too low for equation (i); for an older packing, Fs follows P,

and also decomposes to give one ammonia molecule per silver atom.

That the anion affects ammine formation, may be seen by
comparing the results for silver nitrate and silver perchloréte in
benzyl cyanide and benzonitrile. In both tﬁese solvents, silver
_ nitrate forms P, ammines and silver perchlorate forms P; ammines,
Although both salts form Py ammines in benzyl cyanide, only silver
perchlorate forms a Py ammine. When silver nitrate and silver
perchlorate are present together in benzonitrile, the P, ammine of
silver nitrate persists, but the P, ammine of silver perchlorate is
replaced by Eb and P, ammines.

Al though beﬁzonitrile and bénzyl cyanide are adjacent
members of a homologous series, there are pronounced differences
between the solutions in these liquids. The solutions in benzyl
cyanide change on ageing, whereas those in benzonitrile do not
(except the mixed packing containing both nitrate and perchlorate),
and the middle group of plateaux (B; and Eb) is pro@uced by benzyl
cyanide but not by benzonitrile. ‘The work started with these
sélvents should be extended by using higher members of the same
homologous series and related compounds having substituents cn the

phenyl group.
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5.2 Comparison of the gas-chromatographic method of

studying ammines with other methbds
The tensimefric,vindirecf and gas-current saturation
methods mentioned in 1.3 have been applied by other auvthors only
to the study of complexes formed by gases with solids. In the
present work, only a few experiments have been made with solid
salts, and their results are insufficient to permit an evaluation
of the gas~chromatographic method for studying ammine formation by
such salts. It appears from the results obtained with lead
bromide and lead chloride that salts should be supported in thin
layers, not used in granular form, |
For salts in solution that react with ammonia to form a

precipitate, the gas-chromatographic method has been more
thoroughly tested, and a few exploratory tensimetric experiments
have been mads. The most striking contrast between the gas-
chromatographic and tensimetric techniques lies in their widely
differing speeds - it takes about 2 hours to obtain a chromatogram,
but several dayé to obtain a tensimetric curve, The high speed
of gas chromatography is a practical advantage, but introduces
undesirsble rate effects, such as variation of y with sample size
and sometimes of plateau height with flow-rate, Tensimetry may
yield good equilibrium vaiues on account of the long duration of
the experiments, but this feature renders the technique unsuitable
for investigating systems that change on ageing. For most salt-
solvent systems, gas chromatography has been found to yield re-
producible values of dissociation pressures, but less success has
been obtained in aetermining ammine composition, This is largely
due to variation of y with sample size and more work is necessary
to determine under what conditions y has true stoichiometric
significance.‘ However, some of the difficulty in determining

ammine composition results from uncertainty about the amount of
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ammine~-forming substance in the columm, because there is evidence
that the salt in certain packings decomposes or undergoes other
changes., .

Although the indirect and gas-current saturation methods
of investigating ammines have not been tested for salts in solution,
they are unpromising for this application, Neither gives any
information on ammine composition, which has to be separately
determined by analysis, The choice of a liquid for the indirect
method is severely limited by the requirements that it shouid not.
react with or dissolve either the salt or its solvent; furthermore,
the method would probably prove to be as slow as tensimetry. For
the gas-current saturation method; a large quantity of armine would
be necessary to ensure saturation, ﬁhich is a disadvantage if the
salt is expensive,

Thus gas chromatography, and tensimetry appear to be the
most suitable methods for investigating ammine formation by salts
in solution; possibly complementary use of both methods will

provide most information on such reactions,
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