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Part I

‘The Coordination of Silver Ion with

Ethylene and Propylens



Part I. The Coordination of Silver Ion with

BEthylene and Propylene

The coordination compleices which are formed by silver ion
with a variety of unsaturated compounds have been extensively studied
in this laboratoryl. All of the butenesl® and several of the higher
olefins have been investigated previously. The present study of the‘
complexes formed by silver ion with ethylene and propylene completes
the series of investigations of the simpler unsaturated hydrocarbons.

The method which was empleyed in the present work was
almost identical with that used previously, only slight modification
being necessary because of the greater volatility of the simplest
olefins, The distribution ratio of the unsaturated substance between
carb§n tetrachloride and a 1 N aqueous solution of potassium nitrate
was first determined and was then combined ﬁi’th data obtained from
an investigation of the distributiozi of the compound between carbon
tetrachloride and é 1 ¥ aqueous solution of eilver nitrate or a solu-
tion of silver nitrate and potassium nitrate of total ionic strength
unity. The notation used is the same as that which was used previously
except that since only one silver ion and one olefin molecule are in-
volved in the complex theré is no need to distinguish K‘.L’ the first
argentation constant, from K, the evaluated constant., These constants

are here identical and are denoted by the symbol KE‘
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ionic strength
the olefin

total concentration of the olefin, both
free and complexed, in the agueous phase,
moles per liter

concentration of the uncomplexed olefin
in the agueous phase, moles per liter

concentration of the silver ion-olefin
complex, BAg? in the agueous phase, moles
per liter

total silver concentration in the aqueous

phase, moles per liter

concentration of free silver ion in the
agqueous phase, moles per liter

concentration of the olefin in carbon
tetrachloride, moles per liter

(B)./(B) = distributien ratio of the
ole?’in between carbon tetrachloride and
1 X potassium nitrate

| + - E > ] -

(B)%Ag*)- = (3) Waet)-(Bt)+(B)] =
Kp [(B%)-(B),/%p]

(B)e [%Agt) (Bt)-\-(B)JKn]

equilibrium constant for reaction of the
uncomplexed olefin in the aqueous phase .
with silver ion to form the complex BAg*¥

.
K /% = _é%;%fgl;)_' equilibrium constant

for reaction of the olefin in carbon
tetrachloride with silver ion in the
aqueous phase to form the complex BAg™

distribution ratio of the olefin between
carbon tetrachloride and pure water



The Analytical Procedure

In the earlier work, satisfactory analyses for the higher
olefins and other unsaturated substances were made by bromination
with acidified standard bromate-bromide solution; the excess of
bromine was determined by the addition of potassium lodide and titra-
tion of the liberated iodine with thiosulfate. Since it has been
reported that ‘broinine adds less rs,pidlyv to ethylene than to the higher
oleﬁhs in water® as well as in dry carbon tetrachloridel and
methylene chlorideh, the suitability of the dromination procedure for
the determination of ethylene required some éonsideration and study.
Because, as shown below, the method was found to be satisfactory for
the determination of ethylene it was assumed likewise to be suitable
for the determination of propylene and no explicit study of the rate
of bromination of propylene was made,

Suide and Wesely? studied the rate of absorption of ethylene
when mixtures of ethylene and air were ghaken with 0,005 N bromine
water, They showed that all of the ethylene was absorbed in less
“than six minutes from a mixture which contained initislly 10 percentv
of the olefin and that all of the ethylene disappeared in less than
four minutes from a mixture containing originally only 7 percent of
this compound, In all of our experiments in which the bromination .
mixture was homogeneous, that is, in the analyses of aqueous solutions
of ethylene and of ethylene and the readily disscciated silver ion-
ethylene complex, the excess concentration of bromir;e vas 0,003 N or

zreater and the bromination time was about fifteen mimutes, It would
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‘appear that there should be no difficulty in obtaining quantitative
bromination of the ethylene under these homogeneous conditions,

Several studies have been made of the rate of. bromination
of ethylene in the dark in carbon tetrachloride3:5:6 and although
none of the results can be applied directly to the vresent work
geveral observations are pertinent. The addition of bromine to
ethylene is reported te be relatively glow in pure dry carbon tetra-
chloride but it is markedly accelerated by the presence of noisturel
and hydrogen bromided, Davis claims that the greater part of the
reaction tdkes place in the aqueous phase; he also states that "in
solutions of carbon tetrachlotride saturated with water and containing
equimdlar amounts of bromine and ethylene the bromine color disap-
pears in a few minutes althougi: in the ebsence of water the ccler may
persist for a long time,"

In order to test the applicability of the previously used
bromination procedure to the determination of ethylene in carbon
tetrachloride several experiments were done in which the conditions
were varied somewhat, In each of these experiments an aliquot por-~
‘tion from one of two different freshly prepared solutions of ethylene
in cerbon tetrachloﬂd.e was added to an excess of acidified agueous
bromate-~bromide sol;ttion in an evacuated flask which was wrapped in a
dark cloth., The time of bromination was varied and in addition
certain of the mixtures were shaken mechanically during all or part
of the period of bromination ivhile the others were allawed to stand
eggsentially undisturbed. At the end of the period of bremination an

excess of a 2 N agueous solution of potassium iodide was added, the



'mixtuie was shaken for a few minutes in vacuo, and the lodine which

ned been liberated wes titrated at once with thiosulfate.

The results of these experiments are summarized in Teble 1.

1% is apparent from Experiment A that mechanicel shaking iz essential

and a consideration of both Experiments A and B indicates that

eggentially complete bromination takes place within 15 minutes under

the conditions used. In the actual analyses of distribution mixtures,

the bromination mixture was shaken for 15 to 20 minutes in the dark,

Table 1

The Effect of Variations in the Time of Bromination and
in the Time of Shaking on the Extent of Bromination of
Ethylene in Carbon Tetrachloride in the Dark with
Acidified Aqueous Bromste-Bromide Solution

Aliguet Time of
portienn  bromination,
Xo. min,

Experiment A 11
: 2

6
12
30
37

16
2y
T

Experiment B

W N (o p G BN g WH I\ I o

Time of Molar concentration

ghelcing, of ethylene
min, equivalent to
bromine absorbed
0 0.038
0 - 045
6 .0lg
10 .00
12 .052
17 081
8 .02k
22 .02k

35 024



The Distribution Ratios

The distribution ratios at 25° of ethylene and propylene
between carbon tetrachloride and water and between carbon tetrachloride

and & 1 N aqueous solution of potaseium nitrate are given in Table 2,

Table 2

Digtribution Ratioe of Ethylere and Propylehe between
Carhon Tetrachloride and Water and Carbon Tetra~
chloride end 1 N Aqueous Potassium Nitrate at 25°

Water 1.000 ¥ KN03
(B), (B) Ry (B), () Ky
Ethylens  0.0210 0.00060  35.0 0.0155 ©0.00038  40.8
L0119 .00036 33.1 . 0058 .000144  4o.2
.0200 00059  33.8 L0154 00039 39.5
.0117 ,00036 32.5 .0097 00024 0.4
L0147 000k 32.0 -

.0096  ,00028 34,3

Averege 40,2

Average 33,5

Propylene 0.0882 0.00061 1k 0.280 0.00122 229

L0775 .00055 11 .28Y4 .00130 218
.0530 .00036 1y 267 00115 232
.0755 = .00051 1hs8 181 .00081 224
0624 00042 148 173 ,00072 220
0715 00047 152 175 .00077 228

Aversge 1L47 Average 22§



The Argentaticn Constants

Follov;ing ‘the procedure which was previously adoptedl® we
ghall consider two equilibrium constants: |
Kg for the reaction
B (ag.) + Ag*(aq.) = (BAg*) (aq.)
and K, for the reaction
B (c) + Ag"(sa.) == (BAg") (sa.).

As pointed out earlier there are several advantages in con-
sidering X, instead of Ky, the chief among these being that the
measured value of Ky depgnds on the observed velue of KD ﬁhereas Ka
is generally almost independenrt of the value of Kp. Kpis often
difficult toc measure precisely because the concentrations in the
agueous phase are too small; furthermore it is subject te error
because of the effect of partial misecibility ef the carbon tetra~
chleoride and water, which tends to make the measured value smaller
than the true value, TFinally ﬁhe measured value of KD' or of Ky is
subJect to error 'because‘ of the use of concentrations instead of
activitieg in its formulation. Although 'bheré will slsgo be some
uncertainty in the value of Ko a.risiﬁg from the seme source, it will
in general probably be considerably gmaller since the concentrations
which enter irto the expression for Ke are usuelly far below the
saturation values and since in additiorn the solutien ef olefin in
carbon tetrachloride might be expected to be more nearly ideal than

that of the olefin in the aqueous phase.



Table 3

Distribution at 25° of Ethylene between Carbon Tetra-
chloride and Solutions of Silver Nitrate plus Potas~

gium Nitrate of Total Ienic Strength Unity

(Agt) (B (3t) K,
1,000  0.00496 0.0119€ 2,42
00403 01000 2.48
.00375 .00906 2.1
00277 00681 2,45
.00371 .00920 2,48
.00266 00645 2.42
Aversge 2.4 Eg = 98.1
0.500 0.00%22 0.00365 2,222
.00185> 00214 2,082
.00267% .00328 R IT-
.001862 .00209 2,212
Average 2.28 Kg = 91.7

& The precision of these values is relatively
low because only a small volume of the cerben
tetrachloride phase was taken for enalysis



Table 4

Distributien et 25° of Propylene betweeh Carbon Tetra~
chloride and Sclutions of Silver Nitrate and Potassium
Witrate of Total Ionic Strength Unity

(Agt) (B), (Bt) K,
1.000 0.0358 0,01565 0.u440
.0325 .01386 L8
L0371 .0L562 J23
L0354 .01510 JAe29
.0297 01268 k29
.0264 L01134 430
0727 .0311 J37
.0651 0272 R
Average 0,430 Kp = 96.8
0.500 0.0778 0.01560 0,405
.0763 L0152 103
LOH15 .00879 Q22
L0653 01320 406
Average 0.409 = Kg = 92.0

It is to be noted from the data of Tables 3 and U4 that,
Just as with the higher olefihs, the argentation constants of both
ethylene and prcpylene are independent of the conceniration of the
olefin over a somewhat greater than two-fold range in concentratien,
end are also relatively insensitive to a two-fold variation in the
gilver ion concentration, indicating that only one olefin molecule
and one silver ion are present in each molecule of complex, TFor
both ethylene and propylene a S50-percent decrease in the gilver ion
concentration, at constant ionic strength, leads tec a 5- or b-percent

drop in K,. This trend has been noticed beforel®s| and has been
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pﬁserved to reach a value of about 10 percent with the olefins of
higher 'maleéular yaight. There are two possible explanations for
this phenomenon: (a) it is possible that a emall quantity of the
di~silver complex, AgBAg**, is formed; (b) there may be an error in
the assumption that the ratio of the activity coefficients of the
complex (M) Aa.nd of the silver ion is constant as silver nitrate

is replaced by potassium nitrate. This assumption is implicit in

the formulation of K, or Ky with concentrations instead of activities

of the silver ion and the complex,
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Discussion

In Table 5 are summarized the varicus constants obtained

for the gimple mono~olefins which have been studied.

Teble 5

Summary of Constants for Silver Ion-Olefin Complexes at 25°

Olefin
Name Formula Ky Kp Kg
Ethylene CE,=0E, 33.5 40.2 98,1
Propylene CHyCE=CHj 147 225 96,8
1-ButenelP CHyCE,CH=CE, 898  140.9
1~Hexenel® OHyOE,CE,CE,CE=CE, 9050  &60
CH c
cle 2-Butenel® %:c==ci\33 890 72.0
it “H
¢
‘Isobutene® H%:c==cné 806 61,2
083
CE ,CH,C |
cis 2-PentenelC 3/‘(:==c\H2 " 2590 3607  1l12.5
H H
| CH :
trans 2-Butenel® e=c] 019 29.2
H CE;
H H
\
Cyclohexeneld o==c] 610 L4760 91,0
A CE,
c B |
trans 2-Pentenel® E%:c==c:' 3320 5620 62.4
E OH,0E,
rimethylethylenel ,0=0] 2920 3460 23.3

- CHg

Ko
2.11-)4-

0.430
.1568

095

.0808
.0758
0312
.ozsé

0191

0111

00674
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There is apparently a definite trend in the values of X,
with variation in the strucfnre of the olefin., The lack of regularity
in the values of Ky may perhaps best‘be interpreted in terms of the
large and varying disparity between activities and concentrations of
the different olefins in the agueous phase.

Consideratien of the K, values for the different olefins
shows that the more deeply the double bond ig buried in the chain
the smaller is the value of X,, that is, the lower the stability of
the complex of the clefin with silver ion., It is to be noted that
in each of the two pairs of cis-trang isomers studied the cis compound
hag much the higher argentation constant, The date summarized in
Table 5 seem to demongtrate quite conclusively that the influence of
the structure of the olefin upon the stability of these silver ion-
olefin complexes is essentially steric in nature. This conclusion is
in agreémen$ with that of Andersons regarding the stability of com-
plexes of homologues of Zelse's salt, K[Ptclj,cﬁg_zcﬂ‘e}ﬂzo. The _
structure of the silver ion-clefin complex may, as peinted out
earlierl® 1C, be considered as a resonance hybrid of several con~
tributing forms.,

Although tetramethylethylene has not as yet been studied
we can conclude with reasonsble safety from the results on ethylene
and the various methyl-sgubstituted ethylenes that it would display an
exceedingly low value of K,, indicating a relatively small amount of

complex formation.
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Experimental

Materisls. - The potassium iodide which was used for the
work with ethylene was of USP grade; all other inorganic chemicals
were of CP or reagent grade. The standardvsolutians of silver nitrate
and potassium nitrate and of bromate-bromide were made up by weight,
The concentration of the brematesbromidebwas about 0,06 N, that is,
one liter of this solution contained approximately 0.01 moles of
potassium bromate and 0.06 moles (a 20-percent excess) of potassium
bromide., The concentration of the solution of sodium thiosulfate
was sbout 0,02 N; it was checked frequently against the standard
bromate-bromide solution.

Carbon tetrachloride was purified by pessing inteo it a iarge
excess of chlerine, irradiating the mixture with sunlight for forty-
eight hours, and removing the chlorine by washing with dilute sodium
hydroxide. After several washings with water the preduct was dried

over calcium chleoride and distilled. A blenk test on the purified
material showed that it neither absorbed nor liberated bromine or
iodine,

Propylene bromide was prepéred from isopropancl by dehydras-
tion end subsequeﬁt bromination., The crude pro&uctkwas distilled and
then fractionated twice, ﬁ.p. 139,%-139,8% (uncorr.) at 746 mm,,
n23 = 1.5173, 020 = 1.5200. These values for the boiling point and
refractive index agree saxisfgctcrily with those reported by Kahlbanmg.
b.p. 141.0° at 760 mm. and n%o = 1,5198 and by von ZawidzkilO,
n25% 2 1.51745.
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Ethyleneb bromide was prepared from ethanol by dehydration
and su‘osequeﬁt brqmination; the crude product was recrystallized from
methanol in a dry 1ce;1sépropy1 ether bath, It was then washed twice
with 80~percent sulfuric acid and with water until the wash water was
neutral, and was subsequently dried over potassimm carbonate and dis-
tilled, The column and condenser were éarefully dried after the few
remeining é.reps -of water bad distilled over., The purified ethylene
bromide distilled at 129,7-129,8° (unceﬁ.) at 746 mm, and the
 refractive index of the distillate was found to be n%5 e 1.,5359.

These figures agree well with those reperted by Ansehutzll, b.p. 129,5°
8t TY5 mm. snd by von ZawidzkilO, n25.4 _ 1,53601, When the recrystal-
lization and subsequent wasghings, drying, and distillation were
repeated the bolling point and refractive index were found to be
unchanged.

Preperstion of Propyleme and Ethylene. = Ethylene and

propylene were prepared 'in ar ident 1éa1 kf‘ae‘.hion, by the reaction of

. strip zine with the corresponding dibromide diluted with an equal
volume of 95~percent ethanol, The reaction wag carried out in a
500-§-m1. three-neck flagk fitted with a Iﬁ‘riedrich"s condenser, a
therinometer, and a vertical safety tube extending well below the sur-
face of the reaction mixture and leading to an open Erlemnmeyer flask
about 30 inches above the reaction flagk., The safety tube served as
2 convenient pressure gauge during the generation of the gas. TFrom
the outlet of the Friedrich's condenser the gas passed to a 20~cnm,

' one-piéce spiral wash bottle containing a 1:1 mixturé of ethanol and

water and then to another similar wash bottle conta.ining pure ﬁater.
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F,inallﬁ the gas was absorbed in two Friedrichts~type gas wash bottles
each of which contained about 200 ml, of carbon tetrachloride.

After the dib'romide and the ethanol had been placed in the
reaction flask the whole system was swept out with nitrogen. Then &
small portioen of zinc was added and the mixture was heated very gently
for about thirty seconds in order to start the reaction. Once started
it proceedevd gquite rapidly without further heating; a cooling bath
was usually necessary in the early stagés of the reaction in order to
prevent the evolution of gas from becoming too vigorous. The remainder
of the zinc was added as needed, and the reaction was allowed to con-
tinue at room temperature for several hours until the carbon tetre~
chloride appeared to be saturated with the olefin, The concentration
of this nearly saturated solution appeared to be for propylene very
approximately 0,5 molar and for ethylene between 0,05 and 0.10 molar;
however no weight should be attached to these values, The solutions
of the olefins in carborn tetrachloride were stored under an atmosphere
of nitrogen in order to prevent the formation of perocxides which might
interfere gseriously with the analytical proceé._uresla‘

Distributions. ~ The distributions were carried out in a
500-ml, three-neck flask fitted with a mercury-#sealed stirrer and a
two-hole rubber stopper*, one hole of which was used for the intro-
duction of the sampling pipette and was kept closed at other times,

* Since the values of the constants were not observed to vary
appreciably with time of standing of the distribution mixture
it was not thought necessary to use an all-glass system, Earlier
it had been found necessary to eliminate the rubber stopper in
order to obtain reproducible results in the work with 2~pentene,

although it was not necessary with 2-butene or isobutene. See
reference lc.
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/and the other of which was fitted with a glass tube carrying a three-way
stopcockl2. After introduction of the aqueous phase, the flask was
sﬁapﬁ out with nitrogen. The solution of the olefin in carbon tetra~
echloride was then added and nitrogen wes passed through the flask for
en additional few minutes. Tﬁe flask was immersed in a thermostat at
25.00 £ 0.03° and the contents were stirred mechanically for about one
hour., After the mixture had been allowed to stand quietly for another
hour an app:dpriate semple of each phase was removed by forcing it into
a sampling pipette by means of 2 stream of nitrogen., The sampling
pipettes were fitted with three-ﬁay stopcocks in order to facilitate
rinsing of.the sample into the bromination flaskl3,

Analyses., = The method of analysis was essentially that ﬁhich
has been described previously7'1u. The sample ﬁas added to a measured
excess of a previdusly acidified bromate~bromide solution in a 300-m1.,
evacuated standerd~taper Erlenmeyer flask through a stopcock in the
stopper and the flask was shaken mechanically for 15 to 20 minutes, a
time sufficient for the complete addition of bromine to the olefin, An
excess of a solntion of potassium iodide was then passed into the flask
and the liberated iodine was titrated st once with thiosulfate, using
starch as an indicator. In all runs black cloth was placed around the
bromination flask before the addition of the olefin and was removed
only after the addition of the potassium icdide. During the anslysis
of aqueocus soclutions containing silver ion an smount of potassium
bromide more than equivalent to the silver ion present was added to the
acidified bromate~bromide before the addition of the sample; an excess
of potaseium lcdide sufficient to metathesize all of the silver bromide

formed was also used,
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Summary

A description is given of the investigation by means of
a distribution technique of the complexes which are formed by
silver ion with ethylene and propylene. A summary of the argenta-
tion constants of all of the simple mono-clefins which have been
studied is presented.

The influence of the structure of the olefin upon the

stability of the silver ion-olefin complex appears to be essentially

~ steric in nature,
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Part II., The Development of a Chromatographic-Spectrophotometrie
Method for the Isolation and Estimation of

.Minor Impurities in RIX*

A, Intreductien

The work which is described in the following pages is in-
tended to serve as an illustration of the pdwer and ccope of a com=
bination of chremategraphic and spectrophotometric methods in
implementing the analysis of a particularly intractable mixture
containing as mahy as ten very similar organic compounds in widely
disproportionate amounts, The particular analytical procedure which
will be deseribed was developed for the isolation and estimation of
the minor impurities which may occur in samples of RDX, The work
was éar'ried. out under the general supervision of Dr. Robert B, Corey
end Dr, W, A. Schroeder; the experimentel work was done chiefly by
Mr, Eerl W. Malmberg, Mr, Thomas D, Waugh, and the author of this
Thesis. Preliminary experiments had been c¢onducted by Dr. Arthur L.
LeRosen and Mr. Waugh,

RDX, or cyclonite, as it is often called, is cyelo-
trimethylene-~1,3,F=trinitramine, and all of the compounds which vere
* fThe work described in this part of the Thesis comprises a portion

of the scientific investigetions carried out under Contract

OEMsr~881 between the Office of Scientific Research and Development
and the Californie Institute of Technology.
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_céns_idered to be fpossli‘ble impurities in RIX are very élosely related
cyclic or linear ‘nitramines. Although chromatographic-spectrophoto~
retric methods had ear;ier beern applied with marked guccessls* to the
qualitative and quantitative analysis of other mixtures of closely
‘related orgsnic compounds, most of the techniques which had baen~
employed earlier could be applied to the present compounds only with
modification, often to a considerable degree. Special problems arose
because the compounds are insoluble in 'a.ll but a few very polar
gsolvents, because these compounds are colorless and so inert chemically
that it was d.ifficul;‘. to find suitable means of locating meny of them
on the chromatographic column, and because they are so similar in
structure that they can not in genersl be distinguished spectrophoto~
metrically.
The géneral plan which was followed in the development of
the analyticsl scheme is described briefly in the following paragraphs.
(1) A rather complete chromatographic study was made of the ten
compounds separately. This study included the development
of a prewé.shing treatment which greatly improved the ad-
sorptive properties of the silicic acid-Celite columns,
the investigation of suitable solvents for placing the com=
pounds on the column and for developing them, the finding
of}vsuitable streak reagents for the location of the developed
zones, and the investigation of the recoverability of sach
of the possible impurities on elution from a column of
* This work was carried out under Contracts OEMsr-702 and OEMsr-881

between the Office of Scientific Research and Development and the
California Institute of Technology.
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gilicic acld-Celite. In addition, procedures were devised
by which each of the ten compounds might be separated from
others of similar adsorption affinity; since many of the
compounds were very similar in structure and chromategraphic
properties, considera.ble experimentation was necessary in
order to find adequate procedures for these separations,

(2) On the basis of the information gathered in thé gtudy of
the compounds separately and in binary mixtures a tentative
chromatographic procedure ﬁas devised for the éomplete
separation of a mixture of all of the compounds. This
procedure vas then tested with a synthetic mixture of all
of these substances =nd a feﬁ necessary revisions wers made
in it.

(3) It was necessary to devise a procedure for concentrating
the impurities Yefore chromatography because it was desired
to detect traces of these compounds in the RDX and because
the extreme insolubility of this substance severely limited
the quantity which could be chromatographed, The preliminary ’
concentration was effected by fractional precipitation of
the major portion of the RDX, The recovery of each of the
possible impurities from a‘synthetie mixture with a large
excess of RDX was tested by use of this fractional precipi;
tation prdcedura.
It mugt be emphasized that in its early stages the develop~-

ment of the procedures described herein was a cooperative enterprise.

As mentioned above, Dr, LeRosen and Mr. Waugh carried out preliminary
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i §@er1ments and, ﬁith the aid of Mr. Malmberg, devised the "modified"
prewashing ﬁrocedrure vhich greatly improved the adsérptive proverties
of silicic acid~Celite mixtures and made it possible to obtain satis-
factory zones of the nitramines on this adsorbent., Dr, LeRosen and
Mr. Waugh also made preliminary measurements of the ultravieolet
ebsorption spectra‘of many of the compounds., The investigation of
the detailed chromatographic properties of four of the ten compounds
was déne by Mr. Waugh. and Mr, I{almberg, who slso worked out many of
the details of the procedure for the determination of the two com
pounds which are less strongly adsorbed than RIX,

I would like to express my sincere appreciation te
Mr. Malmberg for his invalusble advice and cooperation throughout all

ofb the work which is discussed below,
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B. A Brief Description of the Chromatographic-Spectro-
photométric Method and of the Structure and Properties

of RDX and Certain Related Compounds

1. The chromatographic—hepectrophotometric method

A delcrilﬁtion of the chrometographic~spectrophotometric
method which served as a basis for the present work has been given
elsewherel. Only a drief discussion of some of the more important
features of the method as they applied in this work will be presented
here.

The adsorbent which was used throughout this investigation
was & nixture composed of two parts by weight of Merck reagent
gilielc acid and one part of Celite 535, a product of the Johng-—
Manville Corporation. Number 2 chromatographic tubee, which are
19 to 20 mm, in inside dismeter, were used for most of the chromato-
grams; the columns of adsorbent were usuelly 150 mm, in length,
although occasionally longer columns were used.

The Beckman Quartz Photoelectric Spectrophotometer was used
extensively for qualitative and quantitative anslyses in the earlier
work]-: however in the work with RDX and related compounds its use was
restricted chiefly to quantitativey estimations since, as mentioned
before, the spectra of many of the compounds are very similar, A
quantity of the order of mesgnitude of one milligram is quite suf-
ficient for the quantitative determination of any of the compounds in
a chromatographic eluste.

Becauge mogt commercial graﬁes» of organic solvents ivere

found to contain non~volatile impurities which interfered with
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I_Aépectrophotometri‘c analyses at wave lengths below about 300 mp the
practice was adopted of distillying all chromatographic solvents in an
. all=glass still ‘;)efoie use, . In this way most of the foreign sub-
stances which mighi; have been introduced by the solvents into the
residue_s from the evaporation of chromategraphic eluates ﬁere elimi-
nated. It was generally unnecessary to distil the absolute ethanol
which vas ﬁsed as a spectrophotometric solvent if the same stock of
ethenol was used for sélutions and comparison solvent in the spec}tro-
photometric measurements, since the quantity of impurity which the
available ethanol contained was ususlly relatively minor. Certain
of the solvents, particularly the nitroparaffins, required special
vurification because they contained substances which interfered with
streak tests, The nitroparaffins were purified by percolation thréu@
g colunn of silica gel and subsequent distillation in an all-glass
still.

Ea.rly in the development of quantitative chromatographic-
spectrophotometric methods it was discovered that the adsorbent con~
tained significant quantities of readily-elutable non-volatile
impurities which showed appreciable absorpﬁio# of ultraviolet radia-
tion at wave lengths below about 300 mp, Therefore, in order to
prevent contamination of eluates by these substances the practice
was adopted of washing all columns with a strong eluent and then
‘ with 11groin before introducing the sample to be chromatographed.

At first this "prewash" consisted of ether followed by ligroin: it
was found that this procedure increased somewhat the adsorptive

strength of the silicic acid-Celite. lLater, as mentioned in the
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j i#trodﬁction, a modification of this prewashing procedure was developed
in which a 151 mixture of acetone and ether was uséd in addition to the
‘ethér and ligroin, This procedure increased theAadsorptive gtrength
considerably, made the adsorbent more uniform, and decreased the amount
of spectrophotometric "background! sbsorption in eluates; thus it was
in all ways more satisfactory than the first préwash.
' For convenience a convention was adopted for specifying
the volumes of solvent employed in the washing or development of =
chromatogram, That volume which is necessary to wet completely a
column of adsorbent is referred to as "V" milliliters; for a 15-cm,
No. 2 column of 2:1 silicic acid-Celite, V is about 29 ml. Using
this convention, the modified prewash may be deseribed as fellows:
the column is washed first with 0.2 V ml, of ether, then with V ml,
" of 1:1 acetone-ether, next with‘o;s V ml, of ether and finally with
2 V¥ ml, of ligroin, This prewash was uﬁed in all of the work which
is to be deseribed.
| The compounds which were investigated in our earlier chromato-
‘graphic studiesl included s wide variety of organic substances many of
which are colorless or nearly so, Zones of alﬁost all of these sub-
stances can be locgted on the column by streaking the column with
some reagent which gives a characteristic color with the compound.
Streak tests are also often valuable iniﬁork with colored substancess
for example, they provide a very simple mbthod for distinguishing
between two mnes of similar color and chromatographic behavior. The
- streask teats which were used throughout the present work are deseribed

in Seetion C 2 (e) beldﬁ.
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2. The structures and properties of RDX and certain related
compounds

Since RDX and the compounds which are closely related to it
belong to & rather unususl class of qrga.pic compounds a brief discus-
gion of their physical a.nd chemical properties is necessary. This
discussion will be very limited, however, and only those properties
which were of espécial importance in the present work will be
mentioned.

| RIX is generally prepared by the nitré,tion of hezamethyleneu}

tetramine, either with nitric acid slone or with a mixture of nitric
acid, acetic anhydride, and ammonium nitrate. The chemical names,
common nsmes, and structural formulas of most of the important com-
pounds which have been found in the reaction mixtures under widely
varying conditions are presented in Tables 1 and 2. All of the com-

pounds contain the methylenenitramino group, “032-1?"' end some also

No,,
contaln other functional groups, in particular N-acetyl and acetoxy.
Some of the compounds, ineluding RDX itself, retain a part of the
eyclic structure of hexamethylehetetramine, while others are linear.
RDX contains & b-membered ring of slternate methylene and nitramine
groups; HMX is the next higher analogue of RDX and contains an
8-membered ring. It will be noted that there ‘a.re» seversl pairs of
compounds the members of which are related in the same fashion as are
" HMX and RDX, that is, one merely contains an additional methylene-
nitramino group in the ring or chain, Thus AcAn is so related to
BSX and SEX is s higher analogue of TAX. |

The close similarity of the compounds in each of these pairs
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Table 1

Chemical Names, Common Nesmes, and Structural Formulas of Some
Cyclic Nitramines Derived from Hexamethylenetetramine

Chemical Nanme

cyclo~-trimethylene-1,%,5=~
trinitramine

cyclo~tetramethylene-1,3,5, 7~
tetranitramine

| lepcetyl=3,f~dinitrocyclo~
trimethylene=~l,3,5-triamine

lwacetyl=3,5, 7=~trinitrocyclo~
tetramethylene~1,3,5, 7=~
tetramine

cyclic ether of 1,5-dihydroxy-
trimethylene-2,4~dinitramine

1,5~dinitro~bicyclopenta~
methylenetetramine

Gommon Neme

cyclonite,
RpX

SEX
(qox)
cyclonite

oxide

DPT
(DNPT)

Formila

Noo
CHo~N

Nog~-¥ CHé
2
‘CHy-N/
o,

NOo
GHQ‘N CHE
N02~ N\ /ﬂ" mz
CHpo-N-—CHp
NoO.

NOo
ICHZ“N\

OHyCO-N ~ CHp



X -°HD — N-%H00~C0N

eutwsI3TuTI3=q ‘f‘e

CoN-0°H0; N -HO - . por ~oueTAy3oWB13034X0I3 TUTP-L T (80UTT)
Son mom 20N
fr000- ommo.m-mmo-z mmo.a wmo.m.wmoo Smmo
SOR *HO0D
oUTWBIS [URIFSS
I0 9T~H =g 9° :m hev:tﬂhvwowlh i 10)2
-aueTAy3 oueguadlxoq998ip=5°T (I8OUTT)
 5000- 0%1p-§-2mg- z.mmmlz 0N -CH00-005H0
SoN HO0D
JUTWRIG TUBIL 95 ~3 m : e
“B000-0%m0 - § %m0 - K -2HD - K G0 - -X 2E00-00%H0 uyoy ~oueTAYg ewegued x04a08TP~6*T (IBOUTT)
Noz SN SN 20K
mﬂﬂmnﬁﬁaplm.ﬁ.m
“2000-0%m0 - § P —§ Fmo - Zao0-00%0 xs€ ~oueTAY owE19034x04808TP=L ‘T {IRSUTT)
‘ 0N  oN N% :
BTORIOL owB) WOWmIO) ewBl TBOTHAYY
. . JUTWBIS039Ue TAYIOWEXS WOJJ DPOATIS] SOUTHRIITN

JI80UTT ewOg JO SETNWIO TBINIONILE PU® ‘Sowsy uoumo) ‘sewsy TBOTWAYD

2 °T4q8L



29

wés reflected in ﬁheir éhromatographic behavipr and streak reactions.
Although the near lidentity of these properties for the closely related
pairs simplified somewhat the investigation of the chromatogresphic
properties of each of the compounds sepﬁrately it introduced gdditional
complications into the problem of devising procedures for the separa4
tion and identification of all of the compounds from o mixture. How=
ever, as discussed in Section C Y below, it was eventually possible
to devise procedures for the satisfaetoiy chromatographic separation
 of even the most closely related compounds.

As & class, these methylenenitramine compounds are rather
stable from the standpeint of ordinary chemistry. For example, as
of 1943 at least, it was not pessible to prepsre a single derivative
from RDX; the compound is slowly decomposed by cold concentrated
sulfuric acid but all other acid and alkaline solutions affect it
only when hot. Certain strong oxidizing agents attack'RDx‘slowly in
the cold and the nitro groups4can be fairly readily rednced under
~ some conditions. Although certain of the compounds, and in particular
the linear ones, are more reactive than RDX in specific reactions
there is little uniformity in their bebavier., Consequently the task
of finding suitable streak reacticns for the compounds proved a fore
midable one, Two useful streak tests were eventuaslly developed; one
of these was a modification of Schryver's test for formal&ehydea and
can be used to locate zones of those compounds which are repidly
decomposed by concentrated sulfuric acid. The other test, which is
applicable to all of the compounds, wss based primarily on the

Franchimont test for nitramines3 although in its finsl form this test
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'inVOlved also the procedure devised by Griess for the detection of
nitrites't.

The ultr;viélet absorptiocn spect:a of these nitramines were
measured in order that they cduld be used for qualitative and quanti-
tative annlysis. The ingolubility of most of the compounds in ethanol
made quantitative work difficult until a procedure wae devised for
measuring the spectrum in g mixed solvent. The compounds were dis-
solved i; a small but definite quentity of acetone or dioxane and the
resulting solution wee diluted 100-fold with absolute ethancl. The
compaerigon solvent was of course prepared in an identical fashion.

It had previously been reported only that some of the com~
pounds exhibited “characteristie nitramine spectra®, that is, maxima
in the neighborhoed of 230 mp. with relatively high extinction. Hence
it was necessary for us to measure the ultraviclet absorption spectra
of all of the compounds which we were investigating; no discussion of
the regults can be presented here but it should he mentioned that
some interegting correlations of features of the spectra with strue~
ture were found., Becsuse, as mentioned earlier, the spectra of many
of’the compounds sre rether similar and because appreciaeble abso:ption
eccurs only a$vwawe lengths below about 240 mp where the effects of
minor impurities from the adsorbent and solvent on the position of the
gbsorption maximum are most pronounced, it was genersglly not possible
to use the spectrs for reliable qualitative analysis.

The spectrophotometric date which were used in the quanti-
tative analyses are pregented in Table 3, The "gpectrophotometric

factor" is a convenient expression of the extinction of the compound;
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it is equal to the concentration in milligrams per 100 milliliters

which will produce an optical density of 1.000 in a cell 1,000 en,

thiek,
Table 3
Spectrophotometric Data for RDX and Certain
Related Nitramines
Compound Position of abserption Spectrophotometric factor,
maximum, mp mg. per 100 nml,
for 1,000 cm,
RDX 213 2.02
1.41 at 235 mp
EMX : 228-9 252
TAX 231l ca. 3.36
CyOx 211 ca. 2,10
ca. 3.47 at 240 mp
SEX 227 ca.s 1.85
BSX 227 ca. 2.19
ATX 224-5 ca. 2,2
AcAn 227-8 ca, 2.10
BE-16 229-170 ca. 2.72

The samples of all of the compounds which were investigated
except ATX were supplied to us by Dr. W. E. Bachmenn of the University
of Michigan, Dr. A. T. Blomguist of Cornell University, and Dr,

Marvin Carmack of the University of Penngylvania., The sample of ATX
was prepered in this laboratory by Mr. Philip E. Wilcox from a sample

of BSX which had been sent to us,
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C. The Chromatbgraphic Properties of RDX and Certailn
. Related Compounds

1. Introguction

The first step in the development of a procedure for the
determingtion of minor impurihies in RIX was the detailed investige~
tion of the chromatogrephic behavior of RDX and of the cempounds
which were considered tc be the most probsble impurities., It is not
ressible to present here a complete description of the chromato-
graphic properties of each of the ten compounds which were 1ﬁvesti—
gated. Instead the genersl method by which these properties were
studied will be deseribed briefly and the most useful results which
were obtained will be considered, with emphasis placed on the behkavior
of the compounds with different types of developeis and on the separa—
tion of compounds of similar adsorption affinity. Then a brief
general discussion will be presented, and mention will be made of
certain interesting correlations which were fouﬁd between structﬁre
and chromatographic properties. T inally a short discussion of the
 elution and recovery of these compounds will be given.

2. The methodAwhich wae used in the systematic study of
chromatographic behavior

(a) Genérallfeatures of the method
v The investigation of the chromategraphic preperties of the
individual compounds followed & fairly standard pattern after the
initial complicatiens due to the extreme‘insolubility and relative
chemicél inertness of the compounds had been resolved. About 5 mg.
of the compound was developed on & No. 2 column which had been pre-

washed according to the modified procedure, The finsl position of
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ﬁhe zone was determined by vertical streaks at several different
places along the circumference and along the axis of the column in
order that coning‘and distortions and other unfavorable effects which
chﬁracterize certain developers could be detected.

A brief discussion is given in Sections (b) and (c) of the
golvents which were used to place the samples on the column and of
the stresk reagents which were employed to locate the developed zones.
A discussion of the chromatographic behavior of the individual com-
pounde with different developers is given in Section 3,

(v) Sample solvents

The solubility of these nitremines is appreciable only in
such solvents as the nitroparaffins, ethyl acetate, pyridine, and
écetone, all of which are very strong developers or eluents for the
compounds, Fortunately however most of these nitramines are rela~
tively strongly adsorbed on silicic acid and therefore these solvents
can, by sultable admixture with benzene or ligroin, be used to obtain
compact zones of most of the compounds at the very top of the column.
The most generally used sample solvents were mixtures of the mitro-
paraffins with bengene although many other mixiures were used for
specizl purposes, A l:l mixture of nitromethane and benzene is satis-
factory for most of the compounds at a concentration of about one
milligram per milliliter; however for the relatively weakly adsorbed
compounds ATX and cyclonite oxide ("Cy0x") it is necessary to.évoid
the use of such strong developers. Fortunately these compounds are
more soluble than the 6thers and such sample solvents as 1l:4 dioxane-

ligroin or 1:9 ethyl acetate-ligroin are satisfactory. Some precautions
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lmust be observed with the more strongly adsorbed compounds also; for
éxample, ethyl scetate cannot be usedvin the sample solvent for AcAn
or BSX becguse 1€ tends to spresd zones of these compounds badly.
Similarly pyridine is unsatisfactory for certain of the compounds
.although it is an extremely good sample solvent for others,
| (c) Stresk reactions

Tﬁe~first streak reactions which were used to detect the
nitramino compounds on’the'chromatographic column were rather insensi-
tive and scmewhat specialized and consequently were not very satis-—
factery.‘ Modifioatioﬁs and improvements were however introduced from
time to time and in their present form two of the tests are extremely
sensitive and valuable, Only these two tests, the benzene-Franchi-
'mont test and the Schryver test,khave more than specialized applica~
bility, and they are sufficient for almost all purposes. Hence only
these tests will be descriﬁed. Special resgents can sometimes be
used for compounds with particular functiomal groups; for example,
ATX, which contains two nitrate ester groups, can be located with the
hydroxide-diphenylamine reagentl'.

. (1) The benzene-Franchimont test

The Franchimont test for nitramines3 consists in treating
the suspected nitrémine with any of seversl aromatic amines in the
presence of zinc dust and acetic acid, A positive reaction is indi-
cated by the production of a characteristic éoler; ﬁhich varies some-
what with ths aromstic smine whiéh is used, The reaction, which is
specific for the nitramino group, can be used in various ways as a

chromatographic streak test. In one method a colorless solution of
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| chromatogréphically purified «-naphthylamine in glacigl acetic acid
is epplied to the column and then the stresk is lightly sprinkled with
zinc dugt from a eameinhair brush. A pink color is produced in the
gone of thefnitraminé. |

An extremely senéitive modification of this test, which can
be used for the detection of any of the nitramins compounds gtudied,
was eventually developsd as the result of a series of empirieal dig-
coveries, In this form of the test, usﬁally called the "benzene-
Franchimont test", a thin stresk of zinc dust is first applied along
the’celumn with a camel~bair drush; then the column is stresked with
_bengene and finally with the Griess reagent!, a solution of 0.5 per-
cent of sulfanilic acid and 0,15 percent of o({~naphthylamine in a
30~percent solutlion of acetic acid in water. A positive test is
indicatedkby the development of a deep red~pink color within the limits
of the zone, As little as 0.0l te 0,02 mg, of most of the nitramines
which were investigated can be detected with this test when the com
pound has been chromatographed so that it forms a zone in the upper
part of s No. 1.5 column, It is generally best to postwash thav
- ecolwm with ligroin before applying the benzene-~Franchimont test since
certain of the usual developing solvents are known to interfere with
the sensitivity of the test.

It should be moted that when the Griess solution is used
the test is no longer specific for nitramines since the Griess reagent
produces a pink eolor with nitrous acid, Hence in the benzene~
Franchimont test nitrosamines produce a pink color which is similar

to that formed by nitramines although it develops more slowly and is
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Hs.;’omewhat less. sensitive. Yothing is known about the mechanism of the
benzene—E‘raﬁchimont test with nitramines. Omission of any of the
reagents used in (the test decresses the sensitivity of the test con-
sid.era‘biy or makes it fail completely. TFor example, if the stresk
with benzene is not used the pink color is much less intense and the
gengitivity of the test is diminished by a factor of at least three
or four, It has been &emonsﬂ’orated that the thiophene which is present
in cemmercial benzene is not responsible for the intensification which
benzene produces. The color produced in this test is apparently far
more intense than the sum of the rather weak ‘colors produced in the
Franchimont test (that is, zinc dust plus X~naphthylamine in acetic
acid) end the Griess test separately.

(11) The Schryver test

Several of the nitramines derived from hexgmethylenetetra-
mine are readily decomposed by concentrated sulfuric acid to give
formaldehyde. Hence it is possidle to use the Schryver test for
formaldehyde.as a streak reaction for these compounds, This test con~
gists in the formation of the vhenylhydrazone and then oxidation of
this compound to a red pigment; the stresk reab'oion is effected by
streaking first with a S;percent solution of phenylhydrazine in
90-percent sulfuric acid and then ivith a B=-percent agueous solution
of potassium ferricyanide, The test is very insensitive in the
presence of bengene; for best results the column should be postwashed
with 30-60° ligroin,

The Schryver test is about as sensitive as the benzene-

Franchimont test for cyclonite oxide, DPT, BSX, and ATX, and is only
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glighﬁly less senéitive for AcAn and H-16, On the other hand RDX,
WX, SEX, and TAX do not react with the Schryver reagent sufﬁciently
rapidly for the test ito be practical as a chromatographic streak for
these compounds. About 0,02 mg. of a ebmpound which reacts with the
Schryver reagent can be detected with this test when the compound is
in a zone in the upper part of a No. 1.5 column,

3. The chromatographic behavior of RDX and related com-
pourds with different types of Adevelopers

The chromatographlie properties of these nitramines were
 studied in a series of separate ixivestigations of the individual sub-
stances. At firét rma.ny different developers were investigated,
including bina;rs’ mixtures 'with benzene of varying proportions of
ether, ethyl aéetate, l-nitropropane, 2=nitropropane, nitramethane;
acetic acid, dioxang, acetone, and ethanol, and binary mixtures of
meny of these solvents with ligroin. On the average, about 40 or 50
separate chromatograms were run for each of the compounds in order
that its developmental behavior could be well characterized, The
‘ﬁrst few ehromatogramé were generally used for determining the most
suitable sample solvents and streak reagents, Two or three columns
were then run with eq.ch of about ten or twelve different types of
developing miﬁctu:ce'é. Finally those developers which seemed most
promiging from the standpoint of affording the pogsibility of separa~-
‘tion of the compound from bther similar conipounds were studiqd in

| somewhat more detaill, As experience was geined irn the chromatography
- of these nitremino compounds it became spparent that certain devel-

opers would be most generally useful, others would be satisfactory
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,_for particular sefpa.rations, and still others, although quite adequate
fdr the individual compounds, would be of ne particular value in aiding
in the solution r;f the problenm of separating a mixture of all of the
compounds. Parenthetically it might be added that these detailed
studies of developmenta.l behavior could have been accomplished with
about one-fifth as many chromatograms if the compounds had been colored.
In the following section each of the different types of
developers which had some general utility ig discusssd briefly and
the approximate order of adsorption affinity of the different compounds
with this developer is given, XNot all compounds were studied with each
type of developer but complete data were accumulated for those devel-
opers which seemed to be most generally useful. In order that a
general idea may be gained of the relative adsorption affinities of
-the different compounds, a representative development is | given for
each of the compounds, namely that volume a.ﬁd concentration of develw-
oper which will move the zone into the middle third of the column.
The width of developed zZones iv_as generally equal to about one half of
the distance through which the lower edge of the zone had moved., Thus
if the lower edge was about 60 mm, below the tbp of the column the zone
was é,bout 30 mm, wide and thus was situated spproximstely betﬁeen 30 mm,
and 60 mm., or if the lower edge was at 100 mm. the zone was about
50 mm, wide and occupied approximately the middle third of the 150-mm.
eolumn,
It must be emphasized that the volume and strength of devel-
oper necessary to achieve a particular development may vary somewhat

from one lot of adsorbent to another, In general, however, it has been
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our experience that any adjustments which must be made in the strength
ér volume of developer will’be‘ébout the same in magnitude and direc-
tion for all of the compounds, Hence the quantities specified in the
“characteristic developmente" of each of the compounds in the tables
vwhich follow provide a frame of reference which‘can be expanded or
contrac£ed for aﬁether lot of adsorbent with somewhat different adsorp-
tive'properties. A further brief discussion of the variation in -
adsorptive properties between different lots of silicic acid is

presented in Part III of this Thesis.
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(a) Charascteristics of benzene as a developer
v Pure benzene does not have an appreciable developing action
6n any of the niéramines exgept the least strengly)adsorbed compounds,
The compounds for which it may be used are listed in Table 4, As
‘mentioned above, benzene was used irery generally as a diluent for
the more polar solvents in‘. the preparation of the mixed developers

which are discussed below,

Table 4

Development by Benzene: Order of Decreasing
Adsorption Affinity ‘

Characteristic development® Compound 7_ Comment

10 V ml, of benzene RDX All of the other
nitranines except
Cy0Ox and ATX are
adsorbed above REX

3V ml.' of benzene Cyox

V ml. of benzene ATX Zone was spreed down
from the top of the
column rather than
developed

* YVolume of developer which is required to move
the zone intc the middle third of the column
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(v) Characteristics of the ether~benzene develcpers

The cyclic nitramino compounds (excepting cyclonite oxide)
have the rather uﬁusual property of being only very slowly developed
by pure ether while the linear compounds are essentially eluted by
this solvent., In mixture with benzene, therefore, ether can be used
for certain preliminary group separations., The detailed characterw

istics of ether~benzene developers are presented in Table 5,

Table 5§

Development 5y Etber-Bengzene: Order of Decreasing
Adsorption Affinity

Characteristic development® Compound Comment

SEX} Not separable, Con-
TAX centrations of ether

up to 50 percent
develop them very

slowly

4 Vv ml. of K50 percent BMX Not separable, High
L vV ml, of 33 percent TPT concentrations of
3 V ml, of 30 percent RDX ether spread DPT

V ml. of 30 percent CyOx
2 V ml. of 20 percent B-16
3 V¥V ml, of & percent AcAn Not completely
%7 ¥ ml, of 6 percent BSX separsble

* Volume and concentration of ether in the devel-
oper which is required to meve the zone into the
middle third of the column
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¢) Charascteristics of the ethyl acetate-~benzene developers

Ethyl acetate seems to possess greater developing power

than ether when both are used in high concentrations in benzene

although at lower concentrations the two are somewhat similar. As

shown in Table 6 the order of the adsorption affinities 18 essentially

the same as for ether~benzene,

Charecteri
3 leo
2V ml,

2V ml.
ml,

n

®

-

PN NN n
<<gd g <«
BE BE

Table 6
Development by Ethyl Acetate~Benzene: Order
of Decressing Adsorption Affinity

stic development® Compound Comment
of KO percent ‘ SEX v
Yot completely separable

of 50 percent TAX

of 25 percent BMX

of 25 percent TPT Not separable

of 15 percent HBs16 ,

of 12 percent RDX } Not separable

of 8 percent AcAnY

of 7 percent BSX } Not separable

* YVolume and concentration of ethyl acetate in
the developer which is required to moeve the
zone into the middle third of the column



(a) Ghai‘a,cteristies of the ni’croparaffin»?'benzene developers

Nitremethane and the two nitropropanes were used as devel-
opers in mixtures with benzene., Although at equivalent concentrations
in ‘benzene nitromethane is a much stronger developer than are the
niti"opropanes the different nitroparaffin-;benzene mixtures behaved
qualitatively very similarly and may all be considered together., The
order of adsorption affinities with these mixtures is presented in
Table ' sime nitromethane was used more ividely then the nitropropenes
~ the characteristic developments are givén for nitromethanef-benzene
mixtures, |

The mest important feature of these developers is the rela-
tive chromatogrsphic sensitivity of RDX toward them, that is, the ease
with which RIX may be developed by small percentages of nitroparaffin
in benzene, Only ATX and cyclonite oxide are developed more rapidly
and ell of the remaining compounds are developed much more slowly,
This circumstance was of great importance in the final analytical
- scheme since it provided an effective means of removing the large

excess of RDX from most of the possible impurities,
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Table 7

Deﬁelopmnt by Nitromethane-Benzene: Order of
Decreasing Adsorption Affinity

Characteristic development¥ Compound Comment
SEX ) Not separable, Con-
B-16 centrations up to
TAX 50 percent develop
them very slowly
2 V ml, of 40 percent AcAn ot 1
2 V ml, of 40 percent BSX ot separable
2 V ml, of 30 percent TPT Not completely sepa—
: rable from BSX
2 V ml, of 12 percent HMX Not completely sepa~
rable from DPT
V nl., of Y percent RDX
Vml, of 1 percent CyOx

* YVolume and concentration of nitromethane in
the developer which is required to move the
zone into the middle third of the column

(e) Characteristics of miscellanenus developers which
contain benzene

The developing ,action» of binary mixtures of acetic acid,
dioxane, acetone, and ethanol with benzene was investigat.ed with
certain of the compounds. '.fhe results will not be described in
detail. Mixtures of dioxane with benzene were the most useful, snd
gave an order of adsorption affinities much like that with ether or
ethyl acetate in benzene, although dioxane is a considerably stronger
developer than either of these substances, Acetic scid-benzene was

of gome special value in the separation of BSX from AcAn and of TAX
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| £i'om SEX bv;t had 1little general applicability; furthermore it some~
times gave ".dou'ble zdnes"* with cértaﬁ.n of the comﬁatmds end thus was
_in general aveided. Mixtures of ethanol with benzene were unsatise
factory for a variety of reasons, chiefly because they often caused
anomslous spreading or double zone formation, Mixtures of acetone
and benzene sometimes behaved similarly, especially with the less
strongly adsorbed compounds. Acetone-benzene mixtures can be used
quite successfully however with a few of the more strongly adsorbed
~ compounds, and were especially valﬁable in the separation of DPT
and HIX.

(£f) Characteristics of developers which contain ligroin

Although many mixtures of polar solvents with ligroin were
investigated as developers for the nitramines most of these proved
uﬁsatisfactory_and therefore they will not be discussed in detail.
Develépment could generally be achieved only with rather high con-
centrations of the polar solvent in ligroin and complications such as
spreading or double-zone formation often accompanied such development.
The ligroin-based developers were however very useful in certain
igsolated cases and in partiéular they were essential in the chromato-
grephy of ATX since this compound is spread badly by benzene. Among
the best developers for ATX are a 10-percent sclution of ethyl

acetate in ligroin and a 10-percent solution of acetone in ligrein,

* We heve used the exprescion "the double zone effect" to deseribe
the formation, frem a homogeneous compound, of twe well separated
zones which cannot be distinguished by other than chromatographic
nethods and each of which, when eluted and rechromatographed,
again produces two zones, See reference 1 for further details.
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Y, The separation of compounds with very similar chromato-

graphic properties

A counsideration of the data prese:dted in Section 3 abovs
will rslww that thers are only a few binary mixtures of any of the
nitramines for which a satisfactory chromatographic separation can-

not yi.mmediately be specified, provided that the chromatographic
bshavior of each of the individual compounds is not significantly
altered by the presence of the other 4compounds. This important
prevision apjpea.rs to be entirely fulfilled in all normsl chromato-
graphic work on silicic acid-Celite, not only with these nitramines
but also with all of the other compounds which we have studied, at
least when the column is not serioﬁsly overloaded,

Means of effecting several of the most difficult separations
have already been mentioned; these and some others are summarized in
Table &,

It is apparent that if all binary mixtures can be separated
a complete separation of a mixture of all of the compounds is
theoretically possible although it might prove a tedious and im-
vractical procedure. In actuality, onee the developmental properiies
of all of the compdunds had been investigated and the binary separa-
tions egtablished ‘it' was possible to outline a reasonably simple
scheme for the separation of a mixture of all of the compounds., This
procadure and the tests which were made of it are described in

Section E below.
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Table &
Separation of Some Pairs of Compounds with Very
- 8imiler Adsorption Affinities
Satisfactory developer Compound mere Compound less

strongly adsorbed strongly adsorbed

2 percent of acetic aclid in

benzene ’ AcAn BsX
5 percent of ethyl acetate :

in 1:2 ether-ligroin : AcAn BSX
6 percent of acetone in

benzene HMX _ DPT
1:1 nitrepropane~ligroin DPT HMX
10 percent of ether in ‘ '

benzene H-16 AcAn
2 percent of dioxane in ‘

benzene ' H.16 AcAn
14 percent of acetone in

benzene SEX TAX
14 percent of dioxane in »
" bengene SEX TAX
5 percent of nitromethane

in benzene : X RDX
5 percent of acetone in )

benzene HMX RDX

K. Discussion

(a) The threshold effect

A rather striking phenamenoh which has been termeci the
fthreshold effect" was first noticed during a series of chromato-
gi‘aphic experiments with AcAn in which ethyl acetate-benzene devél-
opment was used, It was found that ss the concentration of ethyl
acetate in the developer was increased glowly from one experiment
to the next the rate at which the zone of AcAn moved increased

fairly‘ slowly and fegularly for a given percentage increase in the
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;bncentraxidn of éthyl acetate in benzene up to a concentration of
about 9 peréent of ethyl acetate, Thereafter the rate of déveloymant
of the zone of Ac#n'ihcreased much more rapidly for a given increment
in the concentration of ethyl acetate. Thﬁs, an 8-percent solution
of ethyl acetate in benzene developed AcAn only about 15 or 20 percent
more raplidly than did a T-percent solution but a developer consisting
of 9§ psrcent of ethyl acetate in benzene developed the zone about 50
or 60 percenz more rapidly thap did the'Smpércenﬁ solution, Similar

’ though somewhat less striking effects were noted for certain other
developers and with some of the other nitramines. During the studies
" which are repor#edkin Part III of this Thesis several #dditional
examples of the threshold effect were noted, the most striking being
those with benzene—ligroin development.of h~nitrotripheny1amina‘and
Ynitrodiphenylamine.

(b) Generalizations about the chromatographic properties
of the nitramines

Gerﬁain general relations between the chémical structﬁres
‘and the chromatographic pfopérties of these nitramines can be demonw
strated. The most veluable of these will be presented here; they
help to summerize and systematize the information which has been
presented in this Seétion and they may be of some value in the study
of similar compounda of uncertain structure.

Oh the basis ef their general chromatographic behavior RHX
and the compounds related to it fall into several ciasses. Oﬁe of
these classes, that of the 1inear nitramino acetate esters, includes
BSX, AcAn, and B-16. This group is characterized by a relatively

high sensitivity bo‘ether~benzene developers (that is, small
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:ﬁercentageé of eﬁher produce rapid development) and a relatively low
sensitivityAto tge nitroparaffins. Within this group the adsorption
affinity inereases aé the chain length increases, and also increases
when an acetyl group is substituted for a nitro group on a nitrogen
atom or on the oxygen atom that is esterified. The latter conclusion
follows when ATX is considered in the group,

The increase in adsorption affinity which accompanies the
replacement of & nitramino group by anlﬂ?acetyl group is evidenced
also by the fact that TAX is more strongly adsorbed than RDX and that
SEX is more strongly adsorbed than BMX,

In the eyelic nitramino compounds which contain no acetyl
group the adsorption affinity inereases with inc¥ease in the number
of nitramino groups or the molecular welght., The compounds in this
group, CyOx, RDX, and HMX, ére characterized by a éensitivity to
developers which contain the nitroparaffins and by a relative insensi-
tivity to those which contain ether. TAX and SEX, in which one of
~the nitramino groups has been replaced by an N-acetyl group,'are
extremely strongly adsorbed and show little or no sensitivity to
particular types of developers, Little cen be said sbout DPT because
it has a rather unique structure; however it does show the strong
adsorption affinity of the cyelic compounds,

The above generalizations are of course of limited validity
but they can serve to confirm other evidence. For example, the linear
structure of H-16 has been considered probable but not definitely
established. The developmental characteristics of this compound, snd

to a lesser extent its behavior with the streak reagents, afford
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sﬁrong confirmatory evidence of the correctness of the linear
formulation;

6. The elution end recovery of the compounds from silicic
aecid-Celite

The chromatographic investigation of the impurities in RDX
is based on the assumption that these substances can be recovered
from the silicic acid‘adsorbent. Therefore fhe recovery of each of
the compounds on elution with 1:1 acetone~ether was studied in at
least a roughly quantitative fashion. 1In addition the recovery of
- RDX and HMX was investigated quantitatively. The estimation of the
quentity of each compound which was recovered was done spectrophoto-
metrically.

The size of the sample which was used varied from 1 to & ng.
| for the different compounds; the details of the experiments will not
be given here., It-was found that on the lot of adsorbent which was
in use at the time of the experiments all of the compounds except SEX
and IMX could be recovered essentially quantitatively, the recovery
of these two compounds wag only about 90 percent, There is some evi-
dence that the percentage of these compounds which is recoverable
varies somewﬁat from one lot of adsorbent to anether,

A rather surprising and unusual phenomenon was discovered

in the experiments with DPT; the recovery of this compound if the
‘eolumn is eluted imﬁediately after the completion of development 1s'
greater than 95 percent but if the componnd is sllowed to remain on
the adsorbent for as long as 10 hours the percentage which can be

recovered falls to zero, At intermediate times the fraction which
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can be recovered is between thesé limits. Although such an effect
was sought for each of the other compounds (except ATX) in no other
cese d4id a detectable dimimution in the recoverable fraction occur

when elution was delayed for several hours,
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D. ‘The Development of a Procedure for the Concentration
of Posgible Impurities in RDX

1. Introduction

There sre certain limitations in the spplication of chromato-
graphic—-spectrophotometric techniques to the isolation of minute
quantities of a compound from large quantities of accompanying
material, In perticular, if the main constituent of the mixture has
a very limited solubility, it may be difficult to chromatograph
satisfactoriiy & large enough sample to permit the isolation of more
than a trace of the desired qompound. This consideraticn applies te
the present pro?lem, for,_as mentioned earlier, the solubility of RIX
is very limited in all but a few of the most polar sclvenis and these
solvents are just those which are the strongest developers for RDX
and the compounds related to it on columns of siliciec acid-Celite.

Preliminary experiments with the samples of RDX which were
to be investigated for minor impurities showed that these impnfities
‘conatituxed considérablyfless than one percent of tﬁe sgmples. Hence
it was spparent that some special proéedure for concentiating these
substances before chromatography was necessary; It was discovered
that by fractional precipitation of the msjor portion (93 to 97 percent)
of the RIX from acétone by the addition of 30—60° ligroin the proper=-
tion of the impurities in the mixture could be increased to such a
‘degree that these compounds could then be directly separated and esti~
mated. It was of course necessary to test this precipitation pro-
- cedure with synthetic mixtﬁres of RDX with the other nitramines in

order that any losses of the impurities which might occur during the
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| pfecipitaxibn-proceaure could be detected and allowed for. Such
losses mighx.be expected because of coprecipitation with the RDX or
perhaps merely becausé the impurity itself had an extremely low solu-
bility in the precipitating mixture.

In the following section are described first a few prelimi-
nary considerations and experiments which were necessary in devising
the fractionsl preéipitation procedure, then the final form of this
procedure, and finally some of the tests which were used in checking
the procedure.

2. Preliminary considerations and experiments on the con~
centration of the impurities

A logical scheme'for the clagsification of the nitremines
which were considered as possible impurities in RDX is on the basis
of their adsorption affinities relative to RDX. Such a classifica-
tion was of yracticalvimﬁortance in connection with the development
of a concentration procedure because the position of the zone of a
compound to be detected relative to that of the zonebof RDX deter-
mined the amount of RDX which could be tolerated in the sample to be
chromatographed; this was true because chromatographic zcnes normally

 spread as they develop and because the degree of spreading is in
large part a function>of the quentity of the compound which is on |
the column, When the compound to be detected was adsorbed above the
RDX a relatively large quantity of RDX could bé chromatographed because
it could all be developed into the lower part of the column of‘into |
the filtrate while the other substance remsined in the upper part of
the column, When however the impurity was less strongly adsorted

than the RIX generally a smaller quentity of RDX could be tolerated
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A’fécausé if too much were present it might spread down into the gzone
of the impurity.

Consideéaticn of the data on relative adsorption affinities
with different developers led us to the conclusion that nitromethane-
benzene was the most satisfactory develbper for the general separation
of the large excess of BDX from the other compounds. This developer
not only gave better separations of RDX from most of the compounds
but it\also plaéed seven of the nine éompqunds above BEX; only
’ cyclonite oxide snd ATX were less strongly adsorbed., Fortunately

these fwo cémpaunds are appreciably more soluble than ths others so
that a larger fraétion pf‘the RDX could be precipitated without
danger of precipitating either of these substances.

1t was found that a éatisfactory chrométagraphic separation
of several milligrams of any of the more strongly adsorbed compounds
from 30 mg. of RDX could readily be achiqved with nitromethane-
benzene development on & No. 2 column, An apprgciably larger quantity
of RDX could not in general be permitted because the ssmple solvent
which this would require had too strong a develéping action on HMX.
In the separation of the twe less strongly adsbrbed compounds from
RDX it was found that the best resulte were obtained when the sample
to be chromaxograpﬁed contained no more than about 10 mg, of RDX.
Consequently two concentration procedures were devised, oné for the
‘determination of the more strongly adsorbed compounds and one for the
determination of the less strongly adsorbed eémpounds.

As mentioned above, the fractional precipitation of the RDX

was accomplished by the addition of 30—66° ligroin to o solution of
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RDI in acetone. This combination of solvents seemed especially suit-
able since it afforded a wide renge of solubilities with almost no
compliéa,tions. The chief problem lay in choosing the proper volumes
and conditions for the precipitations this in turn necessitr;ated\a
preliminary study of the solubility of RDX and of the other nitrammes
~in acetqne and in mixtures of aceton§ with ligroin, It was found that
at room temperature the solubility of BRDX in acetone was about 60 mg.
per ml,; the addition of three volumes of 30-60° ligroin reduced the
solubility to about 1,8 mg, per ml, In 1:h é.cetone-ligroin the solu-
bility was decreased to about 0.7 mg. per ml., in 1:6 acetone-ligroin
it was about Ot mg, per ml. and in 1:8 acetone~ligroin it was only
zbout 0,25 mg. per ml, In addition it was determined that one milli-
gram of SEX, the lesst soluble of the entire group of compounds, |
remained entirely in solution when it was dissolved in 3 ml. of
acetone and the resulting solution was diluted with 10 ml, of ligroin,
and further that both cyclonite oxide and ATX are soluble at least to
the extent of 6 mg. ir 27 ml, of 1:8 acetonemligrdiﬁ.

The quantity of RDX which must be .tal;en originally for any
concentration procedure obviously is determined by the percentage of
impurities ﬁrhich the RDX contains, Since the total quantity of ime
purities actually present was known to be appreciably less than one
percent, and since about one milligram of any of these compounds is
‘an smount entirely sufficieat for pésitive jdentification and estima-
tion, the 'preliininary experiments with the concentration prccedurés
were done with a series of binary mixtures of 500 mg. of RDX with

0.5 mg. of cach of the more strongly adsorbed compounds. The
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fiactianal precipitation vas effected by dissolving the sample in

11 ml, of aéetone‘and precipitating most of the RIX by the addition
of 35 ml, of 30—60°‘1igroin. The superpatant éolution was then
decanted from the crystals of RDX and was eveporated to dryness., The
residue was chromatographed, the RDX was separated, and the impurity
was eluted end estimated spectrophotometrically., When it was found
that BEMX cqnld not satisfactorily be separated from the amount of
-RDX ih that eoncentrate, a second preciﬁitation was carried out from
3 ml, of acetone with 10 ml, of ligroin. The results4of the experi-
ments arelsummarized in Teble 9; the compounds are grouped 1n‘three
classes according to tﬁe percentage which waé recovered, A brief

discussion of this grouping is presented later,

Table 9

Recovery of Strongly Adsorbed Compounds from
Mixtures with a 1000~-fold Excess of RDX

Compound | Quantity Quantity Percentage
added, recovered, recovered
ng. ng. ‘
BSX 0.52 0.45 - 86
H-16 .55 M7 g5
AcAn I - ~ A3 83
 DPT 9 33 68
SEX <52 .32 61
TAX .51 .21 5]
HMX .56 23 il

Several experiments were done on the recovery of cyclonite

oxide from mixtures with RDX, Some were concerned with the
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' féprodncihility of results and some with the effect of small variations
in thslprocedure on the percentage which could be recovered. In general
the experiments wére éurprisingly reproducible;&the resulte of duplicate
‘experiments usnally agreed within several percent. A recovery of
6o pércent wasg obtained wheﬂ a mixture of one gram of RDX and one milli-
gram of cyclonite oxide was subjected to a double fractional precipite~
tion, first from 15 ml, of acetone with 60 ml, of ligroin and then
from 3 ml, of acetone with 24% ml. of ligroin,

3. The final form of the concentration procedures

In order to increase the sensitivity of the entire analytical
procedure so that as little as a few huhdreaths of & percent of any
of the impurities couid be detected the precipitation prosedureé were
revised so that a 10-~g. sample of RDX eould be investigated, TFor
practica1>reasons a multiple precipitation procedure was necessary;
the solubility of RDX decreases sharply when the first ligroin is
added to the acetone solution but decreases almost negligibly after
about four volumes of ligroin have been added. With 10-gz. samples of
RDX it was found most satisfactory to employ a three-stage precipita~
"~ tion procedure in order that the final concentrate should contain 10
or 30 mg. of RDX.

(2) Procedure for concentration of the mors strongly adsorbed
compounds

A 10=g, sample of RDX was dissolved in 150 ml, of warm
acetone and partially precipitated by the rapid addition of 600 ml,
of 30-60° ligroin, After a short time the supernatant liquid was de-

canted and evaporated to dryness., The resulting residue was agein
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tfractionally_preéipitaxed by dissolving it in 15-20 ml, of warm ace-
tone and adding four volumes of 1igroin. The decantation and evaporaé
tion were repeatéd and the residue was dissolved in 4 ml, of acetone
and‘precipitated once more with 13 ml., of ligroin., The final super-
natant solutlion was decanted and evaporated and the resulting crystal-
line residue was investigated‘chfomatographically by the procedures
which are described in Section E.

(b) Procedure for concentration of the less strongly
adsorbed compounds

The procedure of fractional precipitation in the preparation
of the concentrate for the determination of the compounds less strongly
adsorbed than RDX was exasctly the same as that for the more strongly
adsorbed compounds except that the final of the three precipitations
was done using 3 ml, of acetone and 24 ml, of ligroin, This proporé
tion of ligroin to acetone was not used with:the concentrate of the
mnore strongly adsorbed compounds becamnsge of the possibility of pre-
eipitating some of the less soluble compounds.

Y, Tests of the final concentration procedures

The preliminary experiments demonstrated the need for testing
the cbncentration procedures, Since losses of the impurities did
oceur it was necessaiy to show that substantial fractions of the
quantities in the original sample were present in the final eoncen-
trates. Furthermore, a knowledge of the fraction which was lost
proved to be of value in permitting estimation of the quantity of
each compound originally present since it was found that the fraction
of a compound which was lost appeared to be approximately independent

of the concentration of the compound in the eriginsl sample, at
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least when this originsl concentration was no greater than one-tenth
of one percént, the maximum concentration investigated.

(2) Tests of the concentration procedure for the less
strongly adsorbed compounds

The recovery of cyclonite oxide in the concentration pro-
cedure for the less strongly adsorbed compounds was investigated for
8 series of samples in which various amounts of cyclonite oxide wers

present, The results are summarized in Table 10,

Table 10

Recovery of Cyclonite Oxide from Mixtures with
a 2000~ to 100,000~-fold Excess of RDX

Original mixbure Quantity of CyOx Percentage
recovered, recovered
mng.
10 g. RIX plus 5.0 mg, CyOx 2.7 54
| 2.8% - hb*
10 g, RDX plus 3.0 mg. CyOx 1.6 53
10 g, RDX plus 0.1 mg, CyOx ca. 0.05 ca. B0

* Duplicate experiment

These regults demonstrate that the percentage recovered is
reproducible and approximately independent of the originasl quantity
of "impurity® in the mixture,

Two correspondiing experiments were done with ATX; 60 percent
was reco'v;ered from a mixture of 1.8 mg, with 10 g. of RDX and about
50 percent from a mixture of 0.1 mg, with 10 g. of RDX,  Incidentally

it was demonstrated conclusively that ATX is entirely stable in
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géetone solution and can be recrystallized from écetone without change
in spectrepﬁotomepric or chromatégraphic properties. It had been
claimed by other workers that ATX ie changed into a substance of un~
known composition on recrystallization from acetone but the sole
evidence for the reported transformation was a lowering of the melting
point. Since we have found that the melting point of ATX is not

sharp and varies appreciably with the rate of héating, it does not
appeai to us that any weight ean be atfached to this evidence alone,

(b) Tests of the éoncentration procednre for the more
strongly adsorbed compounds

The final concentration procedure was not tested for all
seven of the more strongly adsorbed compounds since when it was
tested with three of these substances, one from each of the three
categories represented in Table G, the recoveries were just about
those to be expected on the basis of the preliminary experiments
summarized in Table 9, The results of the investigations are pre;

gented in Table 11.
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Teble 11

Recovery of AcAn, DPT, and IMX from Binary
Mixtures with a Large Excess of RDX

Compound Original Amount Percentage
amount, regovered, recovered
ng, ng.

(a) Mixture of about 2.5 mg. of the coftipound with 10 g. of RDX

AcAn 2.54 1,96 78
DPT 2.68 1,50 56
HMX 2.46 0.71 29

(b) Mixture of about 0.5 mg. of the compound with 0.5 g. of RDX
(from Table 9)

Achn 0.52 0.43 83
DPT Jdg .33 68
EMX .56 .23 ]

In the new experiments reported in Table 11 the three com-
pounds showed respectively the good, fair, and poor recovery thatl
characterized the three groups that they were chosen to represent..
Furthermore, the faect that the racovgries were slightly lower than
in the earlier experiments is to be expected since the 10-~g. samples
required three precipitations instead of the one or two which were
used in the earlier tests. The good agreement of all of these experi-
ments constitutes a sétisfactory background for interpreting the
results of a qualitative analysis and demonstrates as well that the
procedure is satisfectory.

(¢) Discussion of the causes of the losses of impurities
in the concentration procedure

The results of the tests of the preliminary forms as well

as of the final forms of the concentration procedures have been
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_A gfesenﬁed because of their interesting implications., Additiomnal
experiments,. which will not be described, showed that although the
work was done 'ﬁith qué.ntities as small as one~half milligram, mechani-
cal losseg, losses due to insclubility of the compound, and losses in
the chrpmatographic procedure were not responsidble for the incomplete
recovery., ‘

The three recovery-groups into which the more strongly ad-
gorbed compounds fall differ significantly with regard to the struc-
 tures of the cdmpmmds which comprise them, The three compounds which
were recovered in highest yield, BSX, AcAn, and B-16 are linear and
do not resemble RDX closely in structure, while, of the other four
compounds, all eyclic, the two recovered in lowest yield are the most
gimilayr to RDX structurelly. These facts suggest that perhaps mixed

crystal formation with the RDX was chiefly responsible for the loss.
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E, -Ohrématographic«Spectrophotometric Procedures for the
. Isolation and Estimation of Minor Impurities in RIX

1, Introduétion

_The information and experience which were gained in the
detailed study of the chromatographic behavior of the individual com-
pounds served as a basis for the development of a systematic pro-
cedure for the analysis of a mixture of all of the compounds., This
procedure was devised so that all seven of the compounds adserbed
more strongly than RDX could be isolated from a single congentrata
snd likewise so that the two compounds adsorbed less stfongly could
~be isclated frem a'seccn&,concentfate. Although a ehromatographic
proeédure for the isolation of all nine of the compounds from one
‘concentrate could have beer worked out it would have been less
practical; furthermore,‘as discussed in Section D, it was desirable
to employ slightly different precipitation procaduresAfor the prepe~
ration of the final concentrates for the two classes of compounds so
that there was no need for a single enslytical scheme for the deter- -
mination of 2ll nine of the compounds from a single sample.

After the isolation of an impurity, an approximate estima~
tion of the amount‘whichlwas present was made spectrophotometrically )
or chromatographically as described below, This datum, together with
the estimated loss of the compound during the concentration procedure,
permitted a calculation of the approximate amount of the cémpéund in
the original semple,

" The following section contains descriptions of the chtomato~

graphic procedures which were used for the isolation and estimation



64

| (;f the impurities in the concentrates, together ﬁith a brief descrip-
tion of the tests which were made of these procedures with known mix-
tures, and é, discx;.ssibn of the sensitivity of the entire analytical
schemne, |

It must be emphasized again that the amounts and concentra—;
tions of developer which are specified in the detailed descriptions
of the chromastographic proceduvres may need to be vaiied somewhat for -
-other lots of adsorbent, Even when the same lot of sdsorbent is used
for ail of the work the gtrength of this adsorbent should be checked
at intervals by chromatographing known mixtures in order to make
certain that a specified zone will contain only the expected compound.

2, Chromatographié analysis for compounds which are
adsorbed more strongly than RDX

(a) Procedures for the isolatiocn and detection of the
compounds -

SEX, TAX, DPT, EMX, B-16, AcAn, and BSX are more strongly -
adsorbed than RDX with nitromethasne-benzene developmezit. The pro-
cedure which was finally adopted for the anslysis of a mixture of
these compounds with RDX involved five chromatograms. The procedure
is depicted schematicaliy in Tigure 1. Ip the first chromatogram,
Column A, the RIX was completely removed with nitromethane~benzene
development and the other compounds were separated inte two groups,
the more strongly adsorbed of which (Zone A-1) contained SEX, TAX,
H-16, and part of the AcAn, while the other (Zone A~2) contained mX,
DPT, BSX, and the remainder of the AcAn, Zone A~2 wag rechromato-
graphed and separated into twe groups of two compounds each, the more

strongly adsorbed zone containing HMX and DPT and the other BSX and
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/AbAn. These two mixtures were then chromatbgraphed separately with
developmenté appropriate for the separation of their constituents,
ﬁeanwhile Zone A;1 was rechromatographed and by a "liquid chromato-
gram" was sepsrsted inte its four compohents in one operation,

(1) OColumn A, Removal of RDX and preliminary separation of
other constituents

The residue from the fradtional precipitation procedure
which was described in Section D 3 (a) was dissolved in 2 ml, of
nitromethane and the solution was diluted with & ml, of benzene just
before it was placed on a 15écm. No. 2 column, After the chromato~
gram had been developed with 3 V.ml. of a 74percent solution of nitro=
rmethane in benzene and poétwashea with 1.5 V ml, of ligroin, the
column was cut at a point 30 mm. from the top and asgein at 135 mm,
The uppermost section contained all of the SEX, TAX, H~16, and part
of the AcAn (Zone A~1); the portien of the column between 30 mm, and
135 mm, contained all of the BSX, DPT, and HMX, and the remainder of
the Ackn (Zone A-2). The bobtom 15-mm. section of the column was

rejected.

Zones A~l1 and A-2 were eluted at once with 1:1 acetone-
ether and the eluent was then removed by evaporation under reduced
pressure. AppraxiMaiely Hh ml, of redistilled absolute ethanol ves
added'to each of the residues and was then removed by evaporation in

‘vacuo. The residues were rinsed into the bottom of the flasks with
acetone and after the acetone had been evaporated in a glow stream
of eair, the resgidues wers sﬁbjected to the full suction of an aspira~

tor for about five minutes.
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The procedure described in the preceding parsgraph was used
tﬁrdughout the investigation in the preparation of zones for rechromato-
graphy or spectroﬁhotbmetrie examination,

| (ii) Column B, Separation of BSX and AcAn from TPT and HMX

The material which was present in Zone A~2 was dissolved in
one milliliter of nitromethane and diluted with 4 ml, of benzene Just
‘before it was placed on a 1%5-cm, No., 2 column, The chromatogram was
developed with 2 V ml, of 1:2 ether-benzene; after 0.6 ¥ ml, of the
developer had entered the column the'receiver wag changed and the
filtrate was collected 1n a clean flask, The column was postwashed
with 1.5 V'ml, of iigroin;_after 1,2 V ml, of the postwash had entered
the column the filtrate was no longer saved. The filtrafe which was
dollected contained all of the AcAn and BSX which were pregent in
Zone A~23 1t was evaporated to dryness and prepared for rechromato—
graphy in the usual fashion., The residue so obtained was referred to
as sample B-l,

Meanwhile the material adsorbed in the portion of the column
asbove a point 110 mm, from the to§ (Zone B-2) was eluted with 1:1
acetone~ether and prepared,for rechromatography;J*The lower 40-mm,
gection of the column was streaked ﬁith the benzene~Franchimont
reagent, Although ﬁone of the known compounds would be expected te
be present in this portion of the columh the pogsibility remained
that some compound which had not previously been encountered might be
adsorbed there. |

Zone B-2 was eluted as soon as vossible after completion of

the chromatogram becsuse the percentage recovery of DPT on elution is
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bl;)wn to decrease‘when an adsorption complex which containe this com-
pound is aliowed to ‘stand?, This precautign wag observed throughout
the investigation in -the elution of all of the zones which might have
contained IPT. o

~ (111) Column G, Isolation of SEX, PAX, H-16, and part of
the AcAn

The material which was present in the residuve from the eluate
of Zone A~l was dissolved in one millilifer of nitromethazne and diluted
with Y4 ml. of benzene just before it was placed on an 18-cm, No. 2
| column, The chromatogram was developed with 1,7 V ml, of a 1l5-percent
solution of ethyl acetate in benzeme and 2,5 V ml. 61:’ a 1l-percent
solution of acetone in behzene, and was postwashed with 1,3 V ml, of
ligroin, The filtrate from this chromatogram was collected in three
separate but consecﬁtive portioné. The first portion, designated as
C~1, was collected from the time when 0.6 V ml, of the ethyl acetate-
benzene solution had ehtered the ecolumn until 0.7 V ml, of the acetone-~
benzene solution had entered; this filtrate contained all of the AcAn
presentl in Zone A~l. The secpnd portion of the filtrate was collecied
until 0,2 V ml, of the postwash had entered the column; this second
fraction, referred to as 0«2, contained all of the H-16 present. The
remainder of the filtrate from the chromatogram was collected in order
that any unknown compound which might be present in it would not escape
~ detection; this fraction was called O=3,

' The chromategram was cut at 30 mm., €0 mm,, and 160 mm,; the
section from 30 to 80 mm, (C~l) contained all of the SEX present while

that between 80 and 160 mm, (C~5) contained all of the TAX, These
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p‘ortibnsk of the column were eluted and the eluates were evaporated in
the usual mé.nner.‘ The chromatographic filtrates were evaporated
gimilarly. |

The upper 30-#mm. gsection of the bcolumn wag streaked with
‘the bengene~Franchimont resgent so that the presence of any unknown
nitramine which was more strongly a&sorbe& than SEX could be detected.

(iv) Column D, Isolation of DPT and IMX

The material which had been é.dsorbed in Zone B~2 was chromato-
, graphe;i on a 15=cm, No., 2 column frem 5 ml, of 1:4 nitrometMe—benzene.
After dsvelopment with 2 V ml, of a 6~percent sclution of acetone in
benzene the chromatogram was postwashed with ligroin, The column was
cut at 15 mm, and 75 mm, from the top and the ;pértion between theée
cuts (Zone D-1) was eluted and ev.aporvated; it contained sny HMX which
was présent. The remainder of the column, with the exception of the
bottem 5 mm,, was eluted and the eluate was prépﬁred for rechromato-
grephy or spectrophotometry in the usual way; 1t contaiﬁed any IPT
which was present, and was designated sample D-2.

The filtrate from column D was collected and evap§ratec1 to
dryness in’ the usual fashion; the upper 15 mm, of the column wasg
stregked with the "bienzenenfranchimont reasgent in order that any un-
known compounds present would not escape detection,

(v) Columm E. Isolation of BSX and the remainder of the AcAn

The regidue from the evaporation of the filtrate from
chromatogram B (sample B~l) was chromatographed on & No; 2 éelumn from
5 ml, of 1:4 niytromethane-benzene. The semple was ringed onto the

_column with an additional 5 ml, of 1:4 nitromethane-benzene and was
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'.thén developed with 1.8 V ml. of a one~percent solubipn of acetic acid
in Penzene, .After the chromatogram had been postwashed as usual with
1,5 ¥V ml, of ligroin,.it was cut at three points, 15 mm,, 65 mm,, and
145 mm, from the top. The portion of the column between 15 and 65 mm,
(Zone B~1) contained all of the AcAn which was present in sample B~l
and the section from 65 to 145 mm. (Zone B-2) contained gll of the
BSX. Both sections wers eluted and the eluates were evaporated in

the usual f#shion.

The filtrate from column ¥ was collected and eveporated; the
upper 15 mm, of the column was streaked with the benzene-Franchimont
reasgent in order that any unknown nitramines which were present would
not escape detection,

(b) Methods of estimating the amounts of the compounds iso-
lated; sensitivity of the analytical method

Spectrophotometry can be used for the estimation of thege
nitramines in the residues from the‘chromatographic'procedﬁras only
if more than about one-helf milligram of any of the compounds is
‘yresent, because at lower concentrations background absorption due to
impurities from the adsorbent usually obscures the absorption maxima,
which occur at very short wave lengths, If spectrophotometric esti-
mation is applicable‘%ha methods mentioned in Section B 2 can be used;
a2 blank correction should be gpplied.

If however less than about one-~half milligrem of the impurity
is present chromatograsphic methods must be used for the detection and
rough estimation of the com?ound. Ths residue from the evaporation of
ﬁha elﬁent is diesolved in 10 ml, of 1:10 nitromethane-benzene, and is

then placed on a 1P~cm. Yo, 1.5 column and washed with ligroin. The
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/benzene—Franchimon’c or Schryver streak is applied to the column and
the presencé or absence of any compound which reacts with these
reggents is thus ‘demdnstrated in a remarksbly sensitive and réliable
manner, Tests have shown that 0.1 mg, of any of the compounds pro- '
duces a strong color under these conditions and that as little as
0.02 mg. can readily bhe detected. The acturl estimation of the
quantity of’ e giver compound which has been isclated may be made

- colorimetrically by comparison of the intensity ard extent of the
streak celor wh_ich it produces with those produced by various known

" quantities of the game compound under identical conditions,

The problem of sieciding whether or not a given residue from
the evaporation of a chromatographlc eluate or ,filtrate contains suf-
ficient materisl for reliable spectrophotometric estimation is one
which can be solved only with experience, Traces Vof silicic acid are
gometimes carried into the chromatogrsphiec filtrate and give the resi~-
due the appearance of containing more erystalline material than is
\ actually prssent. 'On the other hand some of the compounds ¢rystallize
only with diffi‘,culty; a few tiﬁy drops remaining after evaporation of
the solvent sometimes contain appreciable amounts of one of these com-
pounds., When there is doubt about the feasibility of spectrophoto-
metric estimation‘the most satisfactory procedure is to measure the
optical density of a solution of the residue in the ordinary fashlen
and then, if the optical density is too low, to evaporate the solution
to dryness and estimate the residue by the colorimetric streaking
procedure, |

After the amount of the impurity which has been isolated has
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’ﬁ'een estimated, the proper corrective factor may be used to calculate
the approxiinate amount of the substance in the original sample. The

value of the fact‘or'for each compound is listed in Teble 12, It must
be emphasized that these factors are only approximate; they are, how=

ever, entirely adequate for the estimation of trace quantities,

Pable 12

Approximate Factors by Which the Quentity of Bach Compound
Actually Isolated Should Be Multiplied in Order
to Obtain an Estimate of the Amount Present
in the Original 10-g, Sample

Compound Factor
H-16 1.3
BSX 1.4
AcAn 1.6
SEX 2,2
DPT 2,2
TAX 35
100 ¢ 345

The sensitivity of the entire analytical method can be
deduced from the sensitivity of detection of the individual compounds
with the stréak reagents and the approiimate iosses in the concentra~
tion procedures. The overall gengitivity of the method calculated in
this manner ranges from about 0.0‘{_mg. for IMX to sbout 0,03 mg. for
B-16 in the original 10-g. vsampie of RDX, Such a very high sensitivity
does have real significance as numerous tests and checks on the pro-
cedures demonstrated, ai’chough it is perhaps considerably higher than
is necessary or even of practical interest.

(¢) Tests of the reliability of the analytical procedure

The chromatographic procedures are the essenbtial part of
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" fh5 analytical methods for beth the more strongly and less strongly
adsorbed 1mpurities. These compounds are colorless, of course, and
moreover, columné which are used for anslytical purposes are normally
best left unstreaked. The quantitative isolation of thé compounds 1s
dependent upon the uniform chromatographic behavior bf the given
‘impurities. When these impurities occur only in traces, in insufs=
ficient amounts for confirmation of the identification by routine
methods, the fact that a substance is isolated from a given chromato-
grephic zone is the only evidenne aveilable as to its identity.

| A test of the entire chromatographic procedure with a 0l X
ture of 26 mg. of pure RUX and 6 mg, of pure HMX showed that neither
of these substances, usually the two most abundant, contaminated any
of the regions occupied by the zones of the other compounds. Further—
more each step of the entire procedurs was tested with mixtures of
the compounds which were to be separated i# that particulsr chromato-
gram snd the finsl specifications allowed a margin of safety for slight
~ variations in the positions of the zones,

Actually, for the qualitative procedure to be reliable, the
procedure‘must be roughly quantitative. The fecovery of the compdunds
when they were present in quantities of abdnt a milligram.was tested
experimentally by analyzing a mixture of 30 mg. of RDX and 1 mg, of
each of the strongly adsorbed compounds, The results of the experi-

ment are presented in Table 13,
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Teble 13

Results of the Analysis of a Synthetic Mixture Which
Contained 30 mg. of RDX and 1 mg, of Each
of the More Strongly Adsorbed Compounds

Compound Percentage recoversd
SEX 82
TAX 91
B16 96
AcAn 76
BSX 86
TPT gl

X 102

On the whole, the percentage of each compound which wasg
recovered wa.é'e.bout what would have been expected if ome considers
the sizes of the samples and the length of ’cheb procedure which was
involved., The low recovery of AcAn is not at all anomalous; the
ﬁrocedure of column E, part (a) of this section, was not entirely
satisfactory but the AcAn which was lost did not interfere with the

other tests. The loss of AcAn was taken into account in celeulating
the approximate factors listed in Table 12,

3. Chromatographic snalysis for compounds which are
adsorbed less strongly than RDX

(2) Procedures for the isolation and detection of the
compounds

A schematic diagram of the chromatographic procedure for
"~ the isolation of the compounds adsorbed less strongly than RDX is
ghown in Figure 2. |

(1) Isolation and detection of ATX

Golumn I A Isolation of ATX. - For the "liquid chromato-

gram® by which ATX was isclated, the residue from the final step in
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the concentration procedure of Section D 3 (b) was dissolved in one
milliliter of warm 2-nitropropane; this solution was diluted with I ml.
of benzene snd chromatographed on an 1l8-cm, No. 2 column. The sample
was developed with a total of 1,5 V ml, of a f~percent solution of
ethyl acetate in benzene and 1.5 ¥ ml, of 30-60° ligroin, Since the
ATX was washed through the column with the sample solvent and the
first portions of the developer, the receiver was changed after the
first 10 ml. of the developer had passed into the colwm, and the rest
of the filtrate' was collected in a clean flask, The filtrate was
evaporated under reduced pressure, and the residue was rechromato~
graphed on Column I B.

RIX, cycl#nite oxide, and the strongly adsorbed impurities
remained on the column when the ATX was washed into the filtrate.

The column was therefore eluted with 150 ml; of 1:1 scetone~ether, the
eluent was evaporated, and the residue was used in the analysis for
cyclonite oxide, Column II A,

If the sample contains an unusually large amount of cyeclonite
oxidé, & trace of the compound may be washed into the'filtrate with
the ATX, Its presence in the filtrate makes fm difference because it
will be removed when the ATX is purified in Column I B; this trace of
cyclonite oxide could be recovered from the upper part of Column I B,
but the fraction of the total amount is so small that it is of no
consequence as far as the anslysis for cyclonite oxide is concerned.

Column I B Purification of ATX. - The ATX isolated in the

filtrate of Column I A was purified by rechromatographing the residue

on an 18w~cm. No. 2 column by the following procedure, The residue,
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éissolved in 5 ml; of 1:4 dioxane-ligroin, was developed with 2.2 V ml,
of an_ll—peicent solution of ethyl acetate in ligroin and 1,5 V ml, of
30-60° ligroin., As in the first chromatogram, the filtrate was col-
lected after the first 10 ml, of the developer had entered the column
becauge if any very weakly adsorbed impurities had been present in
the original sample, they would have been washed through Column I A
with the ATX, and therefore would have been present with the ATX in
the present sample, They presumably would have been washed through
Column I B also, and therefore the residue from this filtrate was
examined for any substance which might give a positive nitramine
test (Column I C).

With the above development, the ATX was found in the zone
from 70 to 135 mm, from the top of the column; the treatment to which
this zone was subjected was deternined by the amount of the compound
which was present., A one- to two-milligram semple was sufficiently
large that spectrophotometric measurements could be used to confirm
- the identity of the substance and to meke a quantitative estimation
of the amount which was preéent. If less than a milligram of ATX
was present, an appréximate estimation was maﬁe by a colorimetrie
streaking proceduxe~similar to that used“for the more strongly ad-
sorbed compounds, The approximate amount of ATX on Column I B was
determined by means of a special method of stresking; the procedure
was designed to avoid loss of adsorbent and contamination by stresk
reagent, The upper 60 mm, of the column was streaked in the usual
fashion; in the lower section, where ATX was expected to be present,

smell flakes of adsorbent were taken from the column at 90, 110, and
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1"{0 mm, from the top, removed to a porcelain spot plate, and treated
with the usual benzene-Franchimont streak. Lpproximately one milli-
gram on the column wduld be required to give a positive test under
these conditions; therefore the results of these tests indicated the
proper }subsequent procedure for treating the residue which was obtained
by elution of this zone. Sometimes a positivé reaction was obtained
in the upper section, about 20 mm, from the top of the column, Thise
zone was shown to be cyclonite oxide and was present only when large
amounts of cyclonite oxide were present on Column I A, As mentioned
above, under these conditions a trace of cyclonite oxide was washed

into the filtrate with the ATX,

Column I C | Detection of any very weakly adsorbed compoundsg. ~

Any very weakly adsorbed nitramines which might have been present in |
the filtrate from Column I B were detected as follows. The residue
from evaporation of the filtrate was dissolved in 2,5 ml. of 1:}4
dioxane-ligroin, placed on a No. 1,5 column, and weshed with 0.6 V ml,
of 28-38° ligroin, The column was streaked with the benzene- |
Franchimont reagent. The sections into which the sample selvent had
moved as well as the upper part of the columnr were examined closely
for any positive nitramine reaction. r

(11) Isolation and detection of cyclonite oxide

Column LI,_A Preliminary purification of cyclonite oxide. -

The mixture of cyclonite oxide, RDX, and the more strongly adsorbed

compounds which was eluted from Column I A was first treated to remove
the more strongly adsorbed compounds. The residue was dissolved in

5 ml, of 1:4 nitromethsne-benzene and placed on & 10-cm. ¥o. 2 column,
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The development which wasg used, 1.5 V ml, of a 5~percent solution of
nitromethane in bengzene and 1.5 V ml. of 30-60° ligroin, washed the
cyclonite cxide and mbst of the RPX irto the filtrate. The procedure
was therefore run as s "liquid chromatogram', and the filtrate was
collected after the first § ml. of developer hed entered the column.
The residue fromkévapératien of the filtrate was rechromatographed on

Column II B.

Column II B Final purification of cyclonite oxide. - The

- cyclonite oxide was separated from the last contaminant, RDX, by re-
chrouatographing the residue from the filtrate in Column II A. The
semple was dissolved in 8 ml, of 1:Y pyridine~ligroin; the initiel
solution in pyridine was warmed before the ligroin was added ir order
to prevent precipitation of any of the sample. The separation was
accomplished by development with 1.3 V ml, of 1:l ether-benzene and
1,3 V ml, of 30-60° ligroin. The cyclonite oxide was found in the
zone 105 to 175 mm, from the top of the column; the zone of RKDX ex-
~ tended down to about 80 mm, from the toﬁ. The subsequent procedure
used for the investigation of cyclonite oxide depended upon the
sbsolute amount which ﬁas rresent, Jjust as in the case of the ATX,
and theréfore the same procedure of streaking was used. The usual
benzene~Frenchimont stresk was applied down to 85 mm, from the top
of the column so that the bottom of the zone of BDX was indicated.
The cut for the separation wasrmade 10 mm. below the RDX, and the
entire crose-section at this point was tested to detect any possible
distortion. Flakes of adsorbent were removed at 95, 125, 150, and

175 =m. from the top of‘the column and tested on a spot plate, A
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pbsitiVe reaction iﬁaicated the presence of a milligram or more of
cyclonite oiide,(and in tha£ case the eyclonite oxide ﬁas identified
and estimated spectréphotometrically. If the spot tests were nega-
ti&e,,the very sensitive chromatographic-method wag vsed to detect
and roughly estimgte the amount of c¢cyclonite oxide that was present,
In either cage, the zone below the RIX was eluted with 150 ml, of
1:1 acetoneuether, the eluent was evaporated, and the residue was
either teken up in alcohol for spectrophotometrie examination or
prepared for rechromatography. |

(b) Methods of estimating the amounts of the compounds
- isolated; sensitivity of the analytical method

The protlem of éstimating the amounts of the less strongly
adsorbed impurities which are isolated is essentially the same as -
for the more éfrongly adsorbed compounds. A@ounts too small to be
estimated spectrophotometrically can be chromatogrsphed on a No. 1.5
column from 2,5 ml, of 1:l dioxane;ligroin and kaéhed with 0,6 V ml,
of 28~38° ligroin. The colusmm is streaked with the bengene-
Franchimont reegent, and the color produced by the‘zone of ATX or
cyclonite oxide at the very top of the column is compared wit@ that
produced by known qyantities of the same compounds under identical '
conditions, -

After a rough Qnantitative estimation of the amount of the
impurity which is isolated has been obtained, an approximate calcule~
tion of the original amount of the compéund in the sample may be made
because the loss during concentration is known. EAs with»the strongly
adsorbed compounds, the fact thét in experiments with artificial mix-

tures the fraction recovered was constant over wide variations in
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%he prdportian of the minor constituent to RDX makes the calculation
reasonably i-eliable. In order to calculate the approximate original
content of ATX or cydloni‘.;e.exié.e in the 10-g, sample the amount iso~
lated should be multiplied by 1.8. |

, The 1imits on the sensitivity of detection of cyclonite.
oxlde and ATX can be deduced from the limiting amount whic{h is
deteéta‘ole with the bengene~Franchimont streak reaction, The smallest
quam_:ity of cyclonite oxide which can be detected is about C.01 mg.;
for ATX the minimum detectable quantity is about 0,008 mg, Thus when
the loss during concentration is considered these figures mean that
0.02 mg. of either of these compounds can be detected in the original
10 g. of RIX. |

4, Identification of the compounds which are isolated

A number of experimental methods can be used to advantage
in establishing the identity of the compounds which are isolated.
These methods include invesgtigation of the chromatographic behavier,
~ streak reactions, melting points and mixed melting points, and ultra-
violet abso'rption spectra. Of course these techniques are only use-
| ful in demonstrating that \the isolated nitramine is identical with or
different from one of the known compounds,

These methods may be divided into two classes: all of them
may be used when the amount of the compound isolated is of the order
of one milligram or more; only the first two are of practical value
vhen only a few hundredths of a milligram is isolated. It is highly
probable that orly in the former case can the impurity be considered

to be present in significant gquantity in the original 1l0-g., sample,
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'_vahd in such a casé the identification can’be established‘unambiguously.
A.certain degree of specificity is possessed by the Schryvef

streék test. The seﬁsitivity of H;16, AcAn, BSX, and IPT is approxi-
wately the same fﬁr both the Schryver streak and the benzene~
Franchimont streak, but HMX, RDX, SEX, and TAX do not react with the
Schryver reagent. This specificity of reaction to the Schryver test
may be used to check that a particular nitramine which is isolated

has the reactions of the clase to which 1t presumebly belongs.

The most reliable evidence for the identification of any

of the substances which are present only in traces is the chromato-
graphic behavior. It is for this reason that it was necessary to
check the chromatbgraphic procedures rigorously before they were )
actually applied ﬁo the analysis of samples of RDX so that a particular
region of one of the chromatograms which was supposed to contairn only
a specific compound or group of compounds could definitely be assumed
to contain all of the specifiéd compound or compounds and no other
known substances., Of course the possibility exists that some unknown
nitramine with essentially the same properties as cne of the known
compounds might appear in ;he zone supposed to contain only that kunown
compound, but the probability of this occurrence ig greatly decreased
by the fact that several successive chromatograms are used in the
iselation»of each compound and that a different developer is uged in

each of these chromatograms.
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Summary

The application of chromatographic~spectrophotonetric methods
to the development of a procednre for the isolation and estimation of
about ten minor 1mpurities in RDX is described. This development in-
cluded a detsiled study of the chromatographic behavior of RIX and of
nine similar nitramino compounds which were considered to be possible
impurities in RDX, and also of methods for the igolation of the com~
ponents of a mixture of any or all of these substances. In additien

| a method was devised for concentrating the impurities when they occurred
in amounts too small to be detected direc_tly in the original sample,

Rigorous tests énd checks were applied to all phases of the

- snalytical procedure. The procedure is suitable for the detection and
spproximate estimaiion of as little ag a few parts in a million of any
of the known compounds. In addition prevision has been made for the

detection of hitherto unknown substances,
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An Experimental Study of Chromatography on

Silicic Acid=Celite Columns



Part 11I. An Experimen’cal Study of Chromatogrephy on

8ilicic Acid-Celite Columns

A. General Intreduction

Despite the extremely widespread use of and interest in
Tawett's chromatographic methodl, the fundamental factors which are
respongible for the remaricable successes of this technique are still
only pa.rtiélly understood. One of the chief reasons for the lack of
understanding is the paucity of pertinent experimental data. During
the past seven years, since Wilsen® first proposed a theory of chromato~
graphy, there have been many papersy7 dealing with the theory of
chromatography, but there have been comparatively few more than casual
experimental investigations of £he theories which have been proposed.
The general aim of the work which will be described here was the col-
lection of dats which could aid in obtaining ar understanding of the
chromatographic process, in particular as applied to columns of éilicic
acid-Celite.

The most careful and thorough experimental stﬁdy of the fundo~
nental factors invelved in chromatography was that of We3.1---191&;11191."be‘8
who studied a few simple systems of one adserbent, one solveizt, and one
adsorbed substance by means of analyses of the filtrate from the cclumn,

and found in general fairly good agreement with the theory proposed by
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) #eiss‘* (which is almost identical with that of DeVeult’). Jacobs and
Tompkins9 1ﬁvest;gated in éome_ detail the relation betwsen adsorption
isotherms and the position, rate of advance, width, and elution curves
of zones of some inorgsnic substances eix alumins and fourd fair agree-~
ment in some respects with the extant theories of chromatography,
elthough there were many complications. Cassidy and WoodlO and
LeRosenll® have also attempted to correlate experimentel data with the
theories i# two rather specislized casés. In addition, several attempts
~ have been made to find a correlation between the adsorption isotherms
end relative chromatographic positions of a groﬁp of compounds; for
exanple, Lottermser and Edelmannla sﬁudied the chromatography and
the adsorption isotherms of aliphatic amines and amino acide on slumina
from agueocus solution and Oassidyla? made a similar investigation of
four fatty acids on a variety of adsorbents from petroleum ether and
ligroin, Each of these authore reached the conclusion that a study of
adsorption isotherms alone was of uncertain value in the prediction of
~the behavior of a compound on the chromatographic column,

 The discussion which has been presented so far has been
limited to those papers which deal with the usual form of chromatocgraphy,
essentially as originally proposed by Tswett, and has not included a
consideration of the two chief modifications which have been made in
this technique. The "partition chromatogram" of Martin and Syngelh,-
vhich utilizes differences in the partition coefficients between some
pair of solvents of the substances to be separated, has already achieved
remarkable success. A theory of this method was developed and tested by

‘Martin and Synge and was found to give good agreement with experiment.
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' It shoiald be noted that although ne adsorption process is involved in
this form of chromatogram, the agssumption by Martin and Synge that the
partition coeffici‘en'ti was independent of concentration is formally
identical with the essumption of a linear adsorption isotherm. The
expression which they derived for the rate of movement of the zone can
be shown to be identical with that which is obtained for a linear iso-
therm in the usual form of chromatography®s3s}. I believe that its
gucceseg in predicting the rate of movement of gzonmes in partition

 chromatograms may be taken as mv‘.eb.,as a Justification of the theéry
for the usual form of chromstegraphy with adsorption according to a
linear isotherm (and idealized conditions) as a verification of the
theory of Ma.rtiﬁ and Synge, which ‘was derived from a guite different,
end not entirely unquestionable, approsch.

Probably tl;e most brilliant advances in the technique of
adsorption analysis have been those made by Tiselius and his collabor-
ators, notably Glaessen15'16. The elegant methods which they have
developed, namely frontal analysis and displa,cement development, differ
in some essential details from the usuai Tswett methed. Both techniques
depend upon anra.analysis of the filtrate. In frontal analysis the solu-
tion to be analyzed is poured eontinuocusly through the column until a
"front" of each of the components present has appeared in the filtrates
that is, ne daveiopment, in the ususl sense, is ever achieved. In dis-
Placement development the sample to be analyzed is developed down the
column in such a ivay that the zones of the individual components remain
always contiguous although not overlapping, These methods are especially

suited for the qualitative and quantitative analysis of mixtures of the
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members of a haomologéus ‘gseries or other clesely related substances.
"fhe theories of the methods are on a very satisfactory basis; they can
be derived in a :éairly simple and straightforward fashion and have been
tested ‘extensively and found entirely adaqua,tel6.‘ Because of the
nature of these methods, the theories are considerably simpler than
those of ordinary chromatography, which ig termed by Tiselius ﬁe?h:ﬂ:iw:z
analysis"; hencé, unfortunately, these theories offer no direct aid
in the evaluation of the theories of the Tswett chromatographic prow
cedure except insofar as they demonstrate that simple reasoning on
the basis of measured adsorption isotherms can under certain circum-
gtances lead to the correct piéture.

Silicic acid~Celite mixtures have proved to be eminently
satisfactory for the chi'omatography of a wide vériety of organic sub-
stances, as described in Part II of this Thesis and the first reference
given ﬁhere. Silicic acid or silica gel nas of course been used as a
chromatographic adsorbent by many other workers and it is our belief
that its usge iwill inerease in the fubure as its meri} becbmes more
generally recognized, TFor this reason it was felt that studies which
would lead to an understandlng_ of the chromatographic processes a3
applied to columns of silicic acid-Celite would be of particular value;

The first problem which was considered was that of obtaining
an adsorbent of uniform and reproducible adsorptive strength; for this
purpose some mesns of characterizing the edsorptive properties of the
silicic acid-Celite mixtures was needed. Several methods have been
suggested for the characterization of chromatographic adsorbents, They

may comveniently be ‘classified as follows:
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(a) determiﬁatien of ths'approximaxe positions of certain dyes
when chromatographed under specified conditions (Broclmann
and'Sahoddér17);

(b) determination of.the rate of éﬂwance of a zone of a suitable
compound when chrematographed under specified conditions
(LeRosenll®sP); or, similarly, the determination of the
volume of déveleper Just necessary to develop a given come
pound into the filtrate (the "threshold volume") under
specified conditions (Weil-Malherbe®);

(¢) determination of the heat of wetting of the adéorbent with
a sultable solvent (Mﬁllerlg);

(d) determination of the percentage of some compound which is
adsorbed by a given quantity of adsorbent under specified
conditions (Trappeld®);

(e) determination of certain fundamental constants ihvolved in
the relation between the constants of the adsorption iso-
therms of the members of a homologous series (Glaesson;6).
The methods listed under (b) sbove are really merely an

- elaboration of the methed of Brockmann and Schodder but since they pro-

vide a more reasonable quantitative criterion they are listed separately.

A method similar to that of LeRosen was adopted as the simplest and

most practical technigue for the characterization of adsorbent threugb—y

‘out‘the;present work,

I% has long been established that the‘adsorptive strength of
silicic acid of silica gel, as well as of eluminall and some other ad-

gsorbents, is a function of the water content2°'19.~ Because the
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Iprewashing treatment which had been devised in connectiocn with ﬁhe
work descriﬁad in Part II of this Thesis was known to increase markedly
the adsorptive strength of siliecic acid=Celite and to render this ad-
‘ sorbent more uniform it wé,s guspected that this preﬁash removed ifater
from the adsorbent, An investigation was therefore carried out of the
comparative activatiag effects of prewashing and of heating at 200°
for one hour and it was found that these two procedures were generally
nearly identical in their effect althoﬁgh for certain weakly adsorbed
substances the heated adsorbent was somewhat stronger; this phenonienon
is diseussed briefly in Section D below. It was de’monsﬁrated, in an
axperiment carried out by Mr. Earl ¥W. Malmberg, that the amourt of
.wa.ter removed by the prewash (as determined by titration with Karl
Fischer reagent) was identical with that removed by heating at 200°
for‘one hour; this generally amounted to about 10 or 15 percent of the
weight of the silicic acid. »
A brief 1nvest1gatioﬁ, whose} results will not be reported in

‘detall here, was made of the relation between the water contents and
the adsorptive strengths of seven samples of s:_ll‘icic acid obtained
from different commercial sources., It was found that prewashed columns
of 2:1 silieic acidécelits: preparea from five of the seven samples of
gilicic acid had remarkably similar adaérptive properties; the other
two samples were about 25 to 40 percent weaker. A definite correls-
tion existed between the adsorptive strength of the silicic aeid and
the content of "bound" or "structural" water2ls22 in the sample, that
is, the water which could be removed completely only by ignition ét

about 1100° (as contrasted with the "unbound" or "free" water which
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/ke‘ould ‘be removed at temperatures of 100-200%, or evidently, by the
prewash). Tor the seven samples studied the content of structural
water varied fron; about 3.3 to about 5.7 percent; the sample with the
highest content of structural water had the greatest adsorptive
‘strength,

Despite the near identity in the adsorptive properties of
the different samples of silieic acid it was decided that it would be
safest to caﬁ'y out all of the present work on silicie acid~Celite
~ prepared from a single sample of silicic acid arid. therefore this pro-
cedure was followed, as indicated in Section B below.

Before the fundamental measurements necessary to test the
theories of ‘chroma,tography were made it was thought desixfable to make
a brief study of the phenomena of coning and distortion* on siliecic

acid-Celite columns in the hope that these undesirable effects might

* TFor the present purposes I shall attach the following meanings to
the terms coning, surface spreading, and distortionm: -

Coning shall be used to refer to that situation in which the
boundary of a zone on an eaxial section of the column, that is,
a section cut along a dismeter and peraliel to the axis, has
the shape of a V or U or an inverted V or U.

Surfsce spreading shall be used to refer to the spreading of a
zone in a thin layer on the outer surface of the column to a
width appreciebly greater than its width in the interior of the
column, This phenomenon can occur at either the upper or lower
boundary of a zone, although only rarely at both simultareously.
The term shall be reserved for typifying a cylindrically syme
metrical condition; the irregular streaks of a compound which are
occasionally found on the surface of a column are considered to
be distortions (see below), Surface spreeding is closely related
to coning; it ie, in fact, an extreme form of U-shaped coning,

Distortion shall be used to describe any distribution of materisl
in a zone in & manner which is not cylindrically symmetrical,
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b‘ef min‘imize.df or pérhaps completely eliminated, It was found that dise
tortions coﬁld be( fairly conipletely eliminated merely by observing
certain precautions ih natters of technique, such as the method of
transfer of the sample to the column, the flatness of the upper sur~
face of the colnmn, and so on,

The eliminaticn of coning was however a much more difficult
problem and one which hag not yet been solved in a completely practical
manner, A consié.ergble number of experiments was done in the study of
- coning; these experiments were carried out in tubes of identical ‘shape
and special design in order that the more obvious possible‘ cauges of
coning, such as the geometry of the lower-Jbint of the tube, could be
eliminated or controlled, It was discovered that the direction and
extent of kconing, and especially of that phenomenon which may be
desceribed as '?swface spreading”, appear to depend on the nature and
history of the chromatographic tube used; these effects appeared to
be almost negligible in metal tubes and new glass tubes but were guite
appreciable in glass tubes which had baen used several times, Although
it seemed 11kel$' that a detailed study of thesq ‘effects might yield
fundsmental information concerning the processes which eccur in a
chromatégraphic column, it was spparent that a considerable smount of
time would be required for this study. Furthermore the kmowledge
which had been gained was adequate to permit a measure of control suf-
ficient for the successful completion of the present experiments,,a,nd |
therefore no more detailed study was made of coning and related pheno-
mens, YFurther experiments are contemplated however,

After the preliminary work which has been mentioned had been
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/‘ compléted it.was'possible to obtain date which could be used to test
4the relation between the adsorpt :l»én isotherm and thé rate of é.evelepé-
ment which ie prédiéted by the idealized theory of t.~.lz.'t'<arzt;:sa,1;ograxph:;"?’3')‘L
(that is, the simple theezfy including the assump’cions of instantaneous
equilibrium, negligible diffusion, contimuous structure of the ad-
sorbent, etc.)., For this study six different compounds were chosen,
Five of these substances, Y-nitroeniline and its N-ethyl, N-phenyl,
E‘,N—»diethyl, end N,N-diphenyl derivatives, were similar in structure
but covered a ifide range of adsorption affinities, while the sixth,
gm-»diethyldiphenylurea (ethyl centralite), was quite different in
structure from the others and had an intermediate adsorption affinity.
By this selection of compounds it was hoped to obtain results whose
velidity would be independent of the adsorption affinities and the
’chemical nature of the substanées used. Several d.i.fférent types of
developing mixtures were investigated and a wide range of developing
rates was studied, The results of these studies are presented in
Section C beleow: it was found that a2ll of the isotherms investigated
were linear, or approximately so, in the rangé of concentrations
studied and that in general the agreement between the predicted and
observed development rates was very good. |
The only deteiled studies of the shapes of chromatographic

zones that have been reported to date have been made by examination

of the filtrate from the columng'9’10'16. It seemg apparent that s
gtudy of the distribution of the material iﬁ a zone while it is in
various positions on the column would yield more direct and unambiguous

data about the processes taking place on the column, In the present
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’ ﬁbrk a method.was'dsveloped by which the distribution of the adsorbed
gubstance in the zone on the column (the "profile" of the zone) could
be directly measured by cutting the column in a direction perpendicular
to its axis into thin slices of uniform thickness and eluting the
adsorbea material from esch of these slices., Since the thickness of
the slices, usually sbout 2 mm,, could be made constant within about
one percent, the method yielded a true picture of‘the differential
distribution of the materiel in the zone, With the aid of this method
~a few selected zZones were studied in some detail, end considerable
insighﬁ wag obtained inte the phenomena oceuriing on the column,

These studies are described iﬁ séetion D,

In Section B are described a few experiments which were done
in oréder teo determine at least the maximum time necessary for the
attainment of adsorption equilibrium, No detectable departure from
equilibriun was found;for eny of the systems studied in the shortest
time (between ten and fifteen geconds) in which a messurement could
‘be made after mixing the adsorbent and selution. No strictly comparé
able experiments could be found 1a~the~literatgre, although for
adsorption on silica gel or alumina from agueocus solutions, pericds
of time ranging from a few minutes to many hours have usually been
reported to be necessary for the establishment of equilibrium23'12.

In order that needlass répetition-of experimental detzils
might bé avoided, descriptions of those materials and procedures which
were common to £he~different phases of the present work have been

collected 1h Section B below,



93
B, Introduction to the Experimental Work

Most of the materials which were used iﬁ this work and many
of the experj.menta.l procedﬁres which ‘were employed were common to
the different phases of the investigation. These experimental details
will be deseribed in the folloﬁing sectioﬁ‘: the special experimental
features pertinent to each one of the other sectiohs bw111 be discussed
in that particular section;

1. Materials

(a) Adsorbent

The adserbent whick was used; throughout all of the work,
except where specifically stated otherwise, was a mixture»of two parts
by weight of Merck resgent silicic scid, code number 4OUUE*, and one
part of Celite 545, a product of the Johns-Manville Corporation.

(b) Solvents | '

All solvents with the exception of the absolute ethanol used
for spectrophotometry were distilled in an all-glass still before use.
Commercial benzene was dried over calcium chloride before distillation,
and most of the water which remained after this treatment was removed
during the distillation, C. P, benzene which hed been dried over
sodium was used‘in‘ sdme of the experiments discussed in Section D and
it was demonstrated that the results obtained with this solvent were
.in general indistinguishable from those found with ordinary redistilled
* The cede numbers-on Merck products refer only to the packing date

and do not necessarily designate different preduction lets; however,
they offer the only convenient means of distinguishing between dif-

ferent shipments of materiale, which may have different properties,
and therefore will be used for that purpose here,
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?énzene, although in certain special testes the traces of water remaining
in the latter solvent had a slight demonstrable effect. U, S. P,
anhydrous ether was used without further drying in most of the work;
it was shown that when this material was dried over sodium before use
the adsorptive strength of prewashed adsorbent became very slightly
greater but otherwise there was no significant difference in results.
(c) Chromatographic tubes
Most of the chromatograms were carried out in No. 2 tubes
of the type described by Zechmeister*; thsse tubes are made of pyrex
glass énd are 20 cm, long with an ineide diameter of 19 mm, Some of
the rates of daveiopment used ir connection with ﬁhe adsorption iso-
therms were measured in No, 1.5 tubes, about 18 cm. long and 13 mm,
in inside diameter. In the preperation of prewashed and dried
adsorbent for use in the measurement of adsorptieon isotherms (Sectioﬁ c)
a No. 5 tube, 30 cm, long and about 50 mm, in inside diameter, was used.
All columns of adsorbent were 150 £ 5 mm. in height unless
otherwise stated.
(d) Special compounds
The preparation of pure samples of the six compounds which
vere used as test substances in this work will be described very briefly.
The chromatographic homogeneity of the purified samples of each of the
five nitro compounds was investigated and each of these substances was
found to contain less than 0,1 percent of detectable impurity, Spectro-
vhotometric data for these compounds are presented in part 3 of this

section.

* Reference la, pages 62-63%, Figures 19 and 20
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All-melﬁing points have been corrected.

4-Nitroaniline, - Eastmsn White Label Y-nitroaniline was
recrystallized from aiasolute ethanol; the product melted at 1*48-1’49".
Previously reported values for the melting point of Y-nitroaniline
renge from 145° to 1470 2%‘.

4.Nitro=N-ethylaniline. - This compound was prepared by

the nitration of N-ethylacetanilide according to the directions of

r26. The flat brilliant yellow needles

N6lting and Collin®D and Welle
which were obtained after two recrystallizations from 50—¥pereent

ethanol melted at 95.6-96.0°, in good agreement with the reported

values of 95° 240 ang ggo 26,

* ﬁ-»]S.'itrodiphegzlamine*. - Bostman White Label U~nitrodiphenyle
amine wag freed of the large amount of green impurity which it conté,ined
by treatment of a sclution in hot benzene with an amount of Nerite
>equa1 to one-half the weight pf li—nitrodiphenylsmine used. Golden
platelets of pur§ N—nitrodiﬁhenylamine were obtaihe& by recrystallizs~
‘tion from 2:1 benzene-ligroin., The product melted at 135-135.5%; the
melting points reported in Beilstein® are 1320 and 133°.

4Nitro-N,N-diethylaniline. - A four-times recrystallized
sample of H—nitro-];’,ﬂ—diethylaniline which had been prey&are&* by the
oxida.tion27 of h—nitroso-ﬁ,N—diethyla#ilineag with potassium permanga~
nate was avallable, but it still had a faint green caét- due ’to the
‘presence of a trace of U-nitroso-N,N-diethylaniline. This impurity
was readily removed by chi'omatographing the material on silicic acid-
* The purification of Y=nitrodiphenylamine and ethyl centrelite and

the preparation of Y-nitro-N,N-diethylaniline were done by
Mr., Philip E. Wilcox.
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h ,:Celite with ether-ligroin development, The purified material was
recrystallized from 60-70° ligroin; the lemon~yellow crystals melted ‘
at 77-78°, the s;me temperature reported in Beilgtein2® ag the
* melting point of U-pitre~N,N-diethylaniline,
héﬁitrotriphenzlamine. -~ A sample of Y-nitrotriphenylamine

was prepared according to the method of Herz2J, by the controlled
nitration of Eastman White Label tﬁphenylamine in glacial acetic
scid. Purification of the mstard«coi_ldred préduct wag accomplished

by chromatagraphing it twice on gilicic acid=Celite with berzene-
ligroin and ether-ligroin development., A significant quantity of
higher nitration products was removed in this manner. The final pro-
duct was recrystellized from 60-percent ethanol; the fine orange
crystals which weré formed melted at 141-142°, HerzSd reported the
nelting point of M-nitrotriphenylamine as 139-140°; Gembarjen3©
stated that his preparation melted at 1uh°,

Bthyl centraglite (sym-diethyldiphenylurea)*. - A sample of

commercial ethyl centralite was recrystallized four times, altema.tely
from ethanol and 1igroi-n. The final product cgnsisted of fine white
odorless crystals which melted at 72.6-73.2%; the melting point of
this compound has previously been reperted as 74° 3} and 79° 32,

(e) Volumetric apparatus

All velumetric a.pparatus was calibrated before use. Pipettes
‘were calibrated with absolute ethsnol since they were to be used almost

exclusively for organic solvents.

*  See the footn‘ote‘on the previous page.
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2. Ghrbma’oographic procedures

(a) The procedure for packing the tube

The procedure which was used for preparing columns of
adsorbent will be described in some detail because it has been found
to be important in eliminating distortions of zones. Although the
full suction of a water-aspirator was used as the driving force in all
chromatograms, the packing was dons with a minimum of suction, | The
aspirator connected to the receiving flask was turned on before packing,
but a stopcock in the line was opened; hence there was a flow of air
through the tube before the packing was started dbut as soon as a
layer Qf adsorbent of any a.ppréciable thickness had been formed the
resistance to flow was sufficiently great so that there was little sub-
sequent flow of ailr through the tube during paclking. The adsorbent
wvas allowed to flow into the tube until the column was about 15 percent
higher than the final desired height. Then, after the top of the
colﬁmn had been wery gently levelled, the full suction of the aspirator
was applied and the column contracted lengthwise inte position within
about 30 seconds, The upper surface of the adsorbent was agaln
levelled with extreme care; since the adsorbent was very easy te pack
it was not necessary to apply any appreciable pressure to the upper
surface, It was found to be imperative that the upper surface of the
column be flat and regular if an even zone was to be formed:; in eorder
that the original flatness of the upper surface migpt be préserved,
a flat circular piece of fine~mesh wire secreen of approximately the
same diameter as the inside of the tube was placed on this surface

before any solvent was added. This wire screen served admirably to
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ptevent any erosibn ‘byl the solvents which were poured into the tube
dur.ing the ﬁrocess of chromatography. ’

The procadﬁre which has been described differs in several
respects from that which was used in thé work described in Part II
of this »Thesis and which is alsoc used by LeRogentlP»d, Pirst of all,
the packing of silicic acid-Celite has previously been done under
full suctien, Although this method is entirely adequé,te for all normsl
chromatographic work it was observed in the present investigations that,
on columng packed under full suction, zones tend to be distorted more
often than on columns packed in the m;a.nner described above.

 The second respect in which the present method differs from
that used earlier is that the tube is never tapped at any time,
Tapping is specifically recommended by LeRosen for columns packed -
under full suction; it was avoided here because it was observed to
cause s variation in the flow ra#e of solvents through the solumn,
The flow rates through columns packed under full suction are about 10
to 15 percent less than those through columns packed in the manner
recommended abeve: wheh, however, a column pe.bl_«:ed in the latter fashion
is tapped during the packing the rate of flow decreases somewhat
irregularly but tends to approach that through columns packed under
full suction. 1In order that conditions should be as reproducible as
possible in the present experiments tapping was therefore avoided; the
flow rates in successive identical chromatograms seldom varied more
than dna er two percent,

Finally, the procedure for protecting the top surface of the

column with a piece of wire gauze was a new departure and one which
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. proved most successful. It is to be noted that Trappeld?

proposed a

different sélntiop for the same problem: he cévared the upper_surface

of his' silicic acid cblumns with a layer of diatomaceous eartﬁ which

could be firmly gstamped down and which had negligible adsorptive powver.
~ (b) The prewash

The prewash which was used throughout this work was, except
where otherwise noted, very similar to that which has been described
earlier (Part II, p. 25) as the ¥modified" prewash, It consisted in
washing the column, before introduction of the sample, with 0,2 V ml. *
of ether, V ml. of 1:1 acetothher,- 0.8 ¥V ml, of ether, V ml, of
ligroin, and finally asbout 0,2 V ml, of the developer. This prewash
differs from that described earlier in the use of only V.ml, of
ligroin (in place of 2 V ml.) and in the use of the small volume of
developer as the final stage of the prewash, The latter procedure
gerved to make the conditions under which the compound to be chromato-
graphed was adsorbed and developed as well-defined as possible, inag-
‘mach as the sample solvent was also the same as the developer,

It is now believed that it might be of some advantage to
eliminate the use of the V ml. of ligroin in the prewash and mérely
to follow the ether by V ml, of the developer.

One matter of technique must be mentioned. In the pre-
paration of the l:1 acetone-ether for the prewash, or of any mixed
solvent to be uged in the chromatogram, it is necessary to avoid
shaking the mixture (which might be done in order to ensure thorough

* The term "Vml." was defined in Part II, p. 25, as the volume of
solvent required to wet completely a column of adsorbent,
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mixing) Just bef&re placing it on the column since the many tiny air
bubbles-whiéh are thereby introduced into the solvent will be removed
in the upper region éf the column and may eventuaily cause & serious
disturbance of the upper surface of the column, '

Leanen;lbic uges a prewash similar to the one described
here although he uses pure acetone in place of the 1:1 acetons-ether.
We never a&opted this préctice because it appeared to cause increased
cening and offered no advantage, |

(c) The introduction of the sample and of the developer

The exact procedure which was employed for transferring the
sample to the column was critical because of the importance of
obtaining absolutely uniform zones for the measurement of the zone-
shapes or Yprofiles", As~meﬁtioned~earlier, the solvent in which the
sample was dissolved and the final solvent in the prewash were always
identical with the developer in order that the a&sorptien conditions
might be as simﬁle.aa possible. The volume of sample solvent was
usuelly 0,1 V ml, and the concentration of the solution was approxi-
nately 0.25 mg. per ml,

It was found after some experimentation that a satisfactory
rrocedure for the transfer of the sample to the column was to pour
the solution of the sample qgickly down a small glass rodkinto the
center of the tube while the level of the final solvent of the pre-
wash was still one to two millimeters sbove the top of the column of
adsorbent, The initial portion of the developer was placed on the
column in a similar faghion. This attention to minor details ney

seem trivial but it must be emphasized sgain that the problem of
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,;e‘htaining consiaﬁently uniform zones was an extremely important one
and the method of introducing the sample was one of the several
eritical factors, |

(d) The measurement of the position of & zone

One of the chief reasons why these studies of chromate=
graphic phenomena on silicic acid-Celite were underiaken was that
the zones of the more'than 100 compounds whose chromatographic
properties we had investigated on this adsorbent sppeared, without
exception, to have the general shape of a probability distribution
function, apparently quite symmetrical with both the upper and lower
bounderies diffuse, This was true for zones of colorless substances,
as delineated by stresk reagents, as well as for visible zones. The
only theory which expressly predicts such a zone shape is that of
Mertin and Syngelu although one might infer from the idealized
~ theories of chromatography that for a linear isotherm such a shape
would be expected since these theories predict the formation of a |
uniform zone with both boundaries sharp and the lck of ideality in
en actual experiment might tend to blur both boundaries equally
since neither has any intrinsic stability. However, for the usual
form of isotherm, vhich departs from linearity in the manner expressed
by the Freundlich or Langmuir equation, the theories predict that the
zone will have a sharp lower boundary and a diffuse upper one and that
a mechanlism exists by which this sharp lower boundary will maintain
its sharpness deépite non~idea11ty3'h.

The measurement of the position of a zone with diffuse

boundaries is necessarily s partially subjective process. The
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/proceaure which I.adopted was to measure and record both the extreme
limits of tﬁs zone, that is, the position of the first visible material
on each boundary of fhe zone, and the limits of the more concentrated
portion of the zone, that is, that partbof the zone which appeared to
contain about 90 percent of the adsorbed material, Since the grada-
tion of color (of the zone or of the streak) was always quite uniform
it was only by the adoption of an essentially subjective convention
that any réproducibility 1n the measurgmens of the position of the
"concentrated" part of the zone could be obtained., Nevertheless it
was feit that 1t was important to record the positions of both the
Yextreme limits" and the 'concentrated limits" so that the proper center
of gravity of the zone could better be located and a measure of the
zone's symmetry obtained. The studies of the "profiles® of zones have
fully confirmed the apparént symmetry of zones as deduced visually
(Section D). | |

Each of the five nitro compounds which were uged in these
~8tudies forms a yeilow or yellow~orange zone on & column of silieiec
acid-Celite. The colorless zones of ethyl cenﬁralite were located by
means of the red-pink color which they produce when streaked with a
one~percent sqlutiqn of ceric sulfate in 85-percent phosphoric acid.

The position of each zone was measured (to the nearest milli-
meter) 1# three or four places on the surface of the column; in
general the separate measurements for undistorted zonmes which had been
developed 100 mm, below the top of the column did not vary by more
than about 2 mm, The average of these measurements was recorded as

the "surface position" of the zone., Then the column was sliced in
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hélf axially (along a diameter) and a measurement was mede of the
faxial posiﬁon" pf the zone, that is, the position on the exposed
plane surface» of either half of the column, For zones which are
coned or surface-apread this position is of course different from the
surface position.

In order to demonstrate the sort of reproducibility that
can he obtained in successive identical chromatographic experiments
there are listed in Table 1 thekobserve‘d zone positions in a series
of experiments in which every effort was mé.de to maintain strictly
identical conditions. This set of experiments involveé the develop-
ment of Y-nitrotiphenylamine with 2 V ml, of a J~percent solution of |
ether in ligroin., The results are typical of those which were obtained
with all of the compounds and developers studied:; it is apparent that
the rejémducibility is very good. |

| In recording the positions of zones I have adopted the con-
vention of placing the extreme limits of the zone in parentheses.
‘Thus the position of a zone might be recorded as (70)76-109(116),
This would mean that the extreme limits were 70 and 116 mm, below the
top of the column while the limits of the more concentrated portion

were 76 and 109 mm, from the top.,
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Table 1

Reproduéibility of Zone Position in Consecutive Identical
Experiments:  Y-Nitrofriphenylamine Developed with 2 V M1,
of a 3-Percent Solution of Ether in Ligroin

Experiment Surface limits Surface Axial limits Axial
midpoint midpoint
35C (72)76-107(111) 92 (88)92-117(122) 105
35D (73)79-110(11k4) 94 (82)90-110(117) 100
358 (70)75-108(113) 92 (87)95-111(117; 10
358 (71)77-106(110) o1 ( sh)gg:us (121 10
356 (70)76~109(116) 93 115(121) 104

(85)9

3. Spectrophotometry

All of the guantitative estimations upon which this work is
based were made spectrophotometrically on solutions in absolute ethanol
with a Beckman Quartz Ultraviolet Spectrophotometer, The usual corw
rectionsl) were made for cell transparency and cell thickness, apd in
the estimation of ethyl centralite & blank correction was applied since
the absorption meximum of this compound occurs at such s short wave
length (21&7. m1) that impurities from the adsorbent and solvents nay
contribute several percent of the absorption at low dilutions,

In general, in the preparation of samples for spectrophoto-
metric esfimation the solution which contained the sample was
evaporated to dryness in vacuo at 30-40° and after the residuve had
been dissolved in absolute ethanol it was transferred quantitatively
to a volumetric flask of such a size that the final concentration of
the solution was suitable for spectrophotometry., In the study of the

profiles of zmnes however, the adsorbed meterial was eluted with

absolute ethanol directly from each of the sections of the column
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ihto a sultable vélumstrie flask, usually a 10-ml, one,

PieciSe(measurementn were made of the spectrophotometrié
factore* of each of the six compounds at its sbeorption maximum in
ethanolic solution. Unpublished studies by Dr. A. 0. Dekker have
shown that the spectrophotometric factor, G/D, for ethyl centralite
at 2u7 mp is 3,07 mg. per 100 ml. for & cell thickness of 1,000 em,
(that is, an ethaneclic solution of that concentration in a cell of
that thickness would have an optical deﬁsity of 1,000) and that the
compound obeys Beer's law satisfactorily in the useful range of
optical densiﬁies.

For each of the five nitro compounds a 2,5«fold concentra~
tion range was studied, from an optical demsity of about 0.36 to one
of about 0,90, in order to discover whether Beer's law was obeyed in
this range. No variation in the spectrophotometriec factor with con~
centration was found for any of the compounds; the maximum spread in
the values at four concenﬁrgtions was 0,6 percent and there was no
trend in the values with changing concentration. Each of the deter-
rinations was done in duplicate; the agreement was in all cases
excellent and it is believed that the finsl values are.accurate to

within a few tenths of one percent. They are summarized in Table 2,

* See Part II, pp. 30-31
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Table 2

Spectréphotometric Data for Solutions of U~KNitroaniline
and Four Related Compounds in Absolute Ethanol

Compound Wave length, mu ¢/D, mg. per Moiecular
' Absorption C/D measured 100 ml, for extinction
maximum at 1,000 em, coefficient
4-Nitroaniline  370-372 371 0.872 158L40
4-¥1itro~N~ethyl-
aniline 385-386 385 857 19390
4.Nitrodiphenyl- ,
amine 389-392 390 .992 21590
Y-Ni tro-N, N-di~
ethylaniline 392-395 393 .905 21460
4.Xitrotriphenyl-
amine 391394 393 18530

1.567
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C. The Relation between Adsorption Isotherms and Rates
of Development

1. Introduction |

Any serious attempt to evaluatewexperimentally the merits
of existing theories of chromatogrephy must involve measurements of
adgorptian isotherms in the range of coneentiations of interest in
chromatography since according to the ideslized thecry the isotherm
is the sole determinant of chromatographic behavior and even in those
theories in which an attempt is made to include such effects as
finite rate of establishment of.equilibrium. the isotherm retains
a prominenx position., In this Section a discussion is given of the
eiperimen£§ which were done to test the predicted relation between
a&sorption isotherms and rates of development, In Sectior D a brief
discnssion is presented of the measurement of "profiles" of zones on
gilieic acid~Celite columns and of the interpretation of these results
in terms of the measured adsorption isotherms, These investigations
of profiles were found ﬁo be extremely helpful in explaining certain
anomalies which had been found in the relationtetween the rates of
. development and the isotherms,

The componnds vhich were used as test substances in these
investigations of chromatographic phenomena have already been described.
The selection of these substances was not entirely arbitrary. In addi-
ﬁion to the obvious reguirement that the compounds form satisfactory
zZcnes on silicié acid-celite;‘it seemed desirable ﬁhat mnost of them
be colored, not only te facilitate the éhrematographic work but also

because any study of the shapes of zones on the columa almost precludes
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‘the use of colorleés compounds and such studies were contemplated.
Furthermore; as mentioned in the Introduction, it seemed desirablé
to choose a group of ﬁompounds vhich were similar in structure but
of widely varying adsorption affinities bso that the number of
variables might be kept to a mi#imum and at the same time some
elementary relations between structure and chromatographic properties
might be illuminated. On the other hand it was recognized that any
resulté obtained in a study of a group bf closely-related compounds
would require substantiation with one or more substances of quite
different structure. The six compounds which have‘beén mentioned,
namely Y-nitroaniline and.its N-ethyl, Nephenyl, N,N-diethyl, and
ﬂ,ELdiphsnyl derivatives, and ethyl centralite (sym- diethyldi-

~ phenylurea), fulfilled all of these requirements.'

Before the quantitative tests of the relation between ad-
sorption isotherms and development rates can be discussed it will be
necéssary to digress briefly on the theory of chxomatogréphy.
‘Because the idealized theory of chromatography as developed by
Wilsone, DthultB, and Weissn.was found to be entirely adequate for
the interpretaticn of the present results the discussion will be
limited to this theory., Furthermore no detailed derivations will
be given since these are prgsented fully in the originsl papers. In
‘general the symbols which will be used are the same as those used by
Wilson and DeVault; the terms R, k!, and A, as here defined,

‘were first used by LeRosenll.
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x = diétance of any point in the column froem the top of
the c¢olumn

x_ = distance of the lower edge of the initial zone from
the top of the column; thus x, is equal to the
width of the initial wone

X3 = value of X at which a discontimuity (sharp boundary)
occurs

c = concentration of the solute in the solution in the
column

¢, = concentration of the solute in the solution initially
poured on the column

v = volume of solvent whieh, at any time under considera-
tion, has been poured into the column since the
initial time; the initial time will here be
assumed to be the beginning of the development,
v ig also the volume of solvent that has passed
any given point since the initial time if the
pores of the column were initially filled with
solvent; this situation obtained in all of the
experiments to be described. v may thus be conw
sidered as a convenient measure of time*,

Vo = volume of the semple solvent, that is, the volume of
the zolution of the solute initially poured on
the column

= pore volume per unit length of column
= smount of adsorbent per unit length of column

= amount of solute adsorbed per unit length of célumn

f(e) = adsorption isotherm of the solute on the adsorbent
such that Q/M = f(c)

k, n= constants in the Freundlich equation for the adsorption
isotherm, £(c) w kol/2
a, bw constents in the Lazigmuir equation for the edsorption

isotherm, £(c) = _8C ___
1+ be

I have used here a lower-case symbol, v, as did Wilson and'Weiss,
instead of a capital letter, as did DeVault, in order to avoid
confusion with the expression "V ml.,".
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A= amount of solute adsorbed on the quantity of adsorbent
in the volume of column which contains a unit
volume of solvent; thus A = Qfot

k! = propoftionality constant* in a linear isotherm such
that A= kic; thus k' = Afc= @/ c

R= ratio of the linear rate of movement of a zone to the
linear rate of movement of the solvent in the

column; it is apparent that R is a dimensionless
quentity and also that OKR<LK1

For the linear isothernm, £(c) = ac, the theory predicts

~ that the initial zone will have a width, Xy, 8iven by the relation

x, = _ Voo =_Y , (1)
- Xcgq + Mac, « + Ma

and that on development“with the same solvent, it will maintain this
same width and will move at a constant rate, which, expressed as a
linear rate of movement per unit volume of solvent é,dded, will be
glven by the expression

1 . (2)
o + Ma

When the rate of movement is expressed in terms of the quantity R,
the expression (2) must be divided by 1/¢ , since a given volume of
solvent, v, occupies a length of column equal to v/A . Thus,

Rs 1 = 1 = _1 , (3
leMafe 1a& Qe 1+ k!

vwhich is the expression used by LeRosen.

* Le Rosen has defined this simply as k, but this seems needlessly
confusing because of the widespread use of the symbol k in the
- Freundlich expression, R / ,
| f(e) = ke /®
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For the more gemeral form of isotherm, the width of the

initial zone will be

x, & A = __ Y e ()
e, + Mf(e,) o+ Mf(cy)/e,

Ag shown by DeVault and Weiss.‘ a zone adsorbed according to the

uveusl form of isotherm, as expressed for example by the Freundlich
or Langmulr equation, will have a sharp leading boundary, whose

sharpness will tend to be maintained during development in spite of
the effects of diffusion and laek of attainment of equilibrium, As
long as there is some solution of concentration c, still present in
~ the zone, the linear rate of movement of the discontimuous boundary

per unit volume of solvent will be expressed by the relation

Xd = 1
Vo + V x4+ ME(e,)/cq (5) -

and the rate of movement of this boundary in terms of R will be

‘Rz 1 . (6)
1+ Mf(c,)/ xe,

For & Freundlich isotherm this expression becomes

R = — 1( . (1)
l "o e, 1/n) =1

and for a Langmulir isotherm 1t s

Ra
1+

lis

(8)

8

Mo s
-4 1+bc°
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- It is appai'ont that for an approximately linear isotherm, that is,
:for l/n ~1 in (7) or for B =~0 in (8), these expressions will
be approximately (equa;l to (3), which, it will be noted, is independent
of the concentration, Since all of the isotherms which were investi-
gated 1# the present work were fc\md to be linear or very nearly so,
the rel#tion expressed in (3) is entirely satisfactory for the calcu-~
lation of the expected value of R and it was therefore used for this
purpose, |

2, Experimental procedures

(a) Measurement of adsorption isotherms

In order that the adsorbent used in the measurement of ad-
sorption isotherms should be the same as that used in the meassurement
of development rates it was necessary to devise a procedure for the
preparation of a dry adsorbent which would have the same properties
as prewashed adsor‘bent._ It was found that this could be done quite
satisfactorily by prewashing a Ia.rge batch of adsorbent in the usual
‘mgnner, end then ﬁashing it with 2 V ml. of 28~38° ligroin and trans-
ferring it as quickly as possible to a desiccator containing Drierites;
after evacuation with a water pump (throughajcélcﬁm chloride tube) for
about one hour, the small quantity of ligroin still present was
removed by evacuation with a Hyvac puap for several hours*, The weight
of the final dried adsorbent was within about one percent of that
expected on the basis of the known water content., Certain of the
experiments to be descriq’bed were made with adsorbent which had been

activated by heating at 150_—-200°\for two hours; it was, of course,

* LeRosen has used a similar procedure for the same purposellc.
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bétored‘over Drierite Just as was the prewashed and dried adsorbent,

Béth hsgxed and pfewashed and dried adsorbent are very
hygroscopic; a thin léyer of either was found tc gain welght at a
rate of about 0,02 percent per minute in air of about 40 percent
relative humidity. Since even a fraction of a percent of moisture.
decreﬁses the adsorption affinity of the treated adsorbent signifi-
cantly it was necessary to minimize exposure of these adsorbents to
the iabcratory air at all tinmes, waevér, even when such precautions
were observéd it was found that occasionally a pa:ticular bateh of
adsorbent wes wesker than usual, or would decrease slightly in ad-
sorptive strength during atofage, due probably to adsorption of water
vapor during sampling. Becauge of these effects, most of the deve19p~
mé#t rates were actuslly measured or checked on prewashed and dried
(or heated) sdsorbent from the same batch which was used in the
measurement of the corresponding isotherm at the same time that the
isotherm was measured. In this way it was possible to make certain
that the development rates and the corresponding isotherms were
actually measured under equivalent conditions. A

The technique of measuring the isothérms was fairly straight-
forward. As mentioned earlier, the present study was limited to the
range of concentrations of practiesl interest in chromatography on
piliecic acid-Celite; the highest equilibrium concentration in most
6f the isotherms was not above about 0.5 mg. per ml., although some
were extended to concentrations of about 3 mg, per ml, The lowest
concentration was usually about 0.02 mg, per ml,

Five or six points were determined on each of the isotherms.
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| #bout 150 ml, of the developer and two stock solutions (of different
concentratiéns) of the compound in the developer were first prepared:
then suitable samf&esfof adsorbent, about 0,6 g. to about 3 g.,
depending on the extent of adsorption, were weighed quickly inte
glass~stoppered Erlenmeyer flasks. Suitable‘volumes of the developer
and of éne»of the stock/solutions of the compound were at once
pipetted into each of the fiasks; the total volume of solution was
usually 14 to 20 ml., The contents of the flask were mixed thoroughly

by careful swirling and were then allowed to stand with eccasionsl
swiiliﬁg &t room tempersture for about one~hazlf hour*, Meanﬁhile»an
aliénot portion of each of the stock solutions was taken for analysis
in order that its concentration might be checked. An aliguot portien
of appropriate size was taken from each of the eqnilibrium‘mixﬁures;
the solvent from each of these aliquots was removed by evaporation
and the quantity of the residue was estimated spectrophotometrically,
as discussed in Seection B, part 3. A blank eorrection was determined
and applied in the measurement of isotherms for ethyl centralite; it
was almost negligible at all but the lowest concentrations.

Since the amount which was adsorbed was calculated from

the difference between thé initial and final concentrations of the
solutions, it wes éssential for accuracy that the relative quantities
of solution and adsorbent be chosen so that this difference was
appreciable, The quantity of adsorbent which could be used was
limited because of the difficulty of pipetting a sample of the

* EBquilibrium was established essentially insténtaneously; this
matter is discussed further in Section E.
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VQQuilibrium solution when the proportion of adsorbent was large. The
proportion of adsorbentrto solution was so chosen in gll of the
present experiments that even in extreme cases never less than

%0 percent nor more than 60 percent of the compound was edsorbed,

One final point muet be mentioned., When a mixed developer
is used, there is of course generally a selective adsorption of one
of the components of the developer by the adsorbent., Thus when a
static experiment is performed, such as the measuremeﬁt of an adsorp-
tion isotherm, the final composition of the "developer® will not be
the same as the originai composition if such an effect takes place,

In a chromatographic experiment, on the other hand, the developer
retaing its original composition insofar as its effect on the com
pound being developed is concerned if the Yasctive component” of the:
develcper is less strongly adsorbed than the compound being developed,
snd this is almost always the case (except in displacement develop-
ment, which is, howevef, not pertiﬁgnt‘to the present discussien),
The reasen for this may be made clearer by the following argument.

If the active component of the developér is 1ess strongly adsorbed
than the compound belng developed, the "front" of the zone formed by
this component of the developer will move down the column faster than
the zone of interest., Furthermore, behind this front, the column will
be saturated, or nearly so, with respect to the particular concentra-
tion which the active component has in the original develéper, Hence,
in the region behind the front, which is the region where the zone of

interest will be situated, the developer will move through the column

unchanged.,
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wa-it is apparent that a correction mugst be made for this
effect if tﬁe- ad.sq-rption isotherms measured for mixed developers are
t¢ have sny real significance. In ordef that such a correction could
be made experiments were performed to determine the megnitude of the
effect with benzene#ligroin, ether-~ligroin, ether~tenzene, and ethyl
acetate-benzene developers. BHatimations of the changes in concentra-
tion were made refractometrically; the details of the experiments will
not be described., It v}as‘ found that thé effect was negligible with
benzene-ligroin mnixtures, but was significant for the~other three mix-
tures: 1t was approximately the same for ether-~benzene as for ethyl
acetate-benzene. The results are summarized in Table 3; it must be
emphasized thet they are only approximate, However they were adequate

for present purposes.

Table 3

Approximate Chenges in Composition of the Developer
in Adsorption Isetherm Experiments*

Type of developer Percent of ether or ethyl acetate
Origingl ’ Final
Ether in ligroin 5.0 ca., 4.3
- 10 9
18 17
25 24
Lo 39
57 56
Ether or ethyl acetate 1.0 ca. 0.85
in benzene 2.5 2.1
5.0 4.5
- 10.0 9.3

* fThese experiments were done with 10 ml, of develéper and about.
1.5 g. of prewashed and dried adsorbent,



117

The?-Way'in which a correction was made for the effect
illustrated 'in Table 3 is of course obvious. The developer was pre-
pared with a slightlyb higher concentration of the "active component!
than that desired, the difference being just equal to the diminution
expected becsuge of adsorption. This correction is of greatest
importance for weakly adsorbed compounds, since the percentage diminu~
.tion ir the concentration of the active component of the developer is
greatest at low concentrations,

(b) Measurement of development rates

The measurement of the quentity R, that 1s, the ratic of
the rate of movement of the zone to the rate of movement of the sol_vent,
can be done very simply without measuring either rate separately., Since
9y m1,” ie defined as the quantity of solvent necessary to wet completely
& column of adsorbent, it is apparent that during the time which is
required to pour V ml, through a column the solvent will move a distance
equal to the length of the columh. If, then, one merely measures the
‘distence which the zone has moved in the same period one can obtain R
simply by dividing this distance by the length of the column, This
procedure was used thréughout the present work,

As discussed in part (a) of this Section most of the develop~
nent rates were messured or checked on the ssme batch of treated
adsorbentﬂwhich was used in the measurement of the isotherm, at fhe
same time that the isotherm was measured. In the few instences in
which duplicaté determinations were made the agreement of the dupli-
cates was excellent, |

Since zones invariably spread as they move down & column of
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hSilicic acid~-Celite under normal chromatographic conditions (that is,
except whenldisplacoment development is taking place), a problem
arises ag to jus£ hﬂﬁ to define the rate of movement of the szone
because thg different parts of the zone are movirg at slightly dif-
feient'rates, Since zones on siliclc acid-Celite are very symmetrical,
it seems most reasconable to define tﬁe rate of movement as the rate of
movement of the miapoint of the zone, This procedure is theoretically
sound for & linear isotherm, hecauge the idealized theory predicts
that the zone will move with constant width and sharp boundaries, and
hence any non-idealities which might operate to cause spreading of

the zeﬁe in 2 symmetrical fashion might be expected to leave the mid~
point unaltered,. |

It should be noted that the downward coning of zones which
is almost always observed on silicic acid-Celite columns in glass
tubes makes the actual center of gravity of the zone somewhat below
the apparent midpeint of the zone as observed on the surface of the
column, The measurements of zone profiles which are reported in
Secﬁion Brwili 1llustrate this point; for the present it is enough
to say that a correction was made for the effect, which usually was
guch as to cause the true midpoint to be about 10 percernt below the
suarface midpoint.

In order that some idea might be gained of the constancj
‘of‘develepmeﬁt rate during each experiment, the position of the gzone
was mgasured after every 0.5 V ml, of de#eloper and the development
rate corresponding teo each position was calculated. A correction was

made for the initial position of the zone, by subtracting it from the
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@easnred position; becauge the volume of sample solvent was not
included 1n'the calculation of the number of V ml, of developer used.
It was found that, with very few exceptions, the rate of development
of the zone was independent of the posiiion on the column within the
accﬂracy of the measurements, a few percent, The few exceptions to
this geaeralizétion 1nrolvéd raepld benzene-~ligroin development of
certain of the less strongly adsorbed compounds; a very slight increase
in the rate of development was sometimes observed as the zone moved
down the column., It is probable that this effect was related to the
fact that, as discussed in Section D, a column which has been prewashed
in the usual way no longer has a coﬁpletely uniform adsorptive strength
for benzeneéligroin developers; rather, the adsorbent in the upper
portion of the column appears initially to be somewhat stronger than
the remainder of the column, although as development progresses this
1nhomegeneity is probably - gradually removed.

3. BResults and discussion

As mentioned earlier, all of the isotherms which‘we:e
reasured were found to be 11near, or very nearly go, in the range of
concentrations investigated, a result which is in full qualitative
agreement with the theory of chromatography in view of the observed
synmetry of zones on silicic acid-Celite columns. Because of the near-
linearity of all of the isctherms the data for all can be fitted well
to either the Freundlich or the Langmuir equation, In Table 4 are
sunmarized the data for each of these isotherms, together with the
velue of R celeulated from the data of the isotherﬁ, the corresponding

obgerved value of R, and the ratie of these two quantities, The
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definitions.of R and of the constants of the isotherms have been
presented on pages 109 and 110, The constante of the isotherms were
evaluated graphicelly in the usual manner, |

The data which were necegsary for the caleulation of the
values of R are presented in Table 5; the quantities o, M, end V

have been defined earlier (pages 110 and 25).
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Table 5

Summery of the Values of M, %, and V

Designation Inside Adsorbent M, o, A [M, v

4 »
of tube diemeter g, per ml, per ml, per ml, per
of tube, mm, mm, . 150 mm,
mm, '
Fo. 1.5 13 Prewashed 0.058 0.088 1,52 13,2
Heated 057 .093 1,63 14,0
Yo. 2 19  Prewashed  .127 .192 1.51  28.8

The ratio of the observed value of R to the caleulated
value of R provides a very convenignt messure of the usefulness of
the theory of chromatography in the prediction of develépment rates
from adsorption isotherms, Obviously the eriterion 6:(:' complete
success would be to have the ratio, Rypg [Rogic.» equal to unity,
The values of this ratio for the present experiments are listed in
the next-to~last column of Table 4; they have been calculé.ted only
to the nearest five hundredths, since the overall precision and
accuracy of the éxpeﬂments does not warrant expressing the ratios
mere precisgely tliank this, A |

An inspection of the values of this ’ratio in Table 4
indicates that in general the agreement of theory with experiment ‘
was very satisfactory although there are some apparent exceptions to
this statement, It will be noted ﬁhat a ten-fold range of develop-
ment rates was investigated, and that the largest deviations of the
observed rate from the predicted rate occurred with slo#: benzene-

ligroin development ‘on prewashed adsorbent (Experiments 12, 14, and
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1»91)- T?hen heated #dsorbent was need in similar experiments (Expéri,.,
ments 1 and 2) the agreemnt' with the theory was excellent, Further-
. more, in all of the eiperiments in which the developar contained
ether the observed development rate on prewashed adsorbent was
generally equal to the predicted rate for all of the compounds tested,
even at low rates of development (Experiments 3, 6, and 13), This
is of particular interest in Experiment 13 for here the developer was
the game ag that used in Experiment 12 éxcept for the addition of
approximately 0.1 percent of éther.

| The explanation éf the anomalously low develcpment ‘rates
with benzene~ligroin developerﬁ- on prewashed adsorbent seems to be
related to the faect that, as mentione& earlier, s prewashed column
apperently no longer hasz a uniform adsprptive strength with benzene-
ligroin developers. The studies of zone profiles which are descrided
in Section D revealed that with benzene~ligroin developers the upper
part of a prewaghed column is initially a stronger adsorbent then
would be expected from adsorption isotherm measurements with pre-
washed and dried adsorbent, and that as development proceeds the
remainder of the columm graxiually becomes strongér also, On the other
hand, with developers which contain even a trace of ether the column
appears to be quite uniform and tt; have just that adsorptive strength
which would be expected from an isotherm measured with prewashed and.
dried adsorbent., With heated adsorbent the column is apperently
uniform ’in adsorptive strength éven with benzene-ligroin developers,

An interpretation of the facts outlined in the previous

paragraph will be presented with the pertinent data in Section D.
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However the significance of these facts for the present experiments‘
is at once épparqnt: if the adsorbent in the column is actually
stronger then the isétherm indicates that it is, then the observed
development rate should be less than that predicted from the iso-
‘therm, Furthermore, since only the upper centimeter or two of the
column is initially stronger, a zone which is developed rapidly might
be expected to accelerate very slightly as it moved down the column
whereés e slowly developed zone would ﬁove at a more constant rate
inasmuch as the remainder of the column apparently gradually in-
creases in adsorptive strength alse as development proceeds. Thus
the more rapidly developed zone would move at & rate which was more
nearly equal to the predicted rate than wes that of the zone developed
more slowly, |

The considerations of the preceding parsgraph appear to
afford a reasonable explanation of the results of the six experiments
in Table 4 in which the{abserqu development rate was appreciably
different from the predicted rate. That the discrepancies are due
not to & defect in the theory but rather to peculiarities of the pre-
washed adsorbent is shown by the fact that they were not observed in
the experiments with heated adsorbent,

The simplicity of the relation between adsorption isotherms
vand development rates is illustrated quite strikingly in a gualita-
tive fashion in Figures 1 to 9, in which the data of the isotherms
have been plotted. In each Figure the observed development rate
corresponding to each of tﬁe isotherms has been placed next o the

curve to which it refers., Representative data have been plotted
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| iogarithmically ié Figures 10, 11, and 12 in order to demonstrate
“that the data fit the Freundlich equation well.v Forka truly linear
isotherm thisg is of éourse trivial, but in a plot of f(c) versus ¢
it is not always easy to determine to what extent the data depart
from linearity if the different equilibrium concentrations differ
by & constant factor (rather than a constant amount) as they did in
the present experiments,

Inspectién of Figufes 1%09 ﬁhews cléarly that a prediction
 of relative development rates on silicic acid-Celite columns can be
made very simply if the adsorption isotherms are known; the sole
apparent exception (Figure 3, curvés 13 end 14) is caused by the fact
that the developer in Experimont‘lj contained ether, so that the
observed rate was about equal to that predicted from the isotherm,
whereas the developer in Experiment 1l contained no ether and the
corresponding development rate was appreciably less than that expected
on the basis of the measured isotherm. |

Figures 2, Y4, 8, and 9 are particularly illustrative. A
comparigon of curves 3 and 6 in Figure 2 shows that the relative
chromatographic positions of two compounds, here ethyl centralite and
Y-nitrodiphenylamine, in a given developer, in this case a lli-percent
colution of ether in ligroin, can be successfully deduced from the
isotherms, The same conclusion is reached from Figure UY; the iso-
therms of U-nitrowN,N-diethylaniline (curve 18) and Y-nitrodiphenyl-
aﬁine (curve 16) in benzene are essentially identical and the develop-
ment rates for the two compounds in this solvent are likewise almost

identical, U-Nitro-N-ethylaniline (curve 19) moves at an appreciably



Legend for Plate I

The numbers on the curves in the Figures refer to the
experiment numbers in the column on the extreme left in Table 4,

Pigure 1 Adsorption isotherms on heated silicic\acidécelite:
Y-nitrodiphenylamine at two different rates of development
with benzene=ligroin mixtures

Figure 2 Adsorption isotherms on prewashed silicic acid~
Celite: ethyl centralite (3, 4, 5) and Y-nitrodiphenylamine
(6, 7) at different rates of development with ether-ligroin
mixtures

Figure 3 Adsorption isotherms on prewashed silicic acid~-
Celite: Uwnitrodiphenylamine at four different rates of
development with benzene-ligroin mixtures (12, 14, 15, 16)
and at one rate of development with an ether-benzene~ligroin
mixture (13)

Figure 4  Adsorption isotherms in benzene on prewashed silicie
acid~Celite: MN-nitro-N-ethylaniline (13), Ynitrodiphenyl-
emine (16), and Y-nitro~N,Nediethylaniline (18) :
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élowar rate, asg its<1sotherm indicates that it should,

| | Iﬁ Figure 8 are plotted the isotherms of U-nitroaniline and
M—nitrc~nhethy1aniliﬁe in different ether-ligroin and‘ether—bénzene
dévelopers vhich move the compounds at the same rate; the isotherms
are practically coincident, A similar situstion is depicted in

Figure 9, where are pléttea the isotherms of h—nitrotriphenylamine
(curve 10), L-nitrodiphenylamine (curve 15), and Y-nitrowN,N-diethyl-
aniline (curve 17) in different benzené-ligroig developers which move
the compounds at the same rate. It is particularly interesting that
although none of these compounds moves at the rate predicted from its
isotherm, the actusl rates of development are all less than the
theoretical by about the same amount. Thus the qualitative prediction
from a comparison of the isotherms that the development rates will be
essentially identical is fulfilled, although the quantitative predic-
tions are not_campletély correct.

It will be recalled* that other workers have made the state~
ment that adsorptien isothsrés are of uncertain value in the predic-
tion of chromatographic behavior. I believe that it can safely be
said that for silicic acid-Celite columns a kmowledge of the adsorp-
tion isotherms of a series of compounds will usually suffice to permit
the prediction not only of the chromatographic behavior of each of
the compounds separately but alsc of that of a mixture of not widely
dispropertianate quantities of all of them.

It would be well to restate here (in slightly different

words) the very important generalization which was stated on page U6

* See page 84 of this Thesis.
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of this Thegis: we have found that the chromateographic behsvior of
a compound on a silicie acid-Celite columﬁ under normal conditions is
not significantly altered in the presence of reasonsble quantities of
other similar substances., Apparent exceptions to this rule may eccur
when the column is seriously overloaded or when even small smounts of
very strongly adsorbed substances, such as water or ethanol, are
present, but these could not be considered as normal conditions., The
validity of the generalization is apparent from the fact that ell

~of the work which was predicated uwpon it, as deseribed in Part II of
this Thesis and in other similar discussions33, was entirely success~
ful, Thus, our procedure has always been first to study separately
the c¢hrematographic behavior of each of the compounds to be investi-
gated and then to assume that this behavior will be essentially
unaltered in mixtures. This assumption has been fully justified by
experience,

The pertinence of the discussion of the preceding paragraph
to the present work lies, of eourée, in the justification which it
gives to the prediction of the relative chromatographic positions of
the compounds in a mixture from sn examination of the isotherms
measured separately. 'Although no attempt was made in the present
work to investigate the isotherms of the compounds in mixtures with
each other, it seems reasonable to assume, on the basis of the above-
stated generalization, that they would be insignificantly different
from the isotherms of the seme compounds separetely. Incidentally,
it would seem that ﬁhe almost innumerable pages of compliceated

multiple-solute chromatographic theory propounded by Gliickeuf! are
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| éﬁite unreiated tb practical chromatography on siliecic acid-Celite
columns,'alihough of coursebthey may have some gsignificance for other
adsorbents. |

It is interesting to note tha£ heretofore it seems to have
been generally accepted that the linear isotherm is of little or no
importance in préctical chromatography. WeissB,vfdr example, made
a étatement to thie effect‘although he had access to the data of
Weil-Malherbe®, who found that the adsorption of benzpyreme on
- silica gel from a 3J-percent solution of benzene in petroleum ether
followed a nearly linear isotherm (n = 1.04 in the\Freundlich-expres—
sion). Apperently silicic acid or silica gel characteristically
gives linear isotherms; Mr. Earl Malmberg, in some unpublished
studies in these laboratories, found that the adsorption isotherm of
2,4~dinitrodiphenylamine on unprewashedAsilicic acid-Celite from
1:1 benzene-ligroin‘was striectly linear.

The results which have,been presented in this section may
be summariied briefly as follows, The adsorption isotherms of all
of the systems studiéd were linear, or approximately so, in the con-
centration range investigated. Furthermore the simple idealiéed
theory of chromaxography seems to be entirely satisfactory for the
prediction of develdpment rates on silicic acid-Celite columns under
controlled conditions. The apparent anomelies at low development
rates on piewashed adsorbent with benzene-ligroin developers appear
to be due to peculisrities of the prewashed adsorbent rather than to

a defect of the theory of chromatography.
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D. The Profiles of Zones on Silicie Acid-Celite Columns

1. Introduetion

It has been mentioned earlier (Seection A, page 91) that the
only detailed studies of the shapes of chrématographic zones that
have been reported to date have been made by examination of the
filtrate from the colunn® 910,16, The method which will be described
here wag designed to permit the direct study of the distribution of
material in the zone while it is on the column; this method has proved
remarkably suecessful., I have, for convenience, adopted the term
Yprofile of the zone" to describe the differentisl distributien of
the cempound in the zone ds a function of pogition on the column,

The results which are deseribed here deal chiefly with the
profiles of undeveloped zones under a variety of conditioms, for it
vas by studies of such zones that the most insight into chromate-
graphic phenomens was gained, However, some applications of the
‘method to the study of developed zones are slse illustrated and dis-
‘cussed, and some possibilities for future experiments are indicated.

2. The method

The technique which has been employed for measuring the
profiles of zones on the column is very straighﬁforward. The column
is sliced in a direction perpendicular to its axis into thin sections
of uniform thickness and the mataiial present in each of these |
sections is recovered by elution, The device which is used for
sectioning the column is 111ﬁstrated in Figure 13 and its operation

is described there, Only a few further comments will be necessary,
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Pigure 13. The Device for Sectioni

a Chromatogravhic Columm
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It is génerally_desirable that the column of adsorbent be
fairly»loosé_in the tube so that it can be extruded with a minimum
of pressure. The colﬁmn can generally readily be loosened by tapping
either end of the tube gently against the palm of the hand or rapping
the side of the tube sharply once or twice,

'In order to test the precision of the method of cutting, a
control experiment was done. A column of unprewashed adsorbent was
packed in the ususl manner snd then.was:washed with 2 V ml, of 28-38°
. ligroin. Sections sbout 2.5 mm. thick were cut from the column aﬁd
after they had been allowed to dry in sir for sbout one-half hour
they were weighed in tared beakers, A similar experiment was done
in which the sections were about l.GImm. thick., The résults of these
experimente are’presented in Table 6. 1t is apparent that the method
is quite satisfactory; it should be mentioned that considerable care
is necessary in cutting the sections in order to vprevent chipping

the freshly cut surfece. .
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Table 6
Weight After Drying of Successive Sections Cubt frem a

Column of 2:1 Silicic Acid-Celite Which
Had Been Washed with 28-38° Ligroin

Section Weight, Deviation frem

Yo, Be average weight,
: . percent

(a) 2.5-mm, sections

0.365
.366
«366
35
\356 L -

Average 360

1+ + &

ol o

(b) 1.6-mm, sections

231
1226
.223
.232

EFW e
11+
Ny

Average .228

In the measurement of the profiles of undeveloped zonesg,
whieh, of course, extended to the top of thé column, it was generaslly
necessary to smooth the upper surface of the first section because
the top of the éoluﬂn wag never perfectly flat, However it was seldom
necessary to shafe off moreﬂtha.n about 0.1 to 0,2 mm, of the column in
this process,

In all experiments the appreximate width of the sections
was estimated with the aid of the scales ( J and J¥ in Pigurs 13),
vhich are gradusted in millimeters. However, a more precise measure

of the width was obtained by measuring the distance of the top of the
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) first section-and:the bottom of the last section from the bottom of
the eolumn é.nd diyiding the vdifference by the number of sections cut.
After each of the sections had been cut, it was placed in
a small sintered glass funnel and the adsorbed material was eluted
directly with absolute ethanol into a smell volumetric flask or
gla.‘sséstoppered graduated cylinder. It was possidle to make an
essentially quantitative elution with as little as 3 to 4 ml, of
absolute ethanol., In all of the experiments to be described the
recovery of the 4aompeund in the zone was between 96 and 100 percent.
Sinee there is always an appreciable amount of solvent left
in the column at the end of the chromatogram, even after the ususl
fifteen or twenty seconds of draining, it is apparent that the above-
described method for measuring the profile of the zone does not
measure just the amount of adsorbed material in each section, but
rather the sum of the amount of material adsorbed in the section and
the amount in solution in the solvent still present in the intergtices
of the adsorbent, If the amount of soclvent per unit length of column
is constant throughout the sectioned zone, then, for a linear isotherm,
the measured prefile will be identical in shape with the profile of
the adsorbed materiel alone, differing only by a scale factor, This
may be shown readily as fellows, Let us assume that the volume of
solution per unit length in the extruded column is OL' (where O(!
is slightly less than O, the pers volume per unit length*), and that
the isotherm is Q= Mac . Then the total amount of material per unit

* LeRosen'l® found that the quantity which I have termed «' was
equal to about 87 percent of ™ for a column of silicic acid.



133

| length of the extruded column, a quantity which I ghall call B, will
be given by tha exprossion
Ba ofc + Mac 5z (k! & Ma)e (9)
the amount of adsorbed material alone per unit length 413
| Q= Mac . , (10)
It is apparent that if o' 4is independent of poéition on the column
and conecentration,

B (.?:.'_ﬁ;‘éﬁ&)Q = constent x Q . (11)

No ‘investigation was made of the constancy of ®! throughout
the column; however, it seems reasonable that even if it does vary
slighﬁly it will vary in a very gradusl and regular fashion sc¢ that
- the measui'ed profile will be only very slightly distorted from the
true profile of the adsorﬁed. meterial, TFurthermore in all of the pro-
files which will be reported here, the quantity Ma constitutes
betﬁeen 70 and 9% percent of B so that the siight uncertainty in
o' will mean at most an uncertainty of a few percent in the value
to be expected for B.

In the preparation of zones for sectioning it was of course
extremely importeant to avoid any distortion of the zone whatscever,
All of the precautions which have been described earlier (Section B)
were rigorously observed; if by mischance the zone was, nevertheless,
distorted, the celum# was rejected and the experiment repeated,

On the other hand coﬁing wag nqt always eliminated. There
was generelly little coning in the; unde#eloped zones which were
investigated but there was some doﬁnward coning iﬁ-r most of the zones

develeopsd with benzéne-—ligroin mixtures., This will be mentioned in
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c_énnectien with the profiles of these zones. Only one profile of a
zons developed with ether;ligroin will be shown here$ this zone had
been developed in a  néw glass tube of apecisl design and was apparently
not coned or surface-spread*®,

3. Results and discussion

The profiles which will be discussed have 'bee.ﬁ plotted in
Figures 14 through 25, Plates IV and V. All of these profiles are of
zones of Y~ riiitrodi phenylamine on Wo. 2 columng of 2:1 silicic acid-
Celite. 1In all of the experiments except one of those shown in
Figure 24 the size of the sample was 1.00 mg.; in that experiment it
was, a8 indicated, 4,00 mg. Most of the columns were activated by
prewashing in the usual way, but, as discussed later, one was pre-
wasghed according to é,nether proecedure, and in one experiment heated
adsorbent was used. The benzene which was used for all of the profiles
except that pictured in Pigure 21 was dried over sodium before use,

(2) Undeveloped zones

All of the undeveloped zones whose profiles will be shown
were placed on the column from a volume of 6U4 ml, except that
represented in Figure 19, for which only 32 ml, was used, Aithough
these volumes of sample solvent are far greater than would ever be
used in a ;practieal experiment on a Neo, 2 ecolumn, they were used in
 the present experiments in order that undeveloped zones of sufficient
width for fruitful investigation might be o’btained. As is evident
from equation (1), page 110, the width of an undeveloped zone for a

* A brief discussion of éoning and rslated phenomens has been
presented on pp, 89-90. '



Legend for Plate IV

Profiles of Undeveloped Zones Which Contain
1,00 Mg. of L-Nitrodiphenylamine

In each Pigure, B, the sum of the amounts of materisl
adsorbed and in solution in the zone per unit length is plotted
sgainst x, the distance from the top of the column.

Tigure 14  The semple was placed on o prewashed column from 64 ml,
of a 20«percent solution of ether in ligroin; both the experi-
mental result and that predicted on the basis of the isotherm
measured with prewashed and dried adsorbent are shown,

Figure 15 The sample was placed on a prewsshed column from 64 ml,
of an 87-percent solution of dry benzene in ligroin; dboth the
experimental result and that predicted on the basis of the iso~
therm measured with prewashed snd dried adsorbent are shown,

Figure 16 The sample was placed on a column of heated adsorbent
which had been washed with V ml, of an 87~percent solution of
dry benzene in ligroin; the sample solvent was 6lU ml., of the
same mixture. Both the experimental result and that predicted
on the besis of the isotherm measured with heated adsorbent
are shown,

Figure 17 The sample was placed on a column which had beer pre~
washed in the usual way except that the V ml, of ligroin of
the usual prewash had been replaced by 3 V ml, of dry benzene,
The semple solvent was 64 ml, of an 87-percent solution of
dry benzene in ligroin.

Figure 18 The sample was placed on a prewashed column from 64 ml,
of a solution of 87-percent of dry benzene and 0,15 percent of
ether in ligroin,

Figure 19 The sample was placed on a prewashed column from 32 ml,
of an 87~percent solution of "benzene" in ligroin; the benzene
had previously been passed through a prewashed column. See the
text for details, :
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Legend for Plate V

Profiles of Zones of Y-Nitrodiphenylamine

In each Figure, B, the sum of the amounts of material
adsorbed and in solution in the zone per unit length, is plotted
againgt X, the distance from the top of the column,

Figure 20 One milligram was placed on a prewashed column from
6l ml. of a 60-~percent solution of dry benszene in ligroin.

Figure 21 One milligram was placed on a prewashed column from
€4 ml, of an §7~percent solution of benzene in ligroin; the
benzene had not been dried over sodium,

Figure 22 Duplicate experiments: ' one milligram was placed on
a prewashed column from 4 ml, of an 87-percent solution of
bengzene in ligroin and developed with 2 V ml, of the same
mixture, The arrows indicate the approximate positions of
the "extreme limits" and the "concentrated limits" of the
zone on the gurface of the column, This Figure illustrates
three things: the approximate error-~function shape of
developed zones, the reproducibility of the profiles of
developed rones, and the effect of coning on the position of
the maximum of the zone,

Figure 2% Comparison of the profiles of zones which contain
1.00 mg. placed on the column from different initial volumes:
prewashed adsorbent was used and the zones were developed
with 2 V ml, of an 87-percent solution of benzeme in ligroin.

Figure 24 Comparison of the profiles of zones which contain
different quantities of Y~nitrodiphenylamine placed on a
prewashed column from 4,0 ml, of an 87-percent solution of
benzene in ligroin and developed with 2 V ml, of the same
nixture »

Figure 25 Comparison of the prcfiles of zones developed with
2 ¥V ml, of a 20~percent solution of ether in ligroin and
3 V nl, of an 87~percent solution of benzene in ligroin on
prewashed adsorbent: each zone contained 1,00 mg, and was
placed on the column from 4,0 ml, of the developer.
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v]‘.i:near isothern 15, according to the theory, directly proporiional to
the volume 6:? the( sample solvent (and independent of the concentration).
Figures 14 ana 15 show, respectively, the shapes of zones
introduced from a 20-percent solution of ether in ligroin and an
87—pe~rcentv solution of benzene in ligroin, together with the shapes
expected on the basis of the isotherms reported in Table Y4 (Experiments
7 and 15)., The adsorbent in these experiments had been prewashed in
the usual way., It is apparent that, ;}uﬁt as in the development rate
'éxperiment:, ‘t'he agreement is excellent for ether-~ligroin but, for
this prewashed adsorbent, unsatisfactory for benzene~-ligroin, Of
courss, even for thé etherﬁligroin the front of the zone is not sharp
but this is entirely reasonable, for with a linear isotherm no dis-
co:qtinuous boundary would be expected to have any intrinsic stability.
The- most reasonable interpretation of the result pictured
in Figure 15 is that, except perhaps for the top few millimeters of
the column, which will be discussed later, the adsorbent in this
prewashed coluxﬁn effectively becomes progressively weaker in adsorp-
tive strength as the distance from the top yincr‘easee, and therefore
the amount .adsorbed. pér millimeter decreases progressively with
increasing distance. This interpretation has been mentioned earlier,
in connection with the apparently anomelous development rates with
benzene~ligroin development on prewashed adsorbent, In the experiment
reported in Figure 16, heated adsorbent was used with a prewash of
V ml, of an 87-percent solution of benzene in ligroin; otherwise the

conditions were identical with those in the experiment whose results

are pictured in Figure 15. The shape of the initial zone agreed
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réasonably well with that expected on the basis of the isotherm
measured in-Exper‘iment 2, Table Y4, indicating that in this system the
column was of uniform adsorptive strength,

Several experiments were done in an attempt to find some
explanation of the postulated non-uniformity of prewashed adsorbent
with benzene-ligroin developers. In addition to the experiment with
heated adsorbent (Figure 16), the experiments whose results are
plctured in Figures 17 through 21 were é.sme, together with several
other experiments the results of which have not been plotted here
because the profiles were identical with that shown in Figure 15.
Among the latter were one in which a 1:1 mixture of absolute ethanol
and ether was substituted for the 1:1 acatone-sthér in the prewash,
and several experiments in which other samples of benzene were used,
ineluding one with Baker's c. P, benzene‘ and one with benzene puri-
fied with concentrated sulfuric acid according to a procedure similar
to that deseribed by Fieser3u. These experiments established that .
it was not some peculiarity of the acetone in the prewash or an ime
purity in the benzene which was responsible for the aﬁoma.l-oué zone
shape,

In Figure 17 is shown the profile of a zone which was
chromatographed under conditions identical with those used for the
zone deplicted in Figure 15 except that 3 V ml, of benzene was used in
the prewash in place of the usual V ml, of ligroin, It appears that
the benzene tends to make the adsorbent in the column more uniform and
moré like heated adsorbent, although there is still a marked difference

between this prewashed adsorbent and heated sdsorbeat, ymanifest‘ed
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pérticularly by the pronéunced maximuom in the zone on the prewashed
adsorbent, |

The zone whose profile is shown in Figure 18 was chromato-
graphed under the same conditions aé thét shown in Figure 15 except
that 0.15 percent of ether was added to the 87-percent solution of
benzene in ligroin, Although no isotherﬁ’was measured for this
system, it is apparent that, qualitativelj at least, the zone has the
shape eipected on the basis of the theoiy of chromatography. Thus
here again, as in the development rate experiments, especially Experi-
ment 13, Table 4, and in the profile shown in Figure 14, it appears
that when the solvent on the column contains ether, even in traces,
the behavior of the zone approaches the ideal,

In considering this phenomenon, it must be remembered that
the column is completely wet with ether just before the ligroin is
poﬁred on during the prewash, Since ligroin is an extremely weak
developer, a portion of the etﬁer presumably remains sdsorbed on the
column after the ligroin has been peﬁreﬁ through., Benzene, which is
a stronger developer than ligroin, will remove the eﬂﬁerfmuch nore
cempletely but even it evidently removes ether from the column fairly

slowly.  Thie was demonstrated in the following msnner. About 125 ml,
of benzene was poured through a prewashed columng after tke first

20 ml, of the effluent benzene had been rejected the remainder was
’cellected in seversl fractions. The ether-cortent of the benzene in
each of these fractions was determined in an apﬁroximate mapner
refrectometrically and alse by tests of its developing strength; it

was found that the first fraction contained somewhat more thsn one
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gércent of ether‘ﬁhile the last Still céntained traces of ether*, too
small to be detected with an Abbée refractometer but nevertheless
demonstrable in development rate experiments. In Figure 19 is plotted
the profile of & zone which was placed on a prewvashed column from

%2 ml, of & mixture which contained 13 percent of ligroin, and

87 percent of "benzene' from some of the intermediate fractions in

the sbove experiment, The shape of this profile is strong confirme~
tory evidence of the presence of a few tenths of a percent of ether
rdr some similar substance in the benzene.

With the aid of the experimentsl facts which have been dis-
cussed in the past few pages 1t seems to me that a reasonable explans-
tion can be advanced for the fact that prewashed columns appear to be
non~uniform in adserptive strength with benzene~ligroin or benzene
developers but quite uniform with developers which contain even traces
of ether, and the related fact that a column of heated adsorbent seems
quite uniform even with developers whick contain no ether, A pre-
washed column normally contains a small guantity of édsorbed ether¥*

- although this compound is probably rather weakly-adsorbed. When a
* Neither of the methods used for analysis provides a uniqﬁe test for
ether of course; it is possible that miner impurities in the ether
guch as peroxides or hydroperoxides might be more strongly adsorbed
than the ether and thus it mey be that these substances, rather than
ether itself, are present in the last fractions of benzene. It is
difficult to see what other substances ecould be present under the

circunstances; eny compound which was not eluted from the column by
the ether of the prewash could scercely be removed by benzene.

** Ag mentioned above it is possible that impurities in the ether
rather than the ether itself are responsible for the effects
descrived here; this possibility has not been tested experimentally
but in any event the quelitative explanation of the observed facts
would not be altered.
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qémpouﬁd.whose adéorption affinity is comparable %o or greater than
that of the éther(is placed on the column it will tend at least
partislly to’displacebthe ether. If, however, this compound has a
linear isotherm it will have no tendency to form a sharp-fronted zone
behind the ether; rather, therevwill be a regicn, perhaps fairly wide
if the adsorption affinities are of comparable orders of magnitude,
where both compounds are present and whére the presence of the ether
may have a-significant effect on the adéorption of the other compound,
provi&ed that the latter is not very strongly adsorbed. Furthermore,
throughout this region the relative amqunts of ether and the other
compound will in general very; in the usual case the second compound
will be more strongly adsorbed than the ether and therefore in any
region in which both are present the ether will tend to move somewhat
nore rapidly. As development proceeds oi an undeveloped zone is
"widened, the upper part of the column, from which most of the ether
has now been removed, will behave as a stronger adsorbent that it did
sarlier,

When, on the other hand, the chromatographic sclvent itself
containg ether, the enviromnment of the compound being chromatographgd
will net vary appreciably during the experiment since a continual
sﬁpply of ethe: is available tc replace any which may be removed from
the adsorbtent. Consequently no especial non-uniformity ie to be
’expected. Similarly, with heated adsorbent, which presumably has no
resdily removable compounds adsorbed 6n it, the compound being
developed will in general be miore strongly adsorbed than every come

ponent of the developer (except of course in displacement development)
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%ﬁd theréfore will move in a region behind the front of the developer,
that 1is, in»a region where conditicns remain always the same.

This interpfetation of the observed faecis could be tested
in a fairly simple though not completely conclusive way by investi-
gating the profile of a zone which ﬁas placed on the colﬁbn after a
similar zone had first been devel&ped through the column, One diffi-
culty of the analysis which has been presented is the explanation of
the reason why ether, if indeed it is ether and not some minor im-
purity from the ether, is removed from the column only slowly by
bengzene in viéw of the fact that ether is under some conditions
appreciably less stronglyadsorbea than many compounds (e.g., H=nitro-
triphenylamine) which are essentially eluted by benzene.

It should be noted that the above argument, together with
the experimental results, indicates that prewashed and dried adsorbent,
even after evacuation on a Byvackpump for several hours, still contains
& small quantity of ether or some similar substance,

There is another effeet 1llgstréxed in these profiles of
introduced zones whose explanation is still unqlear. It will De
noticed that the quantity B was less in the top few millimeters for
each of the zones 1ntroduced from a benzene-ligrein mixture; this was
true even when heated adsorbent was uséd. However, when the sclvent
contained ether (Figures 14, 18, and 19), the initial portion of the
zone was about normal or perhaps contained even slightly more than
the expected amount of U~nitrodiphenylamine,

Since the solution which is present in the interstices of

the adsorbent contributes to the quantity B it might be expected



14

tﬁa’e there would ’bev &8 slight decrease in B in the top few mil'limeters‘
of the eolﬁn if some of the solution were drawn out of this region of
the colurn during. th§ fgucking dry" of the column. However, the magni-
tude of the initial decrement in ‘ZB with benzene-ligroin is apprecisbly
greater than would be expected even if all of the solvent had been
drawn out of the top few millimeters of the column; furthermore, the
phenomenon cen actuelly be detected visually before the column has

“run dry". The effect does not appeer fo be due te eny impurity in
 the benzene for it is identical with sodium~dried redistilled techni-
cal benzene, with godivm~dried Baker's C. P, benzene, and with sodium~
dried benzene which had been purified with concentrated sulfuric acid
according to the directions given by FieserBh. It is at least as
pronounced with a 60-percent sclution of benzeme in ligroin (Figure 20)
ag with the 87-percent solution used in most of the experiments; it is
to be noted that with this 60-percent solution of benzene in ligroin
_the initisl décrement is about four times as great as could be
‘accounted for by the volume of interstitial liguid present.

In Pigure 21 is pictured the profile of a zone chromato-
graphed under the same conditicns as the zone in Figure 15 except that
the benzene had not been dried over sedium before use, The benzene
which was used had been dried over calcium chloride before distilla~
‘tion; evidently, however, it still contained a gignificant quantity
of water., The initial plateau and sharp boundary in the profile
presumably indicate the presence of a front of water which was moving
very slowly :iewn the column and diminishing the adsorption of Y-nitro-

diphenylamine in the region where both were present; This profile is
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ef especial mterés’o in emphesizing the need for rigorous dryixig of
gsolvents at -all t(imes in the study of undeveloped zones; with developed
zones this is less imjortant because traces of water will be removed

at the top of the coiumn end will almosf invariably move nwuch more
slovly than the zone of interest,

It seems doubtful that the presence of traces of water in
the solvents evern after drying over sodium could account for the
dimihution( in B in the upper few millimeters of the column in the
~experiments whose results are pictured in Figures 15, 16, 17, and 20.
If this were the explanation of the effect it would be difficult to
understand why the addition of a trace of ether should cause it to be
inoperative,

(b) Developed zones

The application of this metheod of measuring profiles to
the study of developed z'cme.s has sc far been hardly more than pre-
liminary. The profiles which will be discussed (Figures 22 through
25) merely serve to illustrate the sort of uses to which the method
can be put,

In Figure 22 is shown the profile of a zone which was
rlaced on a prewashed column from 4,0 ml. of an 87-percent solution
of benzene in ligroin and developed with 2 V ml, of the same mixture;
The experimental points which have been plotted were taken from
duplicate experiments; it is apparent that the reproducibility was
excellent, Figure 22 serves to illustrate alsc the effect of down-

ward coning on the position of the midpoint of the zone; the arrows
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| Aéﬁete the positién of the extreme and concentrated limits* of the
zone asg io‘usérved on the surface of the column, and show that the
true midpoint of the ione lay somewhat below the apparent midpoint
ag measured on the surface. | |

v All of the profiles which are pictured in Figures 22 through
25 show clearly that the distribution of material in these zones was
very symmetrical and fitted approxima-tely a probabinty distribution
curve., The slight downward coning of the zones developed with ben-

, zene-—lligroin probably tends to make even more pronounced the resem-
blance of the profiles measured in this way to a probability
distri’bution function; however, it is to 'bek noted that the profile
of the unconed** gone which was developed with 2 V ml, of a 20-percent
solution of ether in ligroin (Figure 25), was similar in gshape,

The greé.t disparity in the »w:ldths of a zone developed with
benzene~ligroin and a similar zone developed with ether»ligroin is
illustrated quite strikingly in Figﬁre 253 although d.oimward coning
of the zone developed with benzene-~ligroin exaggerates slightly the
width of that zone in the measured profile the Abroadening due to
this effect constitutes only a small fraction of the total width of
the zone, It seems reasonable to suppose that a significant factor,
perheps the chlef factor, | in the greater width of zones developed
with benzene-ligroin lies in the progressive non~uniformity of a

prevashed eolu;nn with this developer. In this regard it would be

% See page 102.
%%  See page 13U and pages 89-90 .
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Qﬁlightening to study the profiles of zones developed on heated
adsorbent: &iualzitgtive evidence already available shows that similarly
developed zones are aﬁpreciably narrower on heated adsorbent than on
prewashed adsorbent,

In Figures 23 and 24 are illustrated other examples of the
application of this method to the study of developed zones. Figure 23
shows the profiles of zones containing equal quantities of material
introduced from different initial vol_umés: it is interesting that
~thess profiles are practically identical, for, sccording to the
ideslized theory, the zone introd\;ced from 4 ml, should be four times
as wide and one-fourth as high as that introduced from 1 ml, Figure 24
shows the profile of a zone contalning 4 mg, as well as that of one
containing 1 mg.; it is to be noted that the vertical scalé for the
Yomg, sample is four times as great as thé,t for the l-mg. sample,

Each zone was placed on a prewaghed column from 4,0 ml, of an &7-percent
solution of benzene in ligroin and was developed with 2 V ml. of the
same mixture., The profiles are very similar except for the vértical
scale factor of U; this result, together with that shown in Figure 23,
indicates that the chief factor which determines the distribution of
naterial in such developed zones is the quantity of material on the
column rather 'than the volume or concentraticn of the initisl solution.
However it must be emphasized that a much more detailed study, cover-
ing a wider rénge of amounts, concentrations, and volumes, would be
necessary in order to substantiate this statement. Although LeRosen}lc
using o-nitroeniline, benzene, and prewashed silicic acid, has made

some experiments which might‘ bear on this point most of the data which
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he presents are of doubtful significance in view of the faect that
his columns in all probability exhibited the same sort of progres—
give non-#uniformity which was observed in the present work; he
apparently was not sware of this fact. Furthermore ‘many of his con-
cluéiong geem unwarranted even on the basis of the deta which he

presents,
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E, ~Preiiminary Investigations of the Rate of Adsorption on
Siliciec Acid-Celite from Organic Solvents

1. Intre&uétion

It‘was necessary in connection with the measurement of
adsorption isotherms that some idea be obtained of the length of time
necessary for the attainment of adsorption equilibrium in the systems
studied, Furthermore it was reslized that if equilibrium was not
establishsd essentially instantaneously’in the chromatographic pro-
cess ony agreement between the experimental results and those pre-
dicted by the theory based on ah’isetherm neasured under equilibrium
conditions would be mainly fortuitous. Therefore some experiments
were made in order to investigate the length of time necessary for the
attaiﬁmenx of equilibrium in a few systems typical of those which were
used in the studies of development rates and profiles; these experi-
ments will be described briefly here,

It was mentioned in the Introduction that no gtrietly com-
parable experiments could be found in the literature, although for
adsorption on silics gel or sluminag from agueous solutions periods of
time ranging from a few minutes to many hours have usually been reported
to be necessary for the establishment of equilibrium®3:12, 1In the
present experiments the shortest time in which & measurement could be
nade after mixing the adsorbent and solution was between ten and fif-
teen seconds; no deﬁectable departure from equilibrium could be found
for any of the systems studied.

2. The method

Preliminary experiments which were made when the adsorption

-
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ii/sétherms wére.invéstigated revealed that in all of the systems
studied the éoncentra’cién of the solution which was present in the
flagk with the ads;)rbeﬁt reached a constant value within a very feiv
mimztes;‘ the concentration was the same, within a fract‘ien of one
percent, after one hour as it had been after five minutes, Thus in
the adsofptien isotherm experiments, in which the solution and
adsorbent weré- niixed merely by swirling tl;e flask cautiously several
times, it would have been entirely adequate to pipette semples of the
solution within a few minutes after mixing the solution and adsorbent,
Actually, for reasons of expediency, the mixtures were allowed to
stand for about one-half hour, with occasional swirling. It was
necessary of course to allow the adsorbent to settle after the final
swirling before o sample of solution ‘could be removed; gettling was
always essentially complete in less then one minute,

It was apparent that ordinéry pipetting techniqu_es would
be inadequate for making a series of measurements of the concentra-.
tion of the solution during the first few minutes after it had been
mixed with the adsorbent, chiefly because of the excessive time
required for filling and draining a pipette. Iﬁ addition, the pos-
sibility of emtrapping particles of suspended é.dsorbént would be very
great during the removal of the first samples of solution by such a
method; to wait for the adsorbent to settle would, of course, defeat
’éhe purpose of the experiment, |

The method which was used in the present experiments was

to remove samples of selution with a 1.00-ml, Yale Tuberculin Syringe
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| iﬁ a specially-designed holder* which permitted the rapid and repro-
ducible ﬁitﬁdraw:a.?. of any desired volume of solution up to 1,00 ml,
A thin strip of filtei- paper was clipped over the short protruding
tip of the barrel of the syringe so that it just covered the small
hole in the tipi this strip of paper served reasonably well to keep
adsorbent from entering the syringe when a sample was being withdrawn
from a slurry which had not yet settled,

- After a few preliminary experiments had been done, the
. following procedure was chosen as the most satisfactory. About 20 ml,
of a solution of the compound in the developer was placed in a 100-ml.
beaker and wa,s. stirred gently with the aid of a mechanical stirrer.
Then 1 to 3 g. of prewached and dried adsdrbent was added over a
period 6f a few seconds in a thin stresm so that it would not form
clumps. A sample of solution was withdra#m from the mixture at once:;
it was ejected from the syringe into a clean flask and anothai' sample
of solution was withdrawn immediastely. Four or five samples were
taken in this manner; the solvent was evaporated from each and the
quantity of the residue was estimated spectrophotometrically., In all
experiments the proportions of adsorbent and solution were so chosen
that at least 30 perc‘ent. of the quantity of the compound present
would he adsorbed at equilibrium, and thus an appreciable diminution
in the concentration of the solution would occur.

It was necessary to perform several control experiments

first in order that some idea might be vgained of the precision of the
method, In the ’first of these experiments a series of samples was

% This holder had been designed by Mr. William Schuelke and Dr,
Reuben E, Wood.
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j téken from a solution which had not been mixed with adsorbent; the
solution whi-ch was used contained about 0.16 ng. of Y-nitrotriphenyl-
amine per ml, of 1:2 Benzenealigroin. Seven one-ml, aliguot portions
were taken and the quantity of U-~nitrotriphenylamine in each was
determined; the maximum variation from the average was less than one
percent and most of the results asgreed to withig about 0,5 perceni.
Thus the syringe itself was entirely satisfactory for sampling,

| Next an experiment was done with a slurry which had been
~stirred for.ahout ten minutes and which, therefore, presumably had
reached equilibrium, The slurry had been prepared from a solution
eontaining about 0.3 mg, of h—nitroanilinevper ml, of a H-percent
solution of ether in benzene, Four samples were taken at 30-second
intervals: the results of the anaiyses of these samples are pregented

in Table 7.

Table 7

The Content of L-Nitroaniline in Successive One-M1l, Samples
Withdrawn from a Slurry in a Control Experiment.

Sémple Time after preparation Amount of

of slurry, seconds Y.nitroaniline,
‘ ey
1 560 . 0.166
2 590 .166
3 620 L1171
L 650 : .165

The results shown in Teble 7 were substantiated in a similar
experiment with hunitrotriphsnylamine and 1:1 benzene~ligroin; these

experiments indicated that the method of sampling from the slurries
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wés in general précise to within one percent but that individual
variations éf as much ag 3 or 4 percent might be expected., These
occasional erratic variations appsared to be caused, at least in pars,
by the occasicnal entrapment of small clumﬁs of moist adsorbent
between the tip of the syringe and the filter-paper strip which covered
the tip and prevented the entrance of adsorbent into the syringe, An
attempt was made to dispense with the strip of filter paper entirely
but severe difficulties were enccuntered with particles of adsorbent
which entered the syringe., No further effort was made to improve the
method since the chief purpose of the present studies was merely to
determine whether there was esny appreciable effect.

3. ZResults and discussion

Four systems were selected for study: h#nitrotriphenylamine
in 1:1 bengene~ligroin and in s 1.7-percent solution of ether in
ligroin, Y=nitroaniline in a S-percent solution of ether in benzene,
and ethyl centralite in a 20-percent solution of ether in ligroin,
The results of the experiments with these systems are summarized in

Table &,
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Table 8

Results of Experiments in Which an Attempt Was Made to
Determine the Rate of Bstablishment of Adsorption
Equilibrium on Prewashed and Dried Silicie
Acid-Celite from Organic Solvents

Compound Developer -Original Time of Concentration
concentration, sampling, in gample,
mg, per nl, seconds ng. per ml,
after
preparation
of slurry

- Y-Nitrotri- 1.7% Bther in 0.%3 10 0.173
phenylamine ligroin 30 .178
o : 60 .178
110 : 161

160 AT71
Y.Nitrotri~ 1:1 Benzene- .48 15 .322
thenylamine ligroin 45 .354
g0 355
110 .356

Y.Nitrosniline 5% Ether in .30 12 .185
: benzene 45 .178
65 .186

110 .187
160 180

Ethyl 20% Bther in 4.6 12 2.54
" centralite ‘ligroin 35 2.34
55 2.56

120 2.4y

Although the resulte which are shown in the Table display
gsome erratic variations, they do seem to demonstrate reasonably well
+that the eQnilibriuﬁ concentration is reached in these systems in less
than fifteen geconds., It sheuld‘be noted that in a chromatographic
experiment the~contact between adsorbent and scluticn will be even
nore efficient than it was in these experimente and therefore
equilibrium should ﬂe egstablished at least as rapidly as it was iﬁ

the present experiments,
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_ 1 belieie that perhaps an even more sensitive test of
whether equilibrium is really "instantaneous" might be made by studies
ofbthé relative spregding of a zone on development at different flow
rates. A preliminary experiment of this sort has already been made:
it was found that decreasing the flow rate from the normasl by a
factor ofifour had no perceptible effect on the width of, or the value
of R for, a zone of h—nitrédiphenylamine developed on prewashed
adsorbent ﬁith benzene, A more careful‘study of this effect could be
- made using the technique of measuring the profiles of zones which

wag described in Section D, It would probably be best to avoid using
bengene-ligrein or Eenzene developers on prewashed adsorbent since in
such systems:the vrogressive non-uniformity of the column might

complicate the situastion,
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Summary

An experimental study has been made of some features of the
process of chromatography on silicic acid-Celite columns, and in
particular of the degree to which chromatogfams on this adeorbent con-
form to the simple predictionsvof the ideslized theory of chromatography,

It has been found that adso:ption iscotherms on silicie acid-
Celite are essentially linear ir the range of concentrations most
important in practical chromatography on this adsorbent and that
' developmeﬁg rates predicted from these isotherms generally agree very
well with those observed experimentally, Furthermore, for the few
systemg for which the doveiopment rates seem to be anomalous a
reasonable explanation can be offered in terms of the speciel prbperties
of siliecic acid~Celite columns which have been activated by prewashing,

| A technique has been developed for determining the distribu-
tion of a compound in a zone on a column (the fprofile" of the zone)
by cutting the column into many thin sections and determining the
amount of the compound in eech, Some apﬁliéations of this teechnique
are descrived; it has proved especially valﬁable in the study ard
clarification of certaln phenomena which at first appéar to be
anomalous.

A few experiments are described in which it was demonstrated
that equilibrium is established in less than fifteen seconds in the
adsorption of certain compounds on silicic acld~Celite from dilute

solutions in organic solvents,
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Part IV. A Method for the Study of the Abserption

Spectra of Adsorbed Compounds

A, Introduction

The light-absorbing properties of many compounds freguently
change markedly when the compound passes from the unadsorbed t& the
adsorbed state, Thus, for example, when a pale yellow compound is
adsorbed on silicic acid it usually acquires a golden yellow color:
similarly a compound which is normally yellow-orange in coler may
appear orange-~red when adsorbed, and so on, As & preliminary to the
investigation of the changes which tske place in the spectra of come
pounds on adsorption a method has been devised for the messurement of
the abgorption spectra of sdsorbed compounds. It will be deseribed
‘briefly here; to date, it has been used only in the study of the
near-~ultraviolst and visible spectra of colored compounds on silicle
acid, However, it seems likely that the method can be extended to
certain other adsorbénts and perhaps also to the invegtigation of
spectra in the region below 300 me.,

No effort will be made here to discuss all of the previcus
investigaticns of changes in color on adsorption which have béen
reported; rather, reference will be made only to some of the mere
importent work in this field. De Boer and his collaborators have

made a number of investigations of the absorption specira of adsorbed
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»lédmpounds; generaliy they used a vacuum~-sublimed film of an alkalineé
earth fluoride as‘the adsorbent., For example, de Boer and Custers
have studied the spesetra of iodinel and of p—nitrophsnola adsorbed on
2 film of calcium fluoride., The spectra of dyes adsorbed on colloids
have been investigated by Fodiman and er.rginB and Michaelis and
Granicky. Several Russian investigators have studied the spectrs of
a few selectsd sﬁbstances {e.g., iodine, ammonia, acetone, and benzene)
adgorbed on transparent sgilica gel, alumina, and other similar sub-
gtances5'6-7'8’*. Schwab and Issidoridis? measured the reflection
spectra of certain inorganic ions on chromatographic columns of
alumina, although the technigue waz not very sensitive. Weitz, Schmidt,
and Singerlo have investigated qualitatively the changes in color of a
variety of organic substances when adsorbed on silica gel and similar
adsorbents, and Meunieril has discussed briefly a few similar systems,
In connection with the detailed investigations of chromato-
graphic phenomena which are reported in P#rt 111 of this Thesis it
gseemed to me that a simple and practical method for studying the
spectra of compounds adsorbed on silicic ascid might»prove valuable in
helping to slucldate the nature of the‘adsorbea state, However, no
simple method for the'investigétion of these mpectra seemed available
until en observation which had been made by Trappell was noted; he
found that a column of silicic acid became semi-transparent when it
was wet with chloroform and no pressure was applied. This observation
led me to believe that perheps the absorption spectrum of a compound

* Since only abstracts of most of these papers are available at present
I am not familiar with the details of the experiments.
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yéasorbed on silicic acid could be measured simply in a slurry prepared
from silicic' acid énd a solution of the compound in chloroform (pro-
vided, of course, thaﬁ the compound was'adscrbéd from chloroform), A
l1ittle experimentation showed that this ides was correct. Furthermorsa,
other soivents and solvent mixtures of refractive index similar to that
of chloroform proved to be as good 8&s, and in some cases better than,
chloroform in producing transparency of the silicic acid which was used.
In par’siculé.r, carbon tetrachloride and certain benzene~ligroin mix-
tures were about as gocd as chloroform, methylene chloride geemed
superior to it, and a mixture of benzene and dioxane which contained
about 70 percent of dioxane produced slmost complete transparency.

The disadvantage of the latter mixture was of course that few compounds
are strongly adsorbed in the presence of so much dioxane,

Since mixtures of benzene and ligroin are common in chromato-
graphy, it seemed of most practical interest to investigate first the
spectra of compounds adsorbed from such mixtures. The spectra of
Yenitroaniline and Y-nitrotriphenylamine adsorbed on both unheated
and heated silicic acid from benzene~ligroin mi;:tures i-rill be reported
here; the gpectra of these same compounds in a variety of solvents are
included for the purpose of comparison, All of the measurements of

spectra were made with a Beckman spectrophotometer,
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B. The.Experimental Method

1, Preliminary experiments

it was necessary te determiné first the composition of the
mixture of benzene and 60-70° ligroin which would preduce the maximum
transparency pf the silicic acid to be used., With unheated silicie
acid*, it was found that the maximum transparency was produced when
the mixture contained between 40 and 50 percent of benzene by volume

( np=as1.43 to 1.U4); since the mixture which contained 40 percén‘b

of benzene, that is, 2:7 benzens-ligroin, had the advantage of being
less of an eluent than 1l:1 benzene-ligroin, it was used in the experi~
ments with unheated silicic acid, With heated silicic acid* the
maximum transparency occurred with a mixture containing about 65 to

70 percent of benzeme ( npA21.46 to 1,465); a 2:1 mixture of benzene
and ligroin was therefore used in the experiments with heated silicic
acid,

Since these slurries of maximum transparency were still
gomewhat cloudy it was felt that an absorption cell thinner than the
l-cm, cells which are supplied with the Beckman instrument would de
desirable, Therefore two small celis were constructed; each of these
cells is 3,0 mm, thick, 25 mm, wide and 38 mm, high, and was constructed
from a U-shaped piece of brass plate 3 mm, thick and two flat 25 x %8-mnm,
glass plates. The glass plates, which serve as the windows of the cell,
were cut from two 25 by 76—mm. microscope slides; because these two
glides had different transparencies to near-ultravioiet radiation, one

* Merck reagent silicic acid, code number HOUUG, was used; see page 93
of this Thesis.
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of the two Qindowé on each cell is from one of the glides and the
second is ffom the other slide. Thus the transparencies of the calls
themselves are very néarly identical throughout the'range of wave
lengths for which they can be used; they cannot be used below about

300 mp. Bach of the cells has a small brass cover which fits fairly
gecurely and minimizes evaporation of the solvent from the slurry in
the cell, A sﬁecial celluhslder, of the proper size to fit in the cell
compartment of the Beckman spectrophotoﬁeter, wag constructed to hold
 these two cells during spectrophotometry.

In order that the cells might be cleaned readily it seemed
desirable that the windows not be cemented to the brass body of the
cell, Hence it was necessary to find gome sort of wax or grease that
could be used to prevent the solvent from leaking out at the glass-
brass interface, and also a meansg of holding the cell together firmly
but in such a manner that it could readily be disassembled. The
latter requirement was eagily met; smsll spring clips of phosphor-
brongze are slipped over the side edges of the cell and-serve very well
to hold the glass windows firmly against the brass plate. It proved
somewhat more difficult to find a satisfactory means of preventing
leakage from the cell, A thin film of silicone grease between the
glass and brass surfaces prevents leskage from a slurry of silicic
acid and benzene-~ligroin, although if henzene alone is in the cell it
leaks out slowly. Silicone grease cannot be used with chloroform
hbwever. I believe that the Carbowaxes might be the most satisfactory
greasges for use with chlorinated hydrocarbons and benzene; at the time

that these experiments were done however, no samples of these materials
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-‘wére»immediately available, BSuch things as paraffin, sealing wax,
and the ordinary gtopcock greases proved unsatisfactery. Since the
silieone lubriecant waé adequete, slthough not ideal, it was used in
these preliminary expériments, in all of which the solvent was & mix-
ture of benzene and ligréin.

It was next neceséary to devise a standard method for the
preparation of slurries, one that would yield a slurry which would
not settle on standing but which would have a low enough viscosity so
- that it could readily be poured from the vessel in which it was pre-
pared into the absorption cell, It was also necessary to determine
whether such slurries could be prepared reproducibly, that is,
whether two slurries prepared simultaneously in an identical fashion
were equally transparent at all wave lengths. The latter point was
a mogt ihportant one for upen it depended the sensitivity of this
method of measuring‘the spectra of adsorbed compounds,

A little experimentation,shoked that a slurry of the
opfimum viscosity could be prepared from 3.15 g. of unheated silicic
acid and 7.0 ml, of 2:3 benzene~ligroin, or frqm 2.90 g. of heated
siligic acid and 7.0 ml, of 2:1 benzene~ligroin, The relative trang~
parency of duplicate slurries was investigated seversl times and it
was found that the reproducibility in the preparation of slurries was
excellent, éhe optical density, or exbtinction, of one slurry relative
to another similar one was seldom more than 0.01, and was usually less
| than this; furthermore it varled only very slowly with wave length so
that 1ts effect on the shapé of the spectral curve wés almost completely

negligible, while its effect on the height of the spectral curve
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am&unte& to only liar 2 percent at an absorption maximum, There was
some ;ndication that reproducibility was a little harder to attain
with heated silicic aéid than with the unheated adsorbent; however too
few experiments were done to permit a definite conclusion to be
reached, In any event the error arising from this cause was completely
negligible in the present preliminary experiments,

In order that some idea eould be obtained of the error wﬁich
might arise from & elight variation in the proportions taken for the
slurry, a slurry was prepared with 10 perceht more gilicic acid than
usual. The optical density of this slurry was about 0.07 greater
than normal at 320 mp and decreased slowly with increasing wave length
to about 0,03 at 440 ma. Théreafter it remained fairly constant with
increasing wave length, This experiment showed that an error of a
few percent in the proportions taken for the slurry would have an
almost negligible effect on the shape of the absorption curve.

2. The proecedure for the measurement of the spectra of
adsorbed compounds

In the .preparation of slurries for the measurement of
absorptidn spectra it was first necessary to prepare a solution of
suitable concentratiop in 2:3 or 2:1 benzene-~ligroin; for Y-nitrow
aniline, the concentration was about 0.03 mg. per ml., and for Y-nitro-
triphenylamine about 0,055“mg. per ml, Two samples of siliecic acid
were then weighed into 25-ml. beskers; as mentioned earlier, 3.15 g.b
of unheated silicic acid or 2.90 g. of heated silicic acid was used.
Exactly 7.0 ml, of the appropriate solution was then added to one of

the sampleg of silicic acid, the resulting mixture was carefully
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stirred for one ‘to two minutes until it was thoroughly homogeneous,
and was then poured. into one of the cells. Care was taken to remove
any air bubbles that might be {trapped in the cell‘. The covers were
placed on the cells after the windows had besn cleaned carefully with
a piece of absorbent tissue. A second slurry was prepared at once in
an identical 'manner except that the benzene-ligroin mixture which was
uged contained no dissolved compound; thig slurry was poured into the
gecond of the two cells and was used as a blank in the usual manner
in the opération of the Beckman spectrophotometer,

It was found that the optical dénsity of a slurry prepared
from unheated silicic acid did not change with time, at least during
the firgt hour, a peried of time more than sufficient for a complete
measurement of the spectrum, With heated silicic acid there seemed
tc be a slight drift in the optical density at low wave lengths
(below about 350 m)x) during the first ten minutes but thersafter the
density remained constant; this effect was observed with the blank
slurries as well as with those which contained adsorbed compounds.
Because of this effect, slurries which contained heated adsorbent
were allowed to stend for about fifteen minut es before measurements

were taken.
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C. Resulﬁs and Discussion

The results which are reported here are intended merely to
illustrate the application of this method of measuring the absorptien
gpectra of adsorbed compounds. These results are summarized in the
accompanying Tableg and Figures.’ In addition to the spéctra of
Ynitreaniline and UH-nitrotriphenylemine adsorbed on both uphaatéd
and heated silicic acid from benzene-ligroin mixtures, spectral data
for eéeh cf these compounds in & variety of solvents are presented
for purposes of corparison,

Duplicate experimentz were made in each of the measurements
of the spectrum of an adsorbed compound, The agreement in the shapes
of the absorption curves and the positions of the maxima anrd minime
wag in all cases excellent in these duplicate experiments, The agree~
ment in the velue of the spectrophotometric factor*, C/D, was
generally quite good also, It must be noted that there is not complete
adsorption in any experimenﬁ CQﬁaucted in the manner desecribed here,

In order that the percentage of a compound adsorted in any system might
be calculated & point on the adserption isgotherm a2t an appropriate con-~
centration wae determined for sach of the cembinations of compound,
sdgsorbent, and golvent ﬁhieh was uvsed., TFrom the known ratic of
adsorbent %o gsolvent in the glurry it was then possible to calculate
“the fraction of the‘compound which was adsorbed and the fraction which
was still in selution, Then; with %he'aid of the known spectruﬁ of

the compound in the benzene~ligroin mixture, it was possible to correct

* See pp. 30~31 for a definition of this term,
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vthe‘data observed with the entire slurry for the contributicn of the
unedsorbed coﬁpound(and thus ﬁa obtain the spectrum of the adsorbed
material,

- In order that the spectrophotométric factors could be cal-
culated for the adsorbed compounds in the slurries, it was necessary
that the concentration of the compound be known; therefore an approxi-
mate measurement of the final volume of each of the types of slurries
was made‘by prepariﬂgkthe slurry in a graduated‘cylinder, 1% was
found that with unheated silicic acid the original 7.0 ml, of liquid
and %.15 g. of gilicic acid yielded a final volume of about 8.5 ml.,
whereas with heated silicic acid the final volume of the slurfy was
about 8,3 ml, Thus the concentration of the adsorbed compound was
caleculated hy multiplying the originsl concentration of the solution
by 7/8.5 or 7/8.3 and by the fraction of the compound which was
adsorbed. Since the spectrophotometric factor is defined for an
optical path of 1.000 em, and the cells here were only 0.30 cm,
thick it was necessary to multiply the observed maximum optical
density by 10/3 in order to get the proper optical density for the

calculation of the spectrophotometric factor.
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Table 1

Results of the Determinations of the Quantity Which
Was Adsorbed in Egch of the Slurries

Compound

4. Nitroaniline

Y-Nitrotri-
phenylamine

Type of
silicic
acid

Unheated

Heated

Unheated

Heated

Solvent$, - Percentage
ratio of adsorbed
benzens
to
ligroin
2:3 93
2:1 99
2:% 38, 39%
2:1 70

Duplicate determination

Table 2

Spectrophotometric Data for Y-Nitroaniline and
L-Nitrotriphenylamine Adsorbed on Unheated

and Heated S

Compound

Y.Witroaniline

Y-Nitrotri-
phenylamins

Type of
gllicie
acid
Unheated

Heated

Unheated

Heated

ilicic Acid from 2:1 and 2:3

Bengene~Ligroin

Wave length C/D for adscrbed come
of maximam pound, mg, per 100 ml.

absorption, for 1,00 cm,

mp

374-379 ca. 1.0
366378 ca, 1.29
415420 ca. 1.28
430-435 ~ eca. 1,24
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Table 3

Spectiophotometric Data for U-Nitroaniline and
M—Nitrotriphenylamine in Seclution in Various Solvents

Compound Solvent Wave length ¢/D, mg. per
of maximum 100 ml, for
absorptien, 1,00 cm,

A
U-Nitroaniline 2:% Benzene- 330~333 ca. 1,00
ligroin
1% Ethenol in 734336
2:3 benzene- ‘
ligroin B}
20% Ethenol in 358-363
2:3 benzene-
ligroin
Ethanol 370-372 0.872
5% Ethanol in 378-382 ca. 1.1
water
Y.Nitrotri- 2:3 Benzene- 386-389 ca. 1.6
vhenylamine ligrein
Ethanol 391-304 ' 1.567
1:2 Ethenol- 410-412
water

-

The results given in Table 2 for Y-nitroaniline on unheated
siliecic acid may be slightly in error because nc correction was made
for the small portion (7 percent) of the compound which remained in
solution in the slurry. Inspection of the curves in Figure 2 will
show that this correction would have been almost negligible at the
vabsorption maximung thé curves to bé congidered are those labeled B

and C. If 7 percent of the height of curve C at the wave length
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yét whieh 3B shawé a maximum is subtracted from B, the shift in the
position ofAthe apsorption maximum in curve 3B will be at most a very
- few millimicrons, andrsince the maximum appears to be aboub 5 mp wide
this shift will be quite unimportant,

It will be noted from Figures 4 and 5 that for Y-nitrotri-
phenylamine on both unheated and heated silicic acid the shift in the
position of the maximum from that observed in the curve for the total
slurry to that for the adsorhedycompound alone is eppreciable, ¥For
H~nitroaniline, on the other hand, the shift is very slight with
unheated siliecic acid, as discussed above, and with heated siliciec
acid only about 1 percent of the cogpound remaing in solution so that
the observed curve is essentially that due to the adsorbed compound,

The qualitative differences in the form of the spectral
curves for the adsorbed compounds are quite marked; the curves are
much broader and flatter for Y-nitroaniline than for Y-nitrotriphenyl-
amine, For Y-nitroaniline there is a large bathochromic shift in the
position of the absorption maximum as ethanol is added to the solution
in benzene-ligroin; for Y-nitrotriphenylamine this shift is only a few
millimicrons., On the other hand, for Y-nitrotriphenylemine there is
a great difference between the pesition of the absorption maximum for
a golution in ethanol and that for the adsorbed compound, whereas for
Yenitroaniline this difference is very small., ¥or each of the com~
pounds there is a very prounounced bathochromic shift of this entire
region of the spectrum when adsorption takes place from bengzene-ligroin.
For each of the compounds there appears to be a distinct difference

between the absorption curve for adsorption on unheated silicic acid
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and that for adsorption on heate& silicic acid. With Y-nitroaniline
this is manifested by a difference in the form of the curve but not
perticularly in the position of the maximum; the absorption of
Y-nitroeniline adsorbed on heated silicic acid extends further into
the longer weve length region and the curve is generslly flatter and
broader than that for this compound adsorbed on unheated silicic acid.
With U-nitrotriphenylamine the absorption maximum on heated silicic
ecid is shifted about 15 mp toward the red from that on unheated
silicic acid, and the absorption extends about 50 mp further towards
the red. |

No further discussion of these results will be presented
here becauge this report is intended merely to illusgtrate the applicaé
tion of the method. In its present form the method is not'suitable
for the igvestigatiun of spectra at wave lengths below about 300 mpus
an extension to this region would necessitate the use of quartsz
windows and solvents other than benzene end 60-70° ligroin, which
are not sufficiently transparent below about 280 mp, There seems no
reason why the mefhod could not be used with other adsorbents which
have suitable optical properties (negligibtle absorptidn in the region
of the spectrum to be‘investigated and fairly uniform refractive
index)., In any event the method as developed here will permit the
study of the spéctra of & wide varisty of compounds adsorbed on silicie
acid and should yield information which msy 2id in an understahding of

the nature of the adsorbed state.
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Summary

A method has been developed for the study of the absorption
spectra,of adsorbed compounds. Applications of this method to the
measurement of the spectra of Y-nitroaniline and U-nitrotriphenylamine

adsorbed on unheated and heated silicic acid from mixtures of benzene

and ligroin are described.
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Summary of the Thesis

Part I ;f this Thesis contains a description of an investi-
gation of the coordination complexes which are formed by silver ion
with ethylene and propylene,

In Part 11 is presented a description of the application of
chrdmatographic—spectro?hotometric methods to the development of a
procedﬁre for the isolation and estimetion of any or all of about
~ ten nitramine compoﬁnds related to~RDX vhen these compounds occur as
minor impurities in RDX.

An experimentel study of chromatography on columns of
silicic acid~Celite is described in Part III. It is demonstrated
that adsorption isotherms on this adsorbgnt are essentially linear
in the range of concentrations important chromatographically and that
under contrelled conditions chromatograms on ‘silicic acidpcelife con—
fornm very well to several of the simple predictions of the idealized
theory of chromatography. GCertain anomslous properties of columﬁs
which have been activated by prewashing aie 11lustrated and an explana~-
tion of these anomalies is offered. |

A description of a methed for the study of the absorption
specfra of adsorbed compounds comprises Part IV of this Thesis, A

few applications of this technique are illustrated.
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Proposgitions

The phenomena of coning and "surface spreading" of a
chromatographic zgne on a column of silicic acid~Celite are
related to the nature of the material of which the chromatographic
tube is made and, for the tubes made of pyrex glass at least, to
the previous history of the tube (this Thesis, pp. 89-90). It
1s proposed that these facts are best explained as manifestations
of electrokinetic effects, ‘ ’ )

(a) A simple and practical method is proposed for the study
of the absorption spectra of compounds adsorbed on silicic acid
and gimilar adsorbents,

v (b) The suggestion of Roncato (1) that examination of the
ultravioclet absorption spectrum would aid in distinguishing
between (physical) adsorption and chemical processés is
demonstrably valueless in view of the pronounced changes which
frequently take place in the absorption spectra of moleciles
upon adscrption,

(1) A. Roncato, Arch, ital. biol., 4, 146 (1924);
C. A. 19, 2u4l6 (1925)

I propose the widespread adoption of the convenient
term "ron" in place of the awkward and confusing "and/or" for
the expreseion of the concept "either or both".

(a) I propose that Martin end Synge's derivation of a
theory of chromatography (1) is basically ungound in assumptions
ron mathematical details, in spite of the fact that it yields an
apparently reasonable result for the shape of a zore snd a
verifiable expression for the rate of movement of a zone,

~(b) Since the expression which Martin and Synge obtain for
the rate of movement of a zone can be shown to be formally ident-
ical with that predicted by the idealized thecry of chromatography
of Wilson, DeVault and Weiss (2, 3, 4), the experimentel verifica~
tion of this relation in partition chromatogrsms is no indication
of the merit of the theory of Martin and Synge, Rather it merely
indicates that the mechanism by which the solute is distributed
between the two phases in a chromatographic experiment is
unimportant (as long as equilibrium is establighed reasonsbly
rapidly).

(1) Biockem. J. 35, 1358 (19u1)
(2) J. Am, Chem. Soc. 62, 1583 (1940)
(g) ibid., 65, 532 (1943)

) J. Chem, Soc. 1943 297
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Fo single explanation suffices for the various examples
of the double zoue effect (this Thesis, p. U45) which have been
observed to date., At least three distinet mechanisms can be
proposed for true examples of double zone formatior and several
others for the spurious examples which can and do arise.

It has apparently not heretofore been recognized that
the conjugated double bond system of the naturally occurring
carotenoid rhodoxanthin (1) is unique among those of the natural
Cyp carctenoids, in that it contains no central stereochemically
effective double bond. Rhodoxanthin contains only U4 stereocchemi-
cally effective double bonds, rather than the 5 which have been
attributed to it (2), and consequently should have only 10 isomeric
forms rather than 20, It might be expected that cis-trans isomerism
would occur less readily for this compound than for other carotenoids
with conjugated systems of similar length,

(1) R. Xubn end H, Brockmann, Ber. £6, 828 (1933)
(2) L. Zechmeister, Chem., Rev. 34, 278 (1944)

A detalled investigation of the possible complex between
silver ion and benzene has not yet been made because of the diffi~
culty of analyzing for benzene rapldly and reliably. I propose
that this analysis be made spectrophotometrically,

The work of Cassidy (1) on the relation between the
adsorption isotherms and chromatographic sequence of fatty acids
from ligroin and petroleum ether on various adsorbents is usually
cited in support of the claim that a comparison of adsorption
isotherms is of uncertain value in the prediction of relative
positions in a chromatographic experiment, I submit that most
of Cassldy's comparisons were made under extremely unfavorable
circunstances and that they can not be considered to constitute
a satisfactory test of the value of adsorption isotherms in such
predictions., '

(1) J. Am, Chem. Soc. 62, 3073, 3076 (1940)

I propose s simple modification in the conditions of
the Goldberg synthesis (i, 2) of mono- and poly-nitrodiphenylamines
in order to improve the yield and greatly simplify the procedure
for the isolation and purification of the product.

(1) 1. Goldverg, Ber, 40, U541 (1907)
(2) T, L. Davis and A. A. Ashdown, J. Am, Chem. Soc.
46, 1054 (1924); Ind. Eng. Chem, L7, 674 (1925)
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(a) Simple gqualitative reasoning leads to the conclusion
that for a given adsorbent the relative eluting powers of a series
of solvents should bs predictable from & corsideration of their
adhesion tensions, Prediciions made on such a basls are, at
leagt approximately, in accord with experimental facts.

(b) Much confusion and many untenable interpretations of
adsorption phenomena have arisen through failure to consider all
of the possible interactions between the three compenents in even
the simplest systems of one solvent, one solubte, and one adsorbent,
In particular, the importance of inter- and intra~-melecular
hydrogen bonding in adsorption on adsorbents such as megnesia,
alumina, and silicic acid has usually (although not always (1))
been overlooked. Thus, for example, Arnold (2) failed to under—
stand why pieric acid was adsorbed more strongly than o-nitrophenol
on slumina, and Williams (3) offered a needlessly complex and
rather unreasonable explanation for the fact that the adsorptiomn
of fatty acids and alcohols on polar adsorbents decreases with
increasing unsaturation, while for the similar hydrocarbons and
esters the order is reversed. Simple explanations can be offered
for these and similar phenomena.

(1) A. L., BElder and R, A. Springer, J. Phys., Chem,
44, 9h3 (1940)
(2) R. T. Arnold, J. Am. Chem., Soc, 61, 1611 (1939)
(3) X. A. Willians, Analyst 1L, 259 T1946)

The values which Adkins (1) presents for the percentages
of conversion of various carbonyl compounds to the cyanohydrin
have been calculated in a fashion which is meaningless insofar as
comparisons of one compound with ancther are concerned (although
i% would have been possible to calculate such data in'a significant
fashion).

(1) H. Adkins in Gilman‘s “Organic Chemistry",
Second Bdition, Volume I, pp. 1036-~8, John
Wiley and Sons, N. Y., 19 3

The chemistry library at Cal Tech is universally recog-
nized as being in the sorriest condition of any comparable libraxy
anywhere, I propose that a full-time guard, or librarian, be
hired to enforce the library regulations and that a one~gtory
structure be extended from the present library into the unexplored
region between Gates and Crellin, with provision for the addition
of underground stscks as needed. No shelves should be higher than
g feet above the floor, and adequate provision should be made for
lighting and heating, even at night.



